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Cannabinoid compounds have been shown to exert anti-tumor effects by affecting angiogenesis, invasion, 
and metastasis. In the present study, we examined the action mechanism by which LYR-8, a novel hexahy-
drocannabinol analog, exerts anti-angiogenic and anti-tumor activity in human cancer xenografts. In the 
xenografted tumor tissues, LYR-8 significantly reduced the expression of hypoxia-inducible factor-1 alpha 
(HIF-1α), a transcription factor responsible for induction of angiogenesis-promoting factors, and its target 
genes, vascular endothelial growth factor (VEGF) and cyclooxygenase-2 (COX-2). In HT-29 human colon 
cancer cells treated with a hypoxia-inducing agent (CoCl2), LYR-8 dose-dependently suppressed the induc-
tion of HIF-1α and subsequently its targets, VEGF and COX-2. In addition, highly elevated prostaglandin E2 
(PGE2) concentrations in CoCl2-treated HT-29 cells were also significantly suppressed by LYR-8. However, 
LYR-8 alone in the absence of CoCl2 did not alter the basal expression of VEGF and COX-2, or PGE2 pro-
duction. Furthermore, LYR-8 effectively suppressed Akt signaling, which corresponded to the suppression of 
CoCl2-induced HIF-1α accumulation. Taken together, LYR-8 exerts anti-tumor effects through the inhibition 
of Akt and HIF-1α activation, and subsequently suppressing factors regulating tumor microenvironment, 
such as VEGF and COX-2. These results indicate a novel function of cannabinoid-like compound LYR-8 as 
an anti-tumor agent with a HIF-1α inhibitory activity.
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Angiogenesis, the formation of new blood vessels, is a 
critical factor not only in physiological processes but also in 
numerous diseases including cancer.1,2) Increasing insight and 
understanding of the biology of the excessive and abnormal 
blood vessels in tumors has led to a focus on angiogenesis 
signaling molecules as cancer therapeutic targets. Vascular 
endothelial growth factor (VEGF) is produced in response to 
hypoxic stimuli triggered by conditions like tumor growth. 
Indeed, the role of VEGF in tumor angiogenesis has been 
translated into the clinic, as VEGF inhibitors such as beva-
cizumab, have been used for the treatment of solid tumors.3) 
However, because tumors have ability to secrete a variety 
of pro-angiogenic factors, the clinical efficacy of anti-VEGF 
anti-angiogenic agents is transient, and tumors eventually 
resume aggressive growth. Recent studies on anti-angiogenic 
anti-tumor drug development have focused on the molecules 
governing upstream proangiogenic factor production.

In tumor microenvironments, VEGF is mainly regulated 
by hypoxia-inducible factors (HIFs), which are heterodimeric 
transcription factors. HIF-1 is one of the best studied members 
of this family and is composed of HIF-1α and aryl hydro-
carbon receptor nuclear translocator (ARNT).4,5) The HIF-1 
subunits are constitutively expressed at the transcriptional 
and translational levels, but the HIF-1α component is regu-
lated in an O2-dependent manner via ubiquitin-proteosomal 

degradation.6) HIF-1α is upregulated in a wide variety of 
human primary tumors compared to corresponding normal 
tissues.7–9) Furthermore, the binding of HIF-1α to the hypoxia 
response element (HRE) leads to the transcriptional regula-
tion of several genes involved in tumor angiogenesis includ-
ing VEGF.10) In addition to its role in angiogenesis, HIF-1α 
also regulates a large number of genes that are extensively 
involved in tumor survival, aggressive progression and drug 
resistance.11) Therefore, HIF-1α and other factors interacting 
with HIF-1α have been suggested as therapeutic targets for 
anti-cancer drug development.12,13)

