
Cancer Chemother Pharmacol (2011) 68:619–629

DOI 10.1007/s00280-010-1521-8

ORIGINAL ARTICLE

Cytochrome P450 �-hydroxylase promotes angiogenesis 
and metastasis by upregulation of VEGF and MMP-9 
in non-small cell lung cancer

Wei Yu · Li Chen · Yu-Qing Yang · John R. Falck · 
Austin M. Guo · Ying Li · Jing Yang 

Received: 20 June 2010 / Accepted: 3 November 2010 / Published online: 1 December 2010
©  Springer-Verlag 2010

Abstract
Purpose Cytochrome P450 (CYP) �-hydroxylase, mainly
consisting of CYP4A and CYP4F, converts arachidonic
acid to 20-hydroxyeicosatetraenoic acid (20-HETE) that
induces angiogenic responses in vivo and in vitro. The
present study examined the role of CYP �-hydroxylase in
angiogenesis and metastasis of human non-small cell lung
cancer (NSCLC).
Methods The eVect of WIT003, a stable 20-HETE analog,
on invasion was evaluated using a modiWed Boyden cham-
ber in three NSCLC cell lines. A549 cells were transfected
with CYP4A11 expression vector or exposed to CYP
�-hydroxylase inhibitor (HET0016) or 20-HETE antago-
nist (WIT002), and then �-hydroxylation activity toward
arachidonic acid and the levels of matrix metalloprotein-
ases (MMPs) and VEGF were detected. The in vivo eVects
of CYP �-hydroxylase were tested in established tumor
xenografts and an experimental metastasis model in
athymic mice.

Results Addition of WIT003 or overexpression of
CYP4A11 with an associated increase in 20-HETE produc-
tion signiWcantly induced invasion and expression of VEGF
and MMP-9. Treatment of A549 cells with HET0016 or
WIT002 inhibited invasion with reduction in VEGF and
MMP-9. The PI3 K or ERK inhibitors also attenuated
expression of VEGF and MMP-9. Compared with control,
CYP4A11 transfection signiWcantly increased tumor
weight, microvessel density (MVD), and lung metastasis by
2.5-fold, 2-fold, and 3-fold, respectively. In contrast,
WIT002 or HET0016 decreased tumor volume, MVD, and
spontaneous pulmonary metastasis occurrences.
Conclusion CYP �-hydroxylase promotes tumor angio-
genesis and metastasis by upregulation of VEGF and MMP-9
via PI3 K and ERK1/2 signaling in human NSCLC cells.

Keywords Cytochrome P450 · 20-HETE · Metastasis · 
Angiogenesis · NSCLC

Introduction

Non-small cell lung cancer (NSCLC) is the leading cause
of cancer death worldwide. Most deaths still result from
local and distant metastasis. About two-thirds of such
recurrences are in distant organs, such as brain, contralat-
eral lung, and bone as a result of the hematogenous spread
of cancer cells. Multiple chemotherapy combinations have
been studied, and no particular regimen has provided a sig-
niWcant improvement in outcomes [1]. Therefore, it is
important to better understand the mechanisms involved in
the spread of lung cancer and Wnd more eVective targets for
improving the outcomes for patients.

Cytochrome P450 (CYP) �-hydroxylase, mainly consisting
of CYP4A and CYP4F, metabolizes arachidonic acid to
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biologically active eicosanoids including 20-hydroxyeico-
satetraenoic acid (20-HETE), which has numerous impor-
tant physiological and pathological functions [2]. 20-HETE
has been reported to serve as a second messenger in the
mitogenic actions of a number of growth factors [3], and
an important mediator of vascular endothelial growth
factor (VEGF) mediated angiogenesis and vessel sprouting
[4]. N-hydroxy-N-(4-butyl-2 methylphenyl)-formamidine
(HET0016), a selective inhibitor of 20-HETE synthesis [5,
6], was found to inhibit the angiogenic responses to EGF,
VEGF, FGF, and electrical stimulation in rats [7, 8] and
block angiogenesis in the cornea stimulated by the implan-
tation of human U251 glioblastoma cells as well as the pro-
liferation of U251 cells in vitro [7, 9]. WIT002, an
antagonist of 20-HETE, inhibited the growth of renal ade-
nocarcinoma in nude mice [10], and the proliferation of
U251 cells transfected with CYP4A1 in vitro [11]. In con-
trast, WIT003, a stable 20-HETE agonist, stimulated endo-
thelial cell proliferation and VEGF expression in vitro [12].
These data suggest that CYP �-hydroxylase may play an
important role in tumor growth and angiogenesis. Interest-
ingly, �-hydroxylation activity toward arachidonic acid
was high in the nuclear envelope fraction of A549 NSCLC
cells [13]. However, there is no information available about
the role of CYP �-hydroxylase in angiogenesis and metas-
tasis of NSCLC.

