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Anti-angiogenic therapy has recently emerged as a highly promising therapeutic strategy for treating hepato-
cellular carcinoma (HCC).

We assessed cellular proliferation, invasion, and activation of growth factors (VEGF and IL-8) with SDF-1 in-
duced in the hepatocellular carcinoma cell line SMMC-7721, and this progression was limited by plumbagin
(PL). The human umbilical vein endothelial cell line HUVEC was co-cultured with SDF-1-induced SMMC-7721,
and the expressions of CXCR7, CXCR4, and PI3K/Akt pathways after PL treatment were detected by RT-PCR and
Western blot analysis.

The treatment of the hepatoma cell line SMMC-7721 with SDF-1 resulted in enhanced secretion of the angio-
genic factors, IL-8 and VEGF, and shows that these stimulatory effects are abolished by PL. The study further
demonstrated that PL not only abolishes SDF-1-induced formation of endothelial tubes, but also inhibits ex-
pression of CXCR4 and CXCR7, and partially prevents activation of angiogenic signaling pathways.

The effect of PL on the SDF-1-CXCR4/CXCR7 axis has become an attractive target for inhibiting angiogene-
sis in hepatoma cells. Our results provide more evidence for the clinical application of PL as part of traditional
Chinese medicine in modern cancer treatment.

Angiogenesis Inducing Agents ¢ Carcinoma, Hepatocellular ¢ Chemokine CXCL12 ¢ Plumbaginaceae ¢
Receptors, CXCR4
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Material and Methods

Globally, hepatocellular carcinoma (HCC) is one of the most
common malignancies and it accounts for 50.5% of Chinese
cancer cases [1]. Forming new vessels or establishment of
an abnormal angioarchitecture is a prerequisite for tumor
growth [2]. Chemokines are crucial determinants of patho-
genesis and outcome of hepatic disease. Furthermore, the tu-
mor itself influences these cells to create a background that
promotes stromal cells overexpression of CXCR4 and CXCR?7,
which are not just active bystanders, but play a substantial
and active role in diverse tumor processes, including migra-
tion, invasion, growth, and angiogenesis [3].Therefore, study-
ing the molecular mechanism of chemokines in the angiogen-
esis, migration and growth of liver cancer tumors is of great
importance in improving the immune microenvironment, ex-
tracellular matrix, and angiogenesis.

Plumbagin (5-hydroxy-2-methyl-1,4-napthoquinone, PL), a
naturally occurring naphthoquinone widely distributed in the
Plumbaginaceous family, has been reported to possess a wide
spectrum of biological and pharmacological properties, includ-
ing activities against virus, bacteria, and various cancers [4].
Recent pharmacological studies have shown that PL serum can
significantly inhibit proliferation of hepatic stellate cells and
induce apoptosis. The mechanism involved may be arrest of
its cycle in the GO/G1 phase and preventing it from passing
the G1/S checkpoint [5]. In addition, PL promotes activation
of activated hepatic stellate cells, upregulates the expression
of P53 and Bax proteins in activated HSC, downregulates the
expression of Bcl-2 protein, and induces production of cyclin-
dependent protein kinase inhibitor (CD KI)-P21. In addition, it
regulates cell cycle arrest in S-G2/M phase [6]. In HCC, PL up-
regulates the expression of p21, inhibits the proliferation, in-
vasion, and expression of MMP-2 and MMP-9 in SKhep hu-
man hepatoma cells [7], and increases the ratio of Bax/Bcl-2
in hepatoma cells. It also downregulates the transcription lev-
el of Cyclin D1, reducing cell proliferation activity [8]. In ad-
dition, PL inhibits the invasion and migration of breast and
gastric cancer cells by downregulating the expression of the
chemokine receptor CXCR4 [9]. Our previous study demon-
strated that PL treatment significantly suppressed tumor an-
giogenesis in cells and limited xenograft tumor growth, most-
ly by the related signaling pathways (PI3K-Akt, VEGF/KDR and
Angiopoietins/Tie2) [10]. PL can also affect the autophagy and
apoptosis of hepatocellular carcinoma SMMC-7721 cells [11].

To identify whether PL inhibits tumor-derived vascular endo-
thelial cells via the SDF-1/CXCR4-CXCR?7 axis, the present study
evaluated the anticancer potential of PL in vitro, and further
validated the hepatoma angiogenesis and mechanism initiat-
ed by PL, providing more evidence supporting PL as an alter-
native treatment of HCC.