We recently synthesized and evaluated the anti-cancer ef-
fects of a novel series of hexahydrocannabinol analogs.14–16) Of 
these analogs, LYR-8, a cannabinoid-like compound with no 
affinity for conventional cannabinoid receptors (CB1 and CB2), 
was found to directly inhibit the growth, induce apoptosis of 
cancer cells and inhibit endothelial cell proliferation and an-
giogenesis. In addition, we observed that the apoptotic activity 
of LYR-8 in colon cancer cells was mediated by p53-indepen-
dent NAG-1 activation and by the induction of other apoptotic 
markers such as p21 and caspase-3.15) LYR-8 was also found 
to have anti-proliferative effects on endothelial cells and other 
cancer cell lines, including drug-resistant breast cancer cells. 
Furthermore, in subsequent in vitro and in vivo assays, we 
found that LYR-8 significantly and dose-dependently inhib-
ited VEGF-induced endothelial cell migration, invasion, tube 
formation, and neovascularization.16) However, in vivo anti-
cancer efficacy and the molecular signaling pathway of the 
activity of LYR-8 have not been elucidated.
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In the present study, we explored the mechanism by which 
LYR-8 exerts its anti-angiogenic anti-tumor effects in in vitro 
HT-29 cells treated with CoCl2 (a hypoxia mimetic agent) 
and in vivo models using xenograft tumor in mice and chick 
chorioallantoic membrane (CAM) implanted with cancer cells 
(HT-29).

MATERIALS AND METHODS

Chemical Synthesis and Treatment of LYR-8  LYR-8 
was synthesized as described previously.14) Its chemical struc-
ture is shown in Fig. 1. A 50 mM stock solution of LYR-8 was 
prepared in dimethyl sulfoxide (DMSO), stored at −20°C, and 
then diluted as needed. For in vitro incubations, LYR-8 was 
directly applied at a final DMSO concentration of 0.1–0.2% 
(v/v). For in vivo experiments (CAM tumor and tumor xeno-
graft implantation in mice), LYR-8 was prepared in ethanol 
and diluted with phosphate buffered saline (PBS) supplement-
ed with 0.1% bovine serum albumin (BSA). The vehicles had 
no significant effect on any of the parameters assessed.

Cell Culture  HT-29 (human colon cancer) cell line was 
obtained from American Type Culture Collection (Manas-
sas, VA, U.S.A.). The cells were grown in standard growth 
medium supplemented with 10% fetal bovine serum (FBS) 
and 1% penicillin/streptomycin, and maintained at 37°C in a 
5% CO2-humidified atmosphere. Culture media were replaced 
every 2 d.

Mouse Model of Tumor Xenograft Growth and Angio-
genesis  All experiments on mice were performed according 
to the guidelines issued by the Yeungnam University Research 
Committee for the Care and Use of Laboratory Animals. 
Mice were maintained under pathogen-free conditions and 
a 12-h light/12-h dark cycle. HT-29 cells (5×106) suspended 
in serum-free medium were injected subcutaneously into the 
rear flanks of six week-old BALB/c nude mice. After tumors 
had grown to ca. 50 mm3, mice were randomly assigned to 
two groups and intraperitoneally treated with LYR-8 (10 mg/
kg/d) or vehicle. The body weights and clinical observa-
tions were recorded daily. The tumors were measured with a 
digital caliper, and the volumes calculated using the formula 
V=(width)2×length/2. Mice were euthanized 18 d after drug 
treatment using diethyl ether and solid tumors were removed 
and processed for further analyses.

Histomorphometry and Quantification of Immunostain-
ing  For histological examination, tumor samples were fixed 
in 10% neutral buffered formalin. After paraffin embedding, 
tissue sections of 4 µm thickness were prepared and stained 
with hematoxylin and eosin (H&E) for examination by light 
microscopy. After that, the histological profiles of individual 
cross-trimmed tumor masses were determined. Masson’s 
trichrome staining was performed for the detection of tumor 
cells with collagen fiber. Azocarmine G (AZAN) staining 
was performed to visualize the basement membranes and 
erythrocytes, representing the presence of blood vessels. The 
regions occupied by tumor cells percentages of tumor cross 
sections) and the numbers of vessels (number/mm2 at mass 
peripheries) were quantified on the prepared individual histo-
logical tumor samples using a digital image analyzer (DMI-
300, DMI, Korea). For immunohistochemistry, tissue sections 
were subjected to citrate buffer antigen (epitope) retrieval17) 
and incubated with methanol and 0.3% H2O2 for 30 min to 