Growing evidence shows that lung cancer cells secrete
high levels of growth factors and matrix-degrading prote-
ases, including VEGF [14] and matrix metalloproteinases
(MMPs) [15, 16], which are found to be signiWcantly asso-
ciated with survival in NSCLC patients [17, 18]. Many
studies have documented that VEGF regulates most of the
steps in the angiogenesis cascade and is a critical mediator
of angiogenesis [19], and MMPs are able to release bound-
VEGF and regulate most of the steps in the angiogenesis
cascade [20]. Furthermore, MMP-9 has been associated
with active neovascularization and tumor invasion because
these MMPs can degrade the extracellular matrix, essential
steps in the process of angiogenesis and metastasis [21–24].
Therefore, agents possessing the ability to suppress the
activities and expression of VEGF and MMPs are worthy
targets of development for anti-lung cancer angiogenesis
and metastasis.

In this study, we investigated whether CYP �-hydroxy-
lase increases the angiogenic and metastatic potential of
human NSCLC cells and found CYP �-hydroxylase
enhanced invasion in vitro as well as angiogenesis and
metastasis in vivo and signiWcantly increased the expres-
sion of VEGF and MMP-9 in vitro and in vivo. In addition,
our results showed the importance of the PI3 K/Akt and
ERK1/2 signaling pathway in these process. These observa-
tions suggest that CYP �-hydroxylase may represent a
worthy target for therapy of NSCLC.

Materials and methods

Chemicals

Antibodies against human VEGF and MMP-9 were pur-
chased from Santa Cruz Biotechnology, Inc (Santa Cruz,
CA). In addition, HET0016 and 20-HETE-d6 were pur-
chased from Cayman Chemicals (Ann Arbor, MI). WIT003
[20-hydroxyeicosa-5(Z), 14(Z)-dienoic acid] and WIT002
[20-hydroxyeicosa-6(Z), 15(Z)-dienoic acid] were synthe-
sized by one of the authors John R. Falck. Antibodies
against PI3 K, Akt, JNK, ERK, and p38 (including phos-
phorylated forms) were purchased from Cell Signaling
Technology (Beverly, MA). The speciWcity of polyclonal
antibodies against human CYP4A11 was purchased from
Research Diagnostics (Flanders, NJ). Anti CD-34 antibody
was purchased from DAKO Corporation (Carpenteria,
CA). MMP-2, MMP-9, VEGF ELISA Kit, and mouse anti-
human VEGF monoclonal antibody were purchased from
R&D Systems (Minneapolis, MN). The VEGFR2-receptor
inhibitor SU5416 was provided by SUGEN (San Francisco,
CA). All other compounds were purchased from Sigma
Chemical Co (St. Louis, MO).

Cell cultures and transfection

Human NSCLC cell lines A549, H1299, and SW-1573
were obtained from ATCC. Cells were grown according to
the manufacturer’s recommendations and maintained at
37°C in a humidiWed incubator containing 5% CO2. Human
CYP4A11 complementary DNA (cDNA) was obtained by
RT-PCR of the RNA prepared from hepatocellular cells
and subcloned into a pCI-neo expression GFP (Promega,
Madison, WI). pCI-neo-GFP vector was previously
described [25]. The plasmid including the CYP4A11 cDNA
or the plasmid alone was transfected into A549 cells with a
Transfast Transfection Reagent kit (Promega). Stable trans-
formants were selected by 4 weeks’ cultured in the pres-
ence of 600 �g/ml G418 and isolated by a single cell
manipulation technique. Protein in established clones was
studied. Cells were treated with vehicle (ethanol), WIT003,
WIT002, HET0016, wortmannin, U0126, or left untreated,
as indicated, for invasion or other studies.