Cell proliferation assay

SMMC-7721 (KeyGen Biotech Co., Nanjing, China) and HUVEC
(American Type Culture Collection, VA, USA) cells were cultured
in high-glucose DMEM (Vazyme Biotech Co., Nanjing, China)
supplemented with 10% fetal bovine serum FBS (Vazyme) in
a humidified atmosphere containing 5% CO,. Cells in the ex-
ponential phase were harvested at approximately 80% conflu-
ence. The SMMC-7721 cells were plated at a density of 5x103
cells/well in 96-well plates. After 24 h of culture, the SMMC-
7721 cells were exposed to various concentrations of SDF-1
(Sigma, St Louis, MO) (0, 1, 10, or 100 ng/mL) for 12, 24, or
48 h. Then, SMMC-7721 cells were exposed to various concen-
trations of PL (1.25, 2.5, 5.0, 7.5, or 10 uM) for 12, 24, or 48 h.
These levels were measured using the CCK-8 assay (Vazyme,
Nanjing, China).

Co-culture of HUVEC cells with SMMC-7721 cells

The cell culture medium consisted of DMEM+10% FBS+1%
(penicillin-streptomycin solution)/1640+10% FBS+1% (pen-
icillin-streptomycin solution). SMMC-7721 cells in logarith-
mic growth phase were grown to confluence. We inoculat-
ed 2x10° cells per well into 6-well plates, with a total of 18
wells, and cultured them overnight in a 37°C 5% CO, incuba-
tor. The serum medium was further treated with SMMC-7721
cells for 24 h and replaced with normal DMEM medium and
different concentrations of PL- or AMD3100 (Sigma, St Louis,
MO)-treated SMMC-7721 cells. We took HUVEC cells in log-
arithmic growth phase and inoculated them into 21 wells in
the lower layer of Transwell 6-well plates with 2x10° cells per
well, and cultured them overnight in a 7°C 5% CO, incuba-
tor. SMMC-7721 cells were seeded in the upper layer of the
Transwell chamber. The final concentrations of PL in the me-
dium were 2.5 pmol/L, 5.0 pmol/L, and 7.5 pmol/L. The final
concentration of SDF-1 was 10 ng/ml, and the final concen-
tration of AMD3100 was 100 ng/ml. After 24 h of treatment,
the cells were photographed and the lower layer of endothe-
lial cells were collected for assessment.

Transwell migration assay and enzyme-linked
immunosorbent assay (ELISA)

A total of 5x10° SMMC-7721 cells (200 pL) were added to
the upper chambers of Transwell inserts with 8-um pores in
24-well plates (Corning, CA, USA). Migration was induced by
SDF-1 (PeproTech, NJ, USA) with 10% FBS-supplemented me-
dium added to the lower chambers. Next, serum-free medium
containing various concentrations of PL (1.25, 2.5, 5.0, 7.5, or
10 pM) was added, and the cells were pretreated for 48 h in
24-well plates. Then, non-adherent cells in the chambers were
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Table 1. RT-PCR primers.

Name Primer
Forward

heme feafm 0
Reverse
Forward

M X R 2 S
Reverse
Forward

e eI @X (@R A
Reverse
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Sequence

5’-AGCGAGCATCCCCCAAAGTT-3’

5’-CGATGAGCTTGGTGAGCCCTGTT-3’

removed and the inserts were fixed in 4% paraformaldehyde
and stained with 2.5% crystal violet. Numbers of migrated cells
were counted in 5 different fields under an inverted micro-
scope (Leica, MK, UK). The vascular endothelial growth factor
(VEGF) and interleukin-8 (IL-8) concentrations in cell superna-
tant were measured using ELISA kits (Boster, Wuhan, China).

Real-time polymerase chain reaction analysis

Total RNA of liver tissue samples was isolated using TRIzol re-
agent (TianGen Biotech Co., Beijing) according to the manu-
facturer’s instructions. The concentration and the purity were
measured using a Nanodrop 2000 spectrophotometer (Thermo
Fisher Scientific, America). A RevertAid™ First-Strand cDNA
Synthesis Kit (Fermentas) was used to synthesize ¢cDNA us-
ing a PTC-220 multi-channel PCR (M), USA) according to the
manufacturer’s directions. The reverse transcription products
were stored at 70°C for further use. The primers were synthe-
sized by Shanghai Sangon Biological Engineering Co. (Shanghai,
China) and are listed in Table 1. Afterward, RT-PCR was per-
formed by fixing 10 pl Dream TagTMGreen PCR Master Mix (2x)
(Fermentas), 0.5 pl Forward primer, 0.5 pl Reverse primer, 1 pl
cDNA samples, and 13 pl water. All steps were performed ac-
cording to the manufacturer’s instructions. The semi-quanti-
tative PCR products were identified by electrophoresis in 2.0%
agarose gel (100 V, 30 min). The PCR signal intensities were
detected by scanning the agarose gel with a gel imaging an-
alyzer (Bio-Rad, USA) after electrophoresis.