inhibit endogenous peroxidase activity at room temperature. 
After blocking with horse serum (Vector Laboratories Inc., 
CA, U.S.A.; dilution 1 : 100), the sections were incubated with 
rabbit polyclonal primary antibodies against HIF-1α (dilution 
1 : 200), VEGF (dilution 1 : 100) or COX-2 (dilution 1 : 200) 
at 4°C overnight in a humidity chamber. The sections were 
then incubated with biotinylated universal secondary antibody 
(Vector Lab. Inc.; dilution 1 : 50) followed by avidin–biotin 
complex reagents (Vectastain Elite ABC Kit, Vector Lab. Inc.; 
dilution 1 : 50) and counterstained with Mayer’s hematoxylin 
solution. The numbers of positive cells per 100 tumor cells 
were calculated using an automatic image analyzer. The his-
topathologist was unaware of the sample identities when the 
analyses were performed. Histomorphometrical analysis was 
performed for 3 fields per tumor mass (total of 9 fields/group) 
at a magnification of ×400.

The in Vivo Human Cancer Xenograft Model Using 
Chick Chorioallantoic Membrane (CAM)  CAM prepara-
tion was carried out as described previously.18) For tumor 
implantation, cancer cells grown in monolayers were trypsin-
ized, washed, and re-suspended in serum-free RPMI 1640 me-
dium at 4°C. The cells were then mixed with 50% (v/v) GFR-
Matrigel in the absence or presence of LYR-8. The mixed 
cell suspension (30 µL) was then loaded directly onto CAMs. 
After incubation for 5 d, CAM tissues around areas of im-
plantation were resected from the embryos and photographed 
under a light microscope (Leica, Germany). The tumors were 
then carefully removed without other adjacent CAM tissue, 
weighed, snap-frozen in liquid nitrogen, and stored at −80°C. 
The regions occupied by tumor cells (percentage over crossly 
trimmed tumor mass) and the numbers of vessels (number/
mm2 of marginal regions of tumor masses) were quantified 
on the prepared individual histological tumor samples using a 
digital image analyzer (DMI-300, DMI, Korea).

Protein Extraction and Western Blotting  The whole 
cell lysates were prepared using RIPA buffer, and the protein 
contents were measured with the bicinchoninic acid (BCA) 
protein assay reagent (Pierce, Rockford, IL, U.S.A.). Equal 
amounts of total proteins were separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 
transferred onto Hybond ECL nitrocellulose membranes (Am-
ersham Life Science, Buckinghamshire, U.K.) at 200 mA for 
1 h. The membranes were blocked with 5% skim milk in Tris-
buffered saline (TBS)-Tween 20 (TBS-T) at room temperature 
for 1 h, and then incubated with specific antibodies in skim 
milk-TBS at 4°C overnight. The membranes were then washed 
three times with TBS-T and incubated with horseradish 

Fig. 1. The Chemical Structure of LYR-8
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Fig. 2. LYR-8 Suppresses Tumor Growth, Angiogenesis, and the Expression Level of HIF-1α, VEGF and COX-2 in a Mouse Xenograft Model
(A) HT-29 cells were injected subcutaneously into the right flank of 6-week-old male athymic nude mice, and tumors were allowed to grow to 50 mm3. LYR-8 (10 mg/

kg) or PBS was then administered via intraperitoneal injection. (n=6 animals/group) daily from day 0 to day 17. Tumor volumes were calculated using the longest 
diameter×width2×0.5. (B) On day 18, mice treated with PBS or LYR-8 were euthanized (left) and tumors were excised (right). The tumors were imaged using a digital 
camera. The bar graph represents the average tumor weight±S.E.M. (C) The changes in body weight were measured from day 0 to day 17 during treatment with vehicle 
(ethanol in PBS) or LYR-8 (n=6). (D–H) The xenograft tumor tissue was removed from mice, embedded in paraffin, and analyzed by light microscopic analysis and im-
munohistochemistry: After staining using three different protocols [H&E, Masson’s trichrome (MT), or AZAN] descriptive light microscopic analysis was performed to 
evaluate the morphologic changes in tumor cell densities and collagen matrices (D). Each panel represents H&E staining (a, d), regions occupied by MT-stained tumor cells 
(b, e), and blood vessels stained with AZAN (c, f). Quantitative data for tumor cells in tumor sections (E) and number of blood vessels per mm2 of the central region of the 
tumor sections (F) were obtained using a digital image analyzer. * p<0.05, compared to the vehicle-treated control group. Scale bars=160 µm. (G–H), Immunohistochemi-
cal analysis. Tumor sections were stained (G) with antibodies against HIF-1α (a, b), VEGF (c, d) or COX-2 (e, f). Numbers of immune-positive cells among 100 tumor cells 
in the center region of the tumor mass were counted (H). * p<0.05, compared to the vehicle-treated control group. Scale bars=320 µm.
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peroxidase-conjugated secondary antibody in skim milk-TBS 
for 1 h at room temperature. The immunoreactive proteins 
were visualized using an ECL kit (Pierce) and digitally pro-
cessed using a LAS-4000 mini unit (Fuji, Japan). The mem-
branes were stripped and reprobed with an actin antibody as 
a loading control. Densitometric analyses of the blots were 
performed using Multi Gauge Ver 3.2 imaging software in a 
Fuji Image Station.