In vitro cell invasion assays

In vitro cell invasion assays were performed in 10-mm-
diameter and 8-�m pore polycarbonate Wlter transwell
plates. Membranes were precoated with 25 �g of matrigel
on the upper surface, which formed a reconstituted base-
ment membrane at 37°C. Cells were seeded onto the upper
well of the chamber. Subsequently, serum-free medium
with HET0016 (10 �mol/L), WIT002(10 �mol/L), WIT003
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(0.01, 0.1, 1 �mol/L), or ethanol as a control was added to
the upper chamber, while the lower well was Wlled to the
top (500 �L) with RPMI-1640 containing 5% fetal calf
serum (FCS) as a chemoattractant. Cells were allowed to
migrate for 5 h. The non-migrating cells were then care-
fully removed from the upper surface of the transwell with
a wet cotton swab, and cells were Wxed for 30 min in 4%
formaldehyde and stained for 15 min with crystal violet.
Cells that had invaded to the bottom surface of the Wlter
were counted with an ocular micrometer in a blinded man-
ner, counting a minimum of 10 high-powered Welds (HPF).

Murine xenograft model of tumor growth and metastasis

All animal studies were approved by the Animal Research
Committee of Wuhan University and maintained in accor-
dance with Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC). Athymic BALB/c
mice, 6–8 weeks of age, were provided by the Experimental
Animal Center of Wuhan University and were housed on a
12-h light/12-h dark cycle in a pathogen-free environment
and allowed ad libitum access to food and water. A549-
CYP4A11 or A549-GFP cells (5 £ 106) were injected sub-
cutaneously (s.c.) into the Xank of nude mice. After 2 days,
the mice were subcutaneously injected HET0016 (10 mg/kg),
WIT002 (10 mg/kg) or 10% lecithin in water as a control
once per day. The mice were examined for localized tumor,
and the tumor size was measured once every three days
(beginning 7 days after injection) with microcalipers.
Tumor volume was measured with a digital caliper and cal-
culated using the formula 0.52 £ a £ b2, wherein a and b
are the largest and smallest diameters as described previ-
ously [26]. The mice were euthanized 6 weeks after the
inoculation. The weight of each tumor was measured.
Xenograft tumors were sectioned and stained using anti-
CD34 antibodies. The areas of invasive tumor containing
the highest numbers of capillaries and small venules per
area (‘‘hotspots’’) were selected by light microscopy at low
magniWcation (£100). After the area of the highest neovas-
cularization was identiWed, individual microvessel counts
were blindly made on a 400£ Weld. Results were expressed
as the mean value of all the Welds.

The implantation of A549-CYP4A11 cells into the lung
was done as previously described [27]. BrieXy, the left
chest of each anesthetized mouse was incised (5-mm inci-
sion) just below the inferior border of the scapula, then
20 �L of suspension containing 1 £ 106 cells and 20 �g of
matrigel were injected into the left lung parenchyma
through the intercostal space. The skin incision was closed
with 3–0 silk. After 2 days, the mice were treated with or
without HET0016 (10 mg/kg) and WIT002 (10 mg/kg)
once per day by subcutaneously injection. Mice were eutha-
nized 30 days after tumor cell implantation. Tumors were

examined in lung, mediastinal lymph node, liver, kidney,
and spleen and were weighed.

Measurement of CYP arachidonic acid �-hydroxylation 
activity

20-HETE, the major CYP �-hydroxylase metabolite of ara-
chidonic acid, was analyzed by liquid chromatography
mass spectrometry (LC/MS/MS) as previously described
[8, 28]. In brief, tissue and cells were collected and homog-
enized in 1 ml of a 0.1 M KPO4 buVer containing 5 mM
MgCl2 and 1 mM EDTA. The homogenate was incubated
for 30 min at 37°C with a saturating concentration of ara-
chidonic acid (40 �M) and 1 mM NADPH in the presence
and absence of 10 �M HET0016. The reaction was stopped
by acidiWcation with formic acid to pH 3.5 and extracted
twice with 3 vols of ethyl acetate after the addition of 2 ng
of an internal standard 20-HETE-d6. The organic phase
was dried under nitrogen. Mass spectrometric analysis
was performed on an Agilent LSD ion trap mass spectrom-
eter 1100 (Agilent Technologies) using negative electro-
spray ionization-MS/MS, and the peaks eluting with a
mass/charge ratio (m/z) of 319 (20-HETE) or 326.5 (20-
HETE-d6) were isolated and monitored. The ratio of ion
abundance in the peaks of interest (20-HETE; m/z 319)
versus that corresponding to the closely eluting internal
standard (20-HETE-d6; m/z 326.5) was determined.