Western blot analysis

Each group of cells was collected in the logarithmic growth
phase, collecting 5-10x10° cell/ml cells. Cells were washed
twice with cold PBS, 500 pl cold lysate was added, and after
mixing, were shaken at 4°C for 15-20 min, and then centri-
fuged at 16 000 g at 4°C for 15 min. Protein concentration was
measured by the BCA method of the supernatant. We added
4xSDS sample treatment solution, and the samples were sub-
jected to 100°C heating for 5 min of denaturation. After SDS-
PAGE electrophoresis, protein was transferred from SDS poly-
acrylamide gels to nitrocellulose (PVDF) membranes. After the

transfer was completed, PVDF membranes were blocked for
1 hin 5% nonfat dry milk in TBST buffer at room temperature.
The appropriate dilutions of primary antibodies were added
as follows: anti-B-actin (1: 1000, Abcam Cambridge, MA, USA),
CXCR4 (1: 1000, Abcam Cambridge, MA, USA), Akt (1: 1000,
Abcam Cambridge, MA, USA), PI3K (1: 1000, Abcam Cambridge,
MA, USA), CXCR7 (1: 1000, Sigma St Louis, MO, USA), p-PI3K
(1: 1000, Santa Cruz, CA, USA), and p-Akt (1: 1000, Santa Cruz,
CA, USA), and then incubated overnight at 4°C. Suitable sec-
ondary antibodies — HRP-labeled goat anti-mouse 1gG anti-
body (1: 12 000) and HRP-labeled goat anti-rabbit IgG antibody
(1: 10 000) — were then added and incubated at room tem-
perature for 1 h. The ECL chemiluminescence method was uti-
lized. We performed X-ray film exposure, development of che-
miluminescence, and film scanning, and quantitative analysis
was conducted using Image) software (US NIH). Anti-B-actin
antibody was used as an internal loading control. The results
are derived from the gray-value ratio of the target band and
internal loading control.

Statistical analysis
Statistical analysis was performed using SPSS 22.0 (Chicago,
IL, USA). Comparisons between 2 groups were made using

ANOVA, and each mean pairwise comparison was analyzed
using the q test.

Results

Effect on proliferation, migration, and expression of the
angiogenesis indicators VEGF/IL-8 of SMMC-7721 cells
induced by SDF-1

Different concentrations (0 ng/ml, 1 ng/ml, 10 ng/ml, and 100
ng/ml) of SDF-1 were used at different times (12 h, 24 h, 48 h).
CCK-8 analysis showed that, in addition to the control group,
the proliferation of SMMC-7721 cells was concentration-de-
pendent after SDF-1 induced 3 doses of 1 ng/ml, 10 ng/ml, and
100 ng/ml, and the most obvious was at 24 h. At 48 h, there
was no significant difference between the 3 concentrations and
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Figure 1. Proliferation of SMMC-7721 cells treated with various concentrations of SDF-1 (1 ng/ml, 10 ng/ml, and 100 ng/ml) for
12 h, 24 h, or 48 h in a 5% CO, incubator at 37°C. Each bar represents the mean value + standard deviation (SD), * P<0.05;
** P<0.01; *** P<0.001, compared to the Control group (A). Microscopy of invasion of SMMC-7721 cells by different
concentrations of SDF-1 (1 ng/ml, 10 ng/ml, and 100 ng/ml) (scale bar, 100 pm) (B). Numbers of invasive SMMC-7721 cells
induced by different concentrations of SDF-1 (C). Effects of different concentrations of SDF-1 (1 ng/ml, 10 ng/ml, and 100
ng/ml) on secretion of IL-8 and VEGF in SMMC-7721 cells. Each bar represents the mean value + standard deviation (SD),
* P<0.05; ** P<0.01; *** P<0.001, compared to the Control group (D).