RNA Isolation and Quantitative Real Time Polymerase 
Chain Reaction (qRT-PCR)  The cells were collected and 
total RNA was extracted using RNeasy kits (Qiagen, Hilden, 
Germany). The isolated mRNAs were reverse transcribed and 
gene expression was analyzed by qRT-PCR using a Rotor-
Gene 6000 (Corbett, Sydney, Australia). The primer sequences 
for VEGF were as follows: sense 5′-CCT GGT GGA CAT CTT 
CCA GGA GTACC-3′ and antisense 5′-GAA GCT CAT CTC TCC 
TAT GTG CTGGC-3′. The reaction mixture consisted of 2 µL 
of cDNA template, 10 µL of SYBR Green PCR master mix, 
and 5 pM of primers in a total volume of 20 µL. The cDNA 
was denatured at 95°C for 15 min and amplified over 40 cycles 
(95°C for 5 s, 55°C for 10 s and 72°C for 20 s). GAPDH was 
used as an internal control. The fold changes over control 
levels were determined using the comparative cycle threshold 
method.

VEGF and Prostaglandin E2 (PGE2) Immunoassays  
Secreted VEGF levels were quantified using a Quantikine 
human VEGF ELISA kit (R&D Systems, Minneapolis, MN, 
U.S.A.). PGE2 concentrations in cell culture media were deter-
mined using a commercially available enzyme immunoassay 
kit (Cayman Chemical, Ann Arbor, MI, U.S.A.). In brief, HT-
29 cells were seeded in 24-well plates and grown to 80–90% 
confluence. The media were them replaced with fresh serum-
free medium containing 200 µM CoCl2 in the absence or pres-
ence of LYR-8 and incubated for 18 h. The supernatants were 
collected and the cells were subjected to 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays. The 
concentrations of VEGF and PGE2 in unknown samples were 
determined by comparing the optical densities of samples to a 
standard curve and normalized with respect to cell viability.

Statistical Analysis  The data are presented as the 
means± S.E. The statistical analyses were performed with a 
Student’s t test or one-way analysis of variance (ANOVA) 
followed by the Student–Newman–Keuls test (GraphPad 
Prism4.0 software, San Diego, CA, U.S.A.) to calculate the 
differences between groups. p values of <0.05 were consid-
ered statistically significant.

RESULTS

LYR-8 Administration Inhibits Tumor Growth and An-
giogenesis in a Xenograft Mouse Model  We investigated 
the antitumor potential of LYR-8 in an in vivo HT-29 tumor 
xenograft model. At 10 mg/kg, LYR-8 induced significant 
inhibition of tumor growth compared with vehicle-treated con-
trols (10% ethanol in PBS) (Fig. 2A). On day 18 after the first 
drug treatment, tumor growth was approximately 2-fold lower 
in the LYR-8-treated group (mean relative tumor volume 
271± 33 mm3) than in the control group (507± 51 mm3). Gross 
observations, dissected tumor masses, and tumor weights con-
firmed that LYR-8 significantly inhibited tumor growth (Fig. 
2B). Furthermore, tumors from mice injected with LYR-8 