ELISA analysis

ELISA assay for VEGF, MMP-2, and MMP-9. A549 cells
with various treatments were seeded in six-well plates.
After 24 h, the cells were incubated with serum-free
medium for another 24 h and then treated with HET0016,
WIT002, or ethanol as a control in 1% FBS for 24 h. The
culture media and tumor homogenate were collected, cen-
trifuged to remove cellular debris, and stored at ¡70°C
until assay for VEGF, MMP-2, and MMP-9. The cells in
the plate were trypsanized, and the total number of cells
was determined by cell counting. The assay was done using
a commercially available VEGF, MMP-2, and MMP-9
ELISA kit according to the manufacturer’s instructions. For
MMP-2 and MMP-9 assay, the culture media (500 �L)
were concentrated using the microcon concentrator (Milli-
pore). Results were normalized to the cell number.

Analysis of MMP-2 and MMP-9 activities

The activities of MMP-2 and MMP-9 were assayed by gel-
atin zymography as described previously [29]. BrieXy,
samples containing equal amounts of protein were sub-
jected to 10% SDS–polyacrylamide gel containing 0.1%
gelatin. Electrophoresis was performed at 80 and 120 V for
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3 h. Gels were then washed twice in zymography washing
buVer (2.5% Triton X-100 in double-distilled H2O) at room
temperature to remove SDS, followed by incubation at
37°C for 12–16 h in zymography reaction buVer (40 mM
Tris–HCl (pH 8.0), 10 mM CaCl2, 0.02% NaN3), stained
with Coomassie blue R-250 (0.125% Comassie blue R-250,
0.1% amino black, 50% methanol, 10% acetic acid) for 1 h
and destained with destaining solution (20% methanol,
10% acetic acid, 70% double-distilled H2O). Non-staining
bands representing the levels of the latent form of MMP-2
and MMP-9 were quantiWed by densitometer measurement
using a digital imaging analysis system.

Western blotting analysis

Proteins were extracted from xenograft tumors or cells for
immunoblot analysis. Protein concentration was deter-
mined by Bradford method, and 20 �g of protein extract
was subjected to electrophoresis in 8% polyacrylamide slab
gels and transferred to PVDF membrane, blocked with 5%
nonfat milk, and probed with PI3 K, Akt, ERK, JNK, p38
(including phosphorylated forms), CYP4A11, CYP4F2,
VEGF, and MMP-9 antibodies. Blots were washed, incu-
bated with a peroxidase-conjugated antibody, and chemilu-
minescence detection was performed using an enhanced
chemiluminescence kit according to the manufacture’s
protocol.

Statistical analysis

All values are expressed as mean § SEM, and statistical
analyses were performed using one-way ANOVA followed
by the Student-Newman-Keul’s test. Values were com-
pared using for multiple comparisons, where P values of
0.05 or less were considered signiWcant.

Results

CYP �-hydroxylase stimulates invasion 
in H1299, SW-1573, and A549 cells

It has been reported that WIT003 and 20-HETE have simi-
lar angiogenenic responses in endothelial cells, and
WIT003 cannot be metabolized by cyclooxygenase
enzymes to prostanoids due to lack of double bonds in the
11, 12 and 8, 9 positions [12]. Therefore, a parallel experi-
ment was conducted to conWrm the equivalency of WIT003
with 20-HETE on invasion under identical conditions in
three NSCLC cell lines. We found that H1299, SW-1573,
and A549 cells treated with WIT003 at doses of 0.01–1 �M
increased invasion (onefold to threefold increase over con-
trol; Fig. 1a). Our results also showed that 20-HETE

induced a similar and comparable dose-dependent increase
in invasion compared with WIT003 (data not shown).
Because there was no signiWcant diVerence between the
eVects of 20-HETE and WIT003, we chose to use WIT003
for most subsequent experiments.