the control group, indicating that SDF-1 had no time-depen-
dent effect on the proliferation of SMMC-7721 cells (Figure 1A).
Transwell analysis showed that the invasive ability was the
most obvious with the 10 ng/ml SDF-1 intervention for 24 h
(P<0.01). The results of comprehensive cell proliferation assay
and cell invasion assay showed that SDF-1 induced SMMC-
7721 cells to construct an angiogenic microenvironment at a
concentration of 10 ng/ml and the optimal intervention time

was 24 h (Figure 1B, 1C). The SMMC-7721 cell angiogenesis
model was induced by different concentrations of SDF-1. The
results showed that the levels of the 2 factors showed a cer-
tain dependence with the increase of SDF-1 concentration and
were statistically significant (** P<0.01) (Figure 1D).
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Effect of PL on proliferation, migration, and expression
of angiogenesis indicators VEGF/IL-8 of SMMC-7721 cells
were induced by SDF-1

Compared with the control group, SMGF-7721 was induced by
SDF-1 to construct a hepatocellular angiogenesis microenvi-
ronment model, and the proliferation and invasion abilities of
the model were enhanced. However, after intervention with
different concentrations of PL, the proliferation inhibition abil-
ity of PL decreased gradually after 24 h. At 24 h, the efficacy
of PL was the highest, and the proliferation of hepatoma cells
was inhibited (P<0.01 or P<0.05). There was no significant dif-
ference in the proliferation rate of each concentration group
at 48 h, indicating that PL had no time-dependent inhibition
of proliferation of SMMC-7721 cells. AMD3100 was used as a
positive control group, as shown in Figure 2A. In addition, in
the absence of SDF-1, PL has the ability to inhibit proliferation
of SMMC-7721 cells. At the 48-h timepoint, the value-added
rate of PL alone was lower than that of SDF-1 and PL, indicat-
ing that SDF-1 has an antagonistic effect on PL-inhibited pro-
liferation of SMMC-7721 cells (Figure 2B). The invasive ability
of hepatoma cells after treatment with PL was gradually de-
creased, showing a certain concentration dependence, as shown
in Figure 2C, 2D. The results of the 2-part analysis showed that
the proliferation inhibition ability and invasive ability of the 3
groups of concentration gradients (2.5 pmol/ml, 5.0 pmol/ml,
and 7.5 pmol/ml) were more obvious. The secretion of VEGF
and IL-8 by PL. had a certain concentration-dependent effect.
The 5 concentrations have obvious inhibitory effects on VEGF
(P<0.01), and the secretion of IL-8 was significant. The inhib-
itory effect was most obvious with the first 4 concentrations.
When the concentration of PL dandelion reached 7.5 pmol/ml
and above, the effect of inhibiting VEGF was equivalent to
that of AMD3100. When the concentration of PL reached 5.0
pmol/ml and above, the effect of inhibiting IL-8 was the same.
The AMD3100 was basically the same, as shown in Figure 2E.

Effects of PL on the angiogenesis co-culture model of HCC
and the expression of angiogenesis markers CXCR4 and
CXCR7 mRNA

Overexpression of CXCR4 and CXCR7 can induce angiogenic ca-
pacity and tumor growth [12,13]. CXCR4 is the only high-affin-
ity receptor for SDF-1, and it was demonstrated to be involved
in development, progression, metastasis, and epithelial-mes-
enchymal transition [14]. Another receptor, CXCR7, mediat-
ed a broad range of cellular activities, including adhesion, in-
vasion, VEGF production, and angiogenesis, by binding with
SDF-1 [15]. The results showed that CXCR4 and CXCR7 mRNA
were expressed at a low level in HUVEC human umbilical vein
endothelial cells. When co-cultured with HUVEC human um-
bilical vein endothelial cells, mRNA expression levels of both
receptors increased, among which CXCR7 mRNA expression
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of CXCR4 mRNA was significantly higher than that of CXCR4
mRNA (P<0.01). The expression of CXCR7 and CXCR4 mRNA
was significantly increased by induction of SDF-1 (P<0.01).
The inhibition of CXCR7 mRNA was significantly inhibited by
2.5 umol/ml PL (P<0.05) and the inhibition of CXCR4 mRNA
required 5.0 pmol/ml PL to play a significant role (P<0.05).
When the PL concentration reached 5.0 ymol/ml and above,
the mRNA of CXCR4 and CXCR7 expression was significant-
ly decreased (P<0.01), and the inhibition rates were 22.03%
and 17.03%, respectively. Figure 3A shows that PL can down-
regulate the mRNA expression levels of CXCR4 and CXCR?7.