were obviously paler than tumors from vehicle control-treated 
groups, which we attribute to a reduction in blood vessel in-
tensity (Fig. 2B). Importantly, and in-line with our previous 
observation that LYR-8 does not bind to either the CB1 or 
CB2 receptors,15) LYR-8 did not induce any psychoactive be-
havior in the mice. In addition, it had no significant effect on 
body weight (Fig. 2C), indicating a lack of toxicity under the 
test conditions. Histologic and morphometric analysis of the 
tumor sections by Masson’s trichrome staining revealed that 
LYR-8 suppressed tumor cell density (Fig. 2D MT panel and 
2E). Compared with vehicle-treated controls, the number of 
blood vessels that were counted in an erythrocyte-visualizing 
AZAN staining was also decreased by LYR-8 treatment (Fig. 
2D AZAN panel and 2F). Furthermore, immunohistochemical 
staining showed that the HIF-1α, VEGF and cyclooxygenase-2 
(COX-2) levels were downregulated in the tumors of mice 
treated with LYR-8 versus vehicle controls (Figs. 2G, H), 
indicating that downregulation of HIF-1α corresponds to the 
reduction of tumor growth and angiogenesis by LYR-8.

LYR-8 Inhibits COX-2 and VEGF Expressions in Tu-
mors Grown on Top of CAM  We implanted HT-29 cancer 
cells onto the primitive capillary network of the CAM to 
confirm that suppressed tumor growth by LYR-8 corresponds 
to the reduced expression of proangiogenic factors in the im-
planted tumor tissues. As shown in Fig. 3A, the implantation 
of cancer cells in CAMs dramatically induced angiogenesis, 
as shown by the presence of a large number of vessels grow-
ing around the area of implantation. However, after exposure 
to LYR-8 (144 ng/CAM once at the time of implantation), new 
blood vessel formation was markedly reduced (Fig. 3A). Along 
with suppressed angiogenesis, the weights of excised-tumors 
were significantly reduced by LYR-8 (Fig. 3A). Observations 
of chick embryo viability and resected CAM morphologies 
confirmed that LYR-8 was non-toxic at the test dose (data not 
shown).

We next performed H&E staining and morphometric analy-
sis on sections of HT-29 tumors grown on CAM. The results 
obtained showed a decrease in tumor cell density in the tumor 
treated with LYR-8 (Fig. 3B). HT-29 tumors obtained from 
CAM implants were further investigated to identify the fac-
tors responsible for inhibiting tumor growth and angiogenesis 
in LYR-8 treated tumors. Extracts of tumor tissues were fur-
ther analyzed for VEGF and COX-2 expression, as increased 
levels of these genes have been linked to induction of tumor 
angiogenesis. LYR-8 treatment significantly downregulated 
VEGF and COX-2 levels but not COX-1 (Fig. 3C).

LYR-8 Inhibits Cobalt Chloride-Induced HIF-1α Activa-
tion and Target Gene Expression in HT-29 Colon Cancer 
Cells  Because cancer cells release angiogenic growth factors 
including VEGF in a HIF-1α-dependent manner, we exam-
ined whether LYR-8 exerts an inhibitory effect on induction 
of HIF-1α and its targets VEGF and COX-2. First, we used 
CoCl2 to induce HIF-1α overexpression based upon our previ-
ous finding that HIF-1α level increases in HT-29 cells treated 
with CoCl2 in the same manner as cells cultured in a 1% O2 
atmosphere.19) As shown in Fig. 4A, CoCl2 was found to dose-
dependently increase the level of HIF-1α and VEGF in HT-29 
cells cultured in the presence of different amounts of CoCl2 in 
serum free medium. The increase in VEGF expression level 
by 200 µM of CoCl2 was approximately 4-fold, corresponding 
to the increase in HIF-1α level (Fig. 4B). Treatment of HT-29 
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cells with 10 µM LYR-8 in the presence of CoCl2 completely 
inhibited HIF-1α protein accumulation without any alteration 
in the mRNA level (Fig. 4C). To examine the effect of LYR-8 
on the stability of HIF-1α, cycloheximide was introduced to 
the CoCl2-treated cells. As shown in Fig. 4D, after protein 
synthesis was blocked by cycloheximide, the CoCl2-induced 
HIF-1α level was not altered by LYR-8. However, CoCl2-
induced VEGF mRNA expression (Fig. 4E) and protein secre-
tion (Fig. 4F) were strongly decreased by LYR-8 in HT-29 
cells. Furthermore, highly elevated COX-2 expression (Fig. 
4G) and PGE2 concentration (Fig. 4H) in CoCl2-treated cells 
were also significantly suppressed by LYR-8. However, LYR-
8 alone in the absence of CoCl2 did not significantly alter the 
basal expression of VEGF and COX-2 or PGE2 production. 
When we searched for the upstream signaling molecules re-
sponsible for regulating HIF-1α activation and inducing angio-
genesis, we observed that LYR-8 effectively suppressed Akt 
signaling but not ERK signaling (Fig. 4I). As shown in Fig. 4J, 
LY294002, a PI3K/Akt inhibitor, and U0126, a MEK inhibitor, 
suppressed CoCl2-induced HIF-1α accumulation in the same 
manner as LYR-8.