It is documented that the expression of CYP4A11
mRNA in A549 cells was not detected [13], and CYP4A11
has the advantage of being a potent 20-HETE synthase
while having negligible ability to form epoxides [12]. Thus,
we transfected the CYP4A11 cDNA to A549 cells and
found that CYP4A11 transfection resulted in increased
expression of the respective recombinant proteins com-
pared with cells transfected with GFP or untransfected cells

Fig. 1 CYP �-hydroxylase overexpression or WIT003 promotes
invasion in NSCLC cells. a H1299, SW-1573, and A549 cells were
treated with various concentrations of WIT003 (0.01, 0.1, and 1 �mol/L
each), and cell invasion was also measured in a 5-h transwell assay in
a blinded manner. b Expression of CYP4A11 and CYP4F2 in A549
cells or 1 wk after transfection with CYP4A11. c Cell invasion was
measured from A549 cells treated with WIT002, HET0016 or transfec-
ted with CYP4 A11 in a 5-h transwell assay. *P < 0.05, **P < 0.01 ver-
sus control group; Representative data are shown as mean § SEM
from a single experiment (n = 6)
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(Fig. 1b). And then, the eVect of CYP4 A11 overexpression
on invasion of A549 cells was assessed in vitro using trans-
well assay and found it increased the invasion to twofold
compared with control. Moreover, �-hydroxylation activity
toward arachidonic acid was high in A549 cells [13]; thus,
A549 cells were treated with HET0016 or WIT002 in the
invasion assays, and we found both of them signiWcantly
decreased invasion (Fig. 1c). Together, these results indi-
cate that CYP �-hydroxylase enhances invasion of NSCLC
cells in vitro.

CYP �-hydroxylase enhanced subcutaneous tumor size 
and angiogenesis

Having shown the role of CYP �-hydroxylase in NSCLC
cell invasion, we went on to evaluate its tumor growth and
angiogenesis properties using tumor models xenografted in
athymic mice. Mice injected with A549-CYP4 A11 cells
showed signiWcantly enhanced tumor growth rate (Fig. 2a)
and size (Fig. 2b) compared with control. In contrast,
tumors in mice treated with HET0016 or WIT002 grew
slower and smaller. In addition, A549-CYP4A11 tumors
appeared earlier (6.9 § 3.2 days) than control, and tumor
originating from A549 cells treated with HET0016 or
WIT002 appeared later (16.2 § 2.5 days; 15.3 § 2.6 days;)
than control (10.5 § 2.5 days) and GFP group (11.4 §
3.4 days; P < 0.05). At 6 weeks, all animals were eutha-
nized, and no metastatic tumor was observed in any organs.

Capillary vessel counting in and around primary tumors
showed that CYP4A11 transfection signiWcantly increased
microvessel density (MVD) (34.1 § 7.3/HPF in control and
35.32 § 6.4/HPF in GFP group vs. 63.8 § 11.4/HPF in
A549-CYP4A11 group, P < 0.05). In contrast, both
HET0016 and WIT002 signiWcantly decreased MVD
compared with control group (16.3 § 4.6/HPF in HET0016
group and 21.3 § 5.1/HPF in WIT002 group versus
control, P < 0.05; Fig. 2c). These results suggest that CYP
�-hydroxylase-derived 20-HETE enhances tumor growth
and angiogenesis for primary tumors.

CYP �-hydroxylase enhanced experimental lung 
metastasis of A549 cells in nude mice

In the experimental metastasis model, CYP4A11 overex-
pression also led to signiWcantly more lung metastases than
control (Fig. 2d). A549-CYP4A11 and A549-GFP groups
formed local tumors in the lung in Wve of six and four of six
nude mice, respectively, 30 days after transplantation. Met-
astatic tumors from A549-CYP4A11 groups were observed
in mediastinal lymph nodes in Wve of six mice with lung
tumors at 6 weeks, and two animals had liver metastatic
lesions (7 and 9 metastatic foci, respectively). The mean

tumor number in A549-CYP4A11 groups was signiWcantly
more than those of A549-GFP groups, and there were only
two metastasis in mediastinal lymph nodes from the mouse
with lung tumors of A549-GFP groups. In contrast, treat-
ment with HET0016 or WIT002 signiWcantly reduced the
tumor incidence and mediastinal lymph node metastases
compared with control, and there were no metastases
to other organs. Together, these results indicate that CYP
�-hydroxylase-derived 20-HETE promotes tumor meta-
static potential in vivo.

�-Hydroxylation activity toward arachidonic acid 
in homogenates from A549 cell and A549 tumor

Given the arachidonic acid as substrate, we determined
the concentration of its metabolite, 20-HETE. The levels of
20-HETE were signiWcantly higher in A549-CYP4A11
cells (53.1 § 8.6 pmol/min/mg protein in CYP4A11 groups
vs. 21.2 § 4.9 pmol/min/mg protein in control, P < 0.01;
Fig. 3a) and A549-CYP4A11 tumor (48.3 § 6.9 pmol/min/
mg protein in A549-CYP4A11 groups vs. 26.3 § 4.7 pmol/
min/mg protein in control, P < 0.05; Fig. 3b). In contrast,
the levels of 20-HETE were inhibited by HET0016 in A549
cells or A549 tumors homogenates. These data suggested
that CYP4A11 overexpression markedly enhanced the
�-hydroxylation activity toward arachidonic acid, and
HET0016 is able to inhibit the activities of CYP �-hydrox-
ylase in A549 cells.