SMMC-7721 human hepatoma cells were induced by SDF-1
and directly co-cultured with HUVEC human umbilical vein en-
dothelial cells. Normal HUVEC cells were distributed in a lu-
men-like manner on Matrigel gel, forming a blood vessel-like
structure, but with a small number of lumens. The diameter
of the cells in the co-culture group was multi-tubular-like and
the diameter of the lumen was large. Our results show that
secretion of related factors in SMMC-7721 cells enhanced the
angiogenic ability of HUVEC cells. When SDF-1 was induced,
the tubule-like structure formed by HUVEC increased signifi-
cantly. The lumen was larger; when the antagonist AMD3100
was added, the distribution of vascular endothelial cells was
disordered, and there was no tubule-like structure. The an-
giogenesis was significantly reduced with increased concen-
tration (Figure 3B).

PL upregulates phosphorylation levels of PI3K/Akt and
affects SDF-1/CXCR4 and SDF-1/CXCR7 signaling pathways

We further explored whether PL can inhibit SDF-1 induced by
co-culture of HUVEC cells with SMMC-7721 cells by blocking of
the PI3K/Akt, SDF-1/CXCR4, and SDF-1/CXCR7 signaling path-
ways in HUVEC cells. Compared with the single-culture HUVEC
human umbilical vein endothelial cells group and SDF-1 group,
Akt phosphorylation was significantly decreased by medium
and higher doses. In the AMD3100 group (** P<0.01), the con-
centration was high and the phosphorylation level of PI3K was
significantly decreased by AMD3100 antagonism (** P<0.01).
There was no difference in the total protein levels of Akt and
PI3K in each treatment group (P>0.05) (Figure 4A, 4B). These
results indicate that CXCR4 and CXCR7 may be tightly associ-
ated with the levels of angiogenesis-related proteins (P<0.01),
and CXCR7 plays an essential role. Moreover, the overexpression
of PI3K-Akt, CXCR4, and CXCR7 was significantly suppressed
in a dose-dependent manner (P<0.01) by PL treatment in vitro.

Discussion

The main purpose of this study was to assess whether PL can
abolish SDF-1/CXCR4-CXCR7 activation of the PI3K/Akt pathway
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Figure 2. Cell proliferation of SDF-1 (10 ng/ml)-induced SMMC-7721 cells treated with various concentrations of PL (1.25 pym, 2.5 pm,
5 pm, 7.5 pm, and 10 pm) for 12 h, 24 h, or 48 h in a 5% CO, incubator at 37°C. AMD3100 (100 ng/mL) was used as the
positive control. Each bar represents the mean value + standard deviation (SD), # P<0.05; # P<0.01; *## P<0.001, compared
to the Control group. * P<0.05; ** P<0.01; *** P<0.001, compared to the SDF-1 group. (A) In the absence of SDF-1, SMMC-
7721 cells were treated with different concentrations of PL (1.25 ym, 2.5 ym, 5 ym, 7.5 ym, and 10 pm) for 12 h, 24 h, or
48 h, and their cell proliferation rate was measured. Cells were incubated in a 5% CO, incubator at 37°C. P<0.05, *# P<0.01;
### P¢<0.001; Compared with the control group without SDF-1. * P<0.05; ** P<0.01; *** P<0.001, Compared with the control
group with SDF-1 (B). Microscopy of invasion of SDF-1-induced SMMC-7721 cells by different concentrations of PL (1.25 pm,
2.5 ym, 5 pm, 7.5 pm, and 10 ym). AMD3100 (100 ng/mL) was used as the positive control (Scale bar, 100 pm) (C). Numbers
of invasive cell SDF-1 induced SMMC-7721 cells by different concentrations of PL (D). Effects of different concentrations of PL
(1.25 pm, 2.5 pm, 5 ym, 7.5 pym, and 10 pm) on secretion of IL-8 and VEGF in SMMC-7721 cells. AMD3100 (100 ng/mL) was
used as the positive control. Each bar represents the mean value + standard deviation (SD), * P<0.05; ## P<0.01; #* P<0.001,
compared to the Control group. * P<0.05; ** P<0.01; *** P<0.001, compared to the SDF-1 group (E).
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Figure 3. Effect of PL on the mRNA expression of CXCR4 and CXCR7 genes in SMMC-7721 cells co-cultured with HUVECs, grouped as
follows: HUVECs only; HUVECs were co-cultured with SMMC-7721 cells; HUVECs were co-cultured with SMMC-7721 induced
by SDF-1; the SMMC-7721 cells were treated with 2.5-7.5 pM PL as indicated; AMD3100 (100 ng/ml) was used as the
positive control. After being exposed to the indicated concentrations of PL and AMD3100 for 24 h, the mRNA expression of
CXCR4 and CXCR7 were analyzed using quantitative real-time PCR. Each bar represents the mean value + standard deviation
(SD). * P<0.05; ** P<0.01; *** P<0.001, compared to the HUVEC group. # P<0.05; # P<0.01; #*#* P<0.001, compared to the SDF-
1 group (A, B). Microscopically co-cultured HUVECs spontaneously form capillary-like structures on Matrigel, particularly SDF-
1 induced SMMC-7721 cells. The number and continuity of capillary-like structures in HUVECs were significantly inhibited by
2.5-7.5 pM PL in a dose-dependent manner (scale bar, 50 pm) (C).