DISCUSSION

Cannabinoid-based therapies are slowly being introduced 
for the palliative treatment of pain in cancer patients. Many 
studies have also focused on cannabinoids as potential anti-
tumor agents.20–24) Initially, cannabinoids were reported to 
regulate cancer cell growth and apoptosis25,26) and to sup-
press tumor neovascularization.22,24) However, their clinical 
usage is severely restricted by their psychotropic natures, 
thus, novel approaches are required to identify cannabinoids 

suitable for the treatment of cancer. We searched for potent, 
non-psychoactive candidate molecules and synthesized novel 
hexahydrocannabinol analogs that are structurally similar to 
tetrahydrocannabinol. In the present study, we clearly dem-
onstrated that LYR-8 suppresses cancer-induced angiogenesis 
and retards tumor growth in vivo. LYR-8 was found to be well 
tolerated during this study as no differences in body weight 
between vehicle and LYR-8 treated animals or evidence of 
overt toxicity were observed. Furthermore, we uncovered the 
detailed mechanism of action of LYR-8 by showing that LYR-
8 inhibited the expression level of HIF-1α in tumor tissues in 
both a xenograft mouse model and cancer cells in vitro.

It has been suggested that the interaction between cancer 
cells and the tumor microenvironment plays a critical role in 
cancer growth, invasion, metastasis, and angiogenesis.27–29) 
VEGF serves as a regulatory factor for the cancer microen-
vironment as emphasized in many studies showing a strong 
correlation between increased VEGF levels, angiogenesis and 
tumor progression.30,31) Moreover, bevacizumab, anti-VEGF 
antibody, has proven successful in clinical trials,32) and opti-
mal regimens have been developed for the agents in metastatic 
colorectal cancer.33) However, because tumors have the ability 
to secrete a variety of proangiogenic factors in tumor micro-
environments, they can circumvent single-target therapies and 
resume aggressive growth. Recent anti-angiogenic anti-tumor 
drug development efforts have focused on molecules that tar-
get multiple regulatory points of the tumor microenvironment. 
In the present study, we showed that LYR-8 significantly 
suppressed VEGF expression in tumor tissues dissected from 
both CAMs and mouse xenografts. VEGF expression in HT-29 
cells under CoCl2-induced hypoxic conditions was also sig-
nificantly suppressed by LYR-8, while LYR-8 alone had little 

Fig. 3. LYR-8 Suppresses Markers of Angiogenesis in HT-29 CAM-Implanted Tumors
(A) The HT-29 cancer cells were loaded (1.5×106 cells/CAM) onto CAMs and a single dose (144 ng) of LYR-8 was administered at the time of implantation. Five days 

after implantation, CAMs were resected and imaged under the microscope. Tumor vasculature, quantitation of vessel numbers and tumor weights were analyzed. (B) The 
harvested HT-29 CAM tumor masses were fixed, embedded in paraffin and stained with H&E. The representative histopathological profiles of tumor masses from control 
(a, b) and LYR-8-treated samples (c, d). The tumor sections treated with LYR-8 showed significantly lower tumor cell densities than controls (right panel, bar graph). Scale 
bars=80 µm. (C) Total cell lysates were extracted from tumors per group and analyzed for COX-1, COX-2 and VEGF expression by Western blot. The bar graphs on the 
right panel show the relative band density normalized to actin. * p<0.05, compared to vehicle-treated control group. * p<0.05, compared to vehicle-treated cancer cell-
implanted group.
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effect on basal VEGF expression in HT-29 cells.
In addition to its effect on VEGF, LYR-8 also inhibits 