CYP �-hydroxylase induced expression of VEGF 
and MMP-9

Angiogenesis and metastasis are associated with expression
of various molecules, including VEGF and MMPs. The
eVect of CYP �-hydroxylase on expression of these genes
was examined in A549 cells and in excised tumor xeno-
grafts. We found that CYP4A11 overexpression up-regu-
lated VEGF and MMP-9 at the levels of protein compared
with control. Conversely, the VEGF and MMP-9 levels
were decreased by HET0016 or WIT002 treatment. In addi-
tion, CYP4A11 overexpression signiWcantly up-regulated
the MMP-9 activities compared with control, but it did not
have any signiWcant eVects on the activity of MMP-2
(Fig. 4a, b, d). Together, these data suggested that
CYP4A11-derived 20-HETE signiWcantly up-regulated
expression of the genes that promote angiogenesis and
metastasis. To further determine whether 20-HETE-
induced MMP-9 expression is mediated by VEGF, the
eVects of anti-VEGF or SU5416 on MMP-9 were measured
in A549 cells or A549-CYP4A11 cells, and we found those
treatments could partly abolish MMP-9 expression
(Fig. 4c).
123



624 Cancer Chemother Pharmacol (2011) 68:619–629
CYP �-hydroxylase up-regulated VEGF and MMP-9 
through PI3 K and ERK1/2 signaling pathways

Since we have shown CYP �-hydroxylase induced
expression of VEGF and MMP-9, the underlying mecha-
nisms were further investigated. We investigated
whether CYP �-hydroxylase could aVect the activation
of MAPK and PI3 K/Akt signaling cascades in A549
cells. And the results showed CYP4A11 signiWcantly
induced the activation of ERK1/2 and PI3 K/Akt as
shown by increasing the phosphorylation of ERK1/2 and
PI3 K/Akt without aVecting phospho-JNK1/2 and phos-
pho-p38 activity. In contrast, treatment of A549 cells

with WIT002 or HET0016 signiWcantly decreased the
phosphorylation of ERK1/2 and PI3 K/Akt (Fig. 5).To
further conWrm whether the eVects of CYP �-hydroxy-
lase mainly occurred through the induction of the ERK1/2
or PI3 K/Akt signaling pathway, A549 cells were pre-
treated with a PI3 K inhibitor (wortmannin; 10 �M) or
ERK inhibitor (U0126; 20 �M) for 1 h and then incu-
bated in the present or absence of WIT003 (1 �M) for
24 h. In this study, we chose 1 �M WIT003 as our work-
ing concentration because the expression levels of
VEGF and MMP-9 were increased concentration depen-
dently by WIT003 at the dose of 0.01 » 1 �M (data not
shown). We found that treatment of A549 cells with

Fig. 2 CYP �-hydroxylase in A549 cells promotes primary tumor
growth, angiogenesis and metastasis to lungs in nude mice. Nude mice
injected with A549 cells untransfected (control) or transfected CYP4
A11 (A549-CYP4A11). After 2 days, the mice were treated with or
without HET0016 (10 mg/kg) or WIT002 (10 mg/kg). a Primary xeno-
graft tumor volume growth curves. b Average primary tumor weight
for each group after growth for 6 weeks. c Average microvessel

density in primary tumors and around tumors were counted in a blinded
manner (MVD; capillary vessel number per HPF). d Average number
of lung metastases for each group in experimental metastasis model.
e Representative photographs of the tumor sections examined by
immunohistochemical staining for CD34 (£400 magniWcation).
*P < 0.05, **P < 0.01 versus control group (n = 6)
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these inhibitors markedly abrogated WIT003-induced
VEGF and MMP-9 expression (Fig. 5c). Our data indi-
cated the induction of the VEGF and MMP-9 expression
by CYP �-hydroxylase could occur through ERK1/2 and
Akt activation.