COX-2. Recently, Cox-2 has been identified as a direct target 
for HIF-1α, and its up-regulation was found to contribute to 
tumor survival and angiogenesis.34,35) COX-2 is expressed in 
a wide range of cells including cancer cells, endothelial cells, 

immune cells, and stromal fibroblasts within tumors. In addi-
tion, cancer-associated stromal cells stimulate COX-2 expres-
sion in cancers by releasing soluble factors.36) PGs, the prod-
ucts of COX-2 enzyme activity in cancer cells, may induce 
the transformation of stromal cells to optimized forms better 
suited to the cancer microenvironment.15,37) Accordingly, 

Fig. 4. Involvement of HIF-1α in LYR-8-Mediated Downregulation of VEGF and COX-2
Hypoxia mimetic CoCl2-activated HT-29 cells were used as an in vitro model to study LYR-8-mediated downregulation of VEGF and COX-2. (A) Western blot analysis 

showing a concentration-dependent increase in HIF-1α levels in HT-29 cells exposed to CoCl2 (16 h). (B) Real-time PCR analysis showing VEGF mRNA expression in HT-
29 cells exposed to CoCl2 (16 h). (C) After HT-29 cells were treated with CoCl2 for 16 h in the presence or absence of LYR-8, HIF-1α protein and mRNA level were ana-
lyzed (C). To examine HIF-1α stability change, HT-29 cells were either untreated or pretreated with CoCl2 (100 µM) for 4 h followed by addition of cycloheximide (CHX; 
200 µM) for the indicated times. HIF-1α level in nuclear extracts were visualized by Western blot analysis (D). (E–J) Cells were treated the same as described in (C), and 
then, analyzed for VEGF mRNA by qRT-PCR (E), VEGF protein secretion (F) and PGE2 production (H) by ELISA, COX-2 protein (G) and the activation of ERK and Akt 
by Western blot (I). The effects of U0126 (a MEK inhibitor) or LY294002 (a PI3-kinase inhibitor) on HIF-1α expression were also assessed by Western blot (J). # p<0.05, 
compared to the vehicle-treated control group, * p<0.05, compared to the CoCl2-treated group. These experiments are representative of 3 independent experiments.
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COX-2 is also considered a promising therapeutic target for 
cancer treatment and prevention. In the present study, it was 
found that the high level of COX-2 in hypoxic tumor tissues 
in vivo was dramatically reduced by LYR-8. These results 
suggest that LYR-8 effectively interferes with the cancer-
microenvironment interaction. In addition, the suppression of 
PGE2 production by LYR-8 also demonstrated in HT-29 cells 
treated with CoCl2, which further supports the notion that the 
inhibitory action of LYR-8 on tumor growth and angiogenesis 
is mediated through regulation of the tumor microenvironment 
such as COX-2 and PGE2 production. It is necessary to men-
tion the differential inhibitory effects of LYR-8 on VEGF and 
COX-2 expression between our in vivo studies (Fig. 3C) and in 
vitro cell culture (Figs. 4C, D). The cell culture condition does 
not truly represent in vivo tumor study, where tumor tissues 
also contain endothelial cells and pericytes. Previously, we re-
ported that LYR-8 causes dose-dependent inhibition of cancer 
cell growth,15) which is cell density dependent.16) In the pres-
ent study, we did a careful normalization of our all immunoas-
says utilizing conditioned media with cell viability to rule out 
the effects of toxicity. Unexpectedly, the seeming reduction 
in the level of VEGF and PGE2 production in LYR-8-treated 
group turned out to be insignificant after careful normaliza-
tion and further repetition in independent experiments using 
immunoassays and qRT-PCR. Thus, we firmly conclude that 
LYR-8 did not alter basal expression of VEGF and COX-2, 
or PGE2 production. In CoCl2-treated HT-29 cells to mimic, 
at least in some extent, the hypoxic condition as in tumors, 
LYR-8 suppressed CoCl2-induced HIF-1α, and subsequently 
its targets, VEGF and COX-2.

The expression of VEGF is mainly regulated by HIF-1α, 
and COX-2 is also a target of HIF-1α. In animal models, 
HIF-1α overexpression is associated with increased tumor 
growth, vascularization, and metastasis, whereas HIF-1α 
loss-of-function mutation has the opposite effect.38) Therefore, 
various HIF-1 inhibitors have been evaluated with respect to 
their effects on pathological angiogenesis and cancer. Of the 
many HIF-1 inhibitors identified, YC-1 [3-(5-hydroxymethyl-
2-furyl)-1-benzylindazole17)], PX-12 [1-methylpropyl 2-imid-
azolyl disulfide39)], P2630 [pyridylpyrimidine40)], and other 
emerging compounds such as heteroaryls and thiazolidinone 
compounds [for review see ref. 41], have shown promising in 
vitro and in vivo antitumor activity. In the present study, we 
showed that the reduced expression of HIF-1α in tumor tissue 
from LYR-8-treated mice corresponded to the suppression of 
tumor growth and angiogenesis. Furthermore, in HT-29 cancer 
cells under hypoxia mimicking conditions using CoCl2 treat-
ment, LYR-8 was found to dose-dependently inhibit HIF-1α 
and consequently the expressions of target genes COX-2 and 
VEGF. These results indicate that HIF-1α is the target of LYR-
8 action. To the best of our knowledge, this report is the first 
to show the HIF-1α inhibitory potential of a cannabinoid-like 
hexahydrocannabinol analog.

The mechanism by which CoCl2 induces HIF-1α accumu-
lation is mediated through inhibition of prolyl hydroxylase 
and ubiquitin/proteosomal pathway, which stabilizes HIF-1α 
protein. Since LYR-8 did not affect HIF-1α mRNA expression 
(Fig. 4C) and protein stability (Fig. 4D) in CoCl2-treated cells, 
the significant suppression of CoCl2-induced HIF-1α protein 
by LYR-8 indicate that LYR-8 may inhibit the protein syn-
thesis of HIF-1α. These results are also related to the finding 

that the inhibitory activity of LYR-8 on HIF-1α was associated 
with suppression of phosphatidylinositol 3-kinase (PI3K)/Akt 
signaling. Recent reports have suggested that PI3K/Akt and 
mitogen-activated protein kinase (MAPK)/extracellular signal-
regulated kinase (ERK) signaling play an important role in 
regulating hypoxia-induced HIF-1α level by increasing HIF-1α 
protein synthesis and consequently the expression of its target 
genes.42–45) Furthermore, it is known that COX-derived PGs 
enhance endothelial cell survival via Akt signaling.46) Similar 
to what we observed previously,15) we found that LYR-8 inhib-
its the expression of molecules associated with cell survival 
and proliferation such as Akt and COX-2. It is possible to 
conclude that the LYR-8-mediated inhibition of Akt is respon-
sible for the inhibition of HIF-1α upregulation and of VEGF 
and COX-2 production during hypoxia. It has been suggested 
that anticancer agents that simultaneously inhibit multiple tu-
morigenic events, such as mitogenic and cell survival signal-
ing pathways and tumor angiogenesis, are likely to be more 
effective at suppressing tumor growth and progression.47,48) In 
agreement with this, we suggest that LYR-8 may be a potent 
anti-cancer agent that targets both angiogenic and survival 
signaling molecules, such as VEGF and COX-2.

Taken together, our findings indicate that the anti-tumor 
effect of the hexahydrocannabinol analog LYR-8 is due to 
two distinct mechanisms, indirect inhibition of tumor angio-
genesis via HIF-1α and VEGF and direct inhibition of tumor 
cell survival via Akt and COX-2. Given the opinion that HIF-
1 is an attractive target for cancer therapy12,17,49,50) and that 
cannabinoid-based therapies are viewed with some excitement 
by those in cancer research, the present study provides a new 
perspective regarding the potential of cannabinoid-like non-
psychoactive compounds targeting Akt and HIF-1α for cancer 
therapy and chemoprevention.
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