Discussion

In the present study, we have provided direct evidence that
WIT003 treatment markedly enhanced the invasion in three
diVerent NSCLC cell lines, and CYP4A11-transfection
with an associated increase in 20-HETE production
promoted angiogenesis and metastasis by upregulating
expression of VEGF and MMP-9. In addition, we showed
that HET0016 or WIT002 treatment profoundly inhibited
invasion in vitro and angiogenesis and metastasis in vivo
and signiWcantly decreased the expression of VEGF and
MMP-9 in vitro and in vivo. Furthermore, we have demon-
strated that activation of PI3 K/Akt and ERK1/2 plays an
important role in the upregulation of VEGF and MMP-9
aVorded by CYP �-hydroxylase (Fig. 6). Therefore, CYP
�-hydroxylase might be a new potential target for therapy
of human NSCLC.

The development of metastases is a complex process
composed of a cascade of linked, sequential, and highly
selective steps including survival of tumor cells in the
blood circulation, arrest in the capillary bed of the sec-
ondary organ, invasion into the secondary organ inter-
stitium and parenchyma, proliferation, and induction of
angiogenesis [30]. The metastatic propensity of a tumor
may be inXuenced by the angiogenic potential of the
tumor cells by two independent mechanisms: high
microvessel density in the primary tumor may enhance
the opportunity of tumor cells to gain access to the blood
circulation, and elevated capacity to induce neovascular-
ization may increase the probability of tumor cells
trapped in secondary organ capillary beds to give rise to

macroscopic tumor growth [31]. Our data show that the
angiogenesis and metastasis potential of CYP �-hydrox-
ylase is indicated by the observed increase in incidence,
weight, capillary vessel, and mediastinal lymph node
metastases of tumors in the nude mice model. In vitro
and in vivo, we have also shown that the mechanism by
which CYP �-hydroxylase promotes tumor cell invasion
is through the upregulation of VEGF and MMP-9. It is
demonstrated that VEGF are able to induce the expres-
sion of MMP-9 in the process of angiogenesis [32]. In
our experiments, the eVect of anti-VEGF and SU5416 on
MMP-9 expression was also measured in A549 and
A549-CYP4A11 cells, and the results indicated that
MMP-9 expression, while directly induced by endoge-
nous 20-HETE, was partly mediated by VEGF. Further-
more, MMP-9 is induced in clusters of premetastatic
lung endothelial cells through VEGF receptor 1 (VEG-
FR1) signaling from distant primary tumors [33], indi-
cating that MMP-9 and VEGF generated around tumors
or in the peripheral circulation may facilitate the recruit-
ment of VEGFR-1-positive hematopoietic stem and pro-
genitor cells. Therefore, further experiments are being
carried out to investigate this possibility.

It has been reported that HET0016, a selective inhibi-
tor of 20-HETE synthesis, suppressed human U251 and
9L glioma cell proliferation in vitro and in vivo, and the
eVects seemed to be independent of 20-HETE synthesis
inhibition [9, 34]. HET0016 and WIT002 markedly
inhibit renal adenocarcinoma cell proliferation though
decreased production or functional antagonism of 20-HETE
[10]. This discrepancy could be due to diVerences of his-
tological types of tumors (renal adenocarcinoma cell
versus glioma cell). In this study, we investigated the
role of CYP �-hydroxylase in NSCLC cell lines and
found that HET0016 or WIT002 potently inhibited the
cell invasion, tumor growth, MVD, and metastasis.
Given that high �-hydroxylation activity toward arachi-
donic acid was likely due to CYP4F2, and there is no

Fig. 3 Measurement of CYP arachidonic acid �-hydroxylation activ-
ity. a 20-HETE synthesis was detected after incubation of A549 cell or
A549-CYP4A11 cell extracts with arachidonic acid in the presence and
absence of 10 �M HET0016. b 20-HETE synthesis was detected after

incubation of A549 or A549-CYP4A11 tumor extracts with arachi-
donic acid in the presence and absence of 10 �M HET0016 in nude
mice. *P < 0.05 versus control group (n = 6)
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detectable amount of CYP4A11 and CYP4B1 mRNA in
A549 cells [13, 35], the antiangiogenic and antimeta-
static potential of HET0016 and WIT002 could be due to
inhibition of CYP4F2 in A549 cells. In addition, altered
CYP �-hydroxylase activity or antagonised 20-HETE
profoundly aVected VEGF and MMP-9 in vitro and in
vivo, suggested that 20-HETE-induced angiogenic and
metastatic potential could be mediated by VEGF and
MMP-9. Collectively, our results demonstrated that
CYP �-hydroxylase-derived 20-HETE promotes tumor
angiogenesis and metastasis by upregulation of VEGF
and MMP-9, and HET0016 and WIT002 have potent
antiangiogenic and antimetastatic activities, suggesting
their potential use in the treatment of human NSCLC.

PI3 K/Akt and MAPK signaling pathways are consid-
ered to be critical to regular proliferation, invasion,
angiogenesis, and metastasis ability [36–38]. Recently,
CYP �-hydroxylase-derived-20-HETE is involved in
activation of ERK1/2 and PI3 K/Akt in endothelial cells,
suggesting that MAPK and PI3 K activation may be
common pathways whereby high 20-HETE might inXu-
ence endothelial cell function, such as proliferation [12]
and apoptosis [39]. In addition, expression of CYP4A1-
20-HETE alters cell growth in U251 human gliomas by a
mechanism that initially involves activation of the
ERK1/2 [11]. Our results showed CYP4A11 overexpres-
sion increased phospho-ERK1/2 and phospho-Akt in
A549 cells and HET0016 or WIT002 inhibited endoge-
nous 20-HETE stimulation of ERK1/2 and PI3 K/Akt.
Furthermore, inhibitors for ERK1/2 (U0126) and PI3 K/Akt
(wortmannin) suppressed WIT003-induced VEGF and
MMP-9 expression, suggesting that the induction of
VEGF and MMP-9 by CYP �-hydroxylase involves the
PI3 K and ERK1/2 signaling pathway.

In conclusion, our Wndings suggest that CYP �-hydrox-
ylase, mainly consisting CYP4A and CYP4F, promotes
angiogenesis and metastatic potential of human NSCLC
cells through the upregulation of VEGF and MMP-9
expression. The induction of VEGF and MMP-9 by CYP

Fig. 4 CYP �-hydroxylase inXuence activity and expression of
VEGF and MMP-9 in A549 cells and xenograft tumors. a VEGF,
MMP-2, and MMP-9 expression from A549 cells were treated with
vehicle, WIT002, HET0016 or transfected with CYP4A11 for 24 h.
*P < 0.05, versus control group; b VEGF, MMP-2, and MMP-9 pro-
tein expression from A549-CYP4A11 tumor xenografts were treated
with vehicle, HET0016 or WIT002 for 6 weeks. *P < 0.05, versus con-
trol group; c MMP-9 protein expression from A549-CYP4A11 cells
treated with anti-VEGF and SU5416 for 24 h. *P < 0.05, versus con-
trol group; #P < 0.05, versus A549-CYP4A11; d Activities for MMP-
2 and MMP-9 from A549 cells treated with HET0016, WIT002 or
transfected with CYP4A11 for 24 h was analyzed using gelatin zymog-
raphy. Representative data are shown as mean § SEM from a single
experiment (n = 6)

�

123



Cancer Chemother Pharmacol (2011) 68:619–629 627
Fig. 5 EVect of CYP 
�-hydroxylase activation of 
MAPK and PI3 K/Akt signaling. 
a QuantiWcation of phospho-
MAPKs and phosphor-PI3
K/Akt proteins was performed 
by densitometric analysis of the 
western blot. Cells were cultured 
in serum-free media in the 
absence or present of HET0016 
or WIT002 for 12 h, and then the 
cell lysates were subjected to 
sodium dodecyl sulfate–
polyacrylamide gel 
electrophoresis followed by 
western blots. b EVect of PI3 K 
inhibitor (wortmannin) and ERK 
inhibitor (U0126) on 
WIT003-induced the expression 
of VEGF and MMP-9. A549 
cells were plated in six-well and 
pre-treated with wortmannin 
(10 �M) or U0126 (20 �M) for 
1 h and then incubated for 24 h. 
Afterward, the culture medium 
was subjected to western blot to 
analyze the expression of VEGF 
and MMP-9. Protein determina-
tions were subsequently quanti-
Wed by densitometric analysis 
with that of control being 100% 
as shown just below the data. 
Each bar represents the 
mean § SEM, n = 6, *P < 0.05, 
**P < 0.01 versus the control
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�-hydroxylase involves the PI3 K and ERK1/2 signaling
pathway. Our Wndings should provide a clue for the devel-
opment of novel therapeutic strategies and for the improved
survival of patients with advanced lung cancer.
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