inhibits angiogenesis-mediated HCC cell proliferation, differ-
entiation, and invasion. The results demonstrated that PL is a
potent angiogenesis inhibitor and inhibits multiple steps of an-
giogenesis, including endothelial cell viability, migration, differ-
entiation into capillary-like structures, and angiogenic factors.
The mechanism of PL anti-tumor angiogenesis is achieved by
targeting the SDF-1/CXCR4-CXCR7 axis cascade in endotheli-
al HCC cells. Chemokines are small molecular weight proteins
(8-13 kDa), and its receptors located on the surface of leuko-
cytes are 7-transmembrane-spanning G protein-coupled pro-
teins, whose Gal and G-y subunits dissociate upon receptor
binding, leading to activation of downstream pathways [14].

They orchestrate the migration and localization of immune cells
in lymph organs and other tissues, exerting the “chemotactic
effects” which are necessary for normal immune response in
vivo. Of all the chemokines and their receptor in HCC, the CXC
subclass accounts for the largest group [3]. SDF-1 promotes
proliferation, dissociation, migration, and invasion in a wide
variety of tumor cells, including breast cancer cells, pancreat-
ic cancer cells, and HCC cells [16-18]. This study found that
SDF-1 significantly stimulated the proliferation and migration
of SMMC-7721 cells.
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Figure 4. Expression of angiogenesis-related proteins detected by Western blotting after PL treatment, grouped as follows: HUVECs
only; HUVECs were co-cultured with SMMC-7721 cells; HUVECs were co-cultured with SMMC-7721 induced by SDF-1; the
SMMC-7721 cells were treated with 2.5-7.5 pM PL as indicated; AMD3100 (100 ng/ml) was used as the positive control.

The expression of p-Akt, Akt, p-PI3K, PI3K, CXCR4, and CXCR7 proteins in the cells was analyzed by Western blotting using
specific antibodies. Akt was used as an internal control for p-Akt, PI3K was used as an internal control for p-PI3K, and B-actin
was used as an internal control for CXCR4 and CXCR?7. Expression levels of each protein are indicated (A). PL inhibits protein
expression. Each bar represents the mean value + standard deviation (SD). * P<0.05; ** P<0.01; *** P<0.001, compared to the
HUVEC group. * P<0.05; ## P<0.01; *## P<0.001, compared to the SDF-1 group (B).

Angiogenesis suppression has become an important focus in
the fight against cancer progression. VEGF appears to play
key roles in exogenous and endogenous neo-angiogenesis.
Binding of VEGF to its receptors leads to dimerization, activa-
tion of tyrosine kinase, trans-autophosphorylation, and initia-
tion of extracellular-signal-regulated kinase, Janus kinase, and
PI3K/Akt [19-21]. More recently, multifunctional interleukin
8 (IL-8) was found to belong to the superfamily of CXC che-
mokines, and is potently angiogenic in vivo and in vitro [22];
the biological effects of IL-8 involve 2 receptors: CXCR1 and
CXCR2. IL-8 signaling has been shown to promote transacti-
vation of epidermal growth factor in cancer and vascular en-
dothelial cells [18]. In addition, it induces the phosphorylation
of the vascular endothelial growth factor receptor (VEGFR-2)
in endothelial cells, regulating the permeability of the endo-
thelial barrier [23]. Our results indicated that SDF-1-induced
and HCC cell-derived SDF-1 release VEGF/IL-8, which in turn
supports tumor progression through angiogenesis. In con-
trast, VEGF is generated by tumor cells but can be mediat-
ed by SDF-1 [15]. Plumbagin can eliminate the formation of
tumor vasculature by reducing angiogenic cytokine-induced
and SDF-1-induced endothelial cell proliferation. In vitro an-
giogenic cytokine-induced SMMC-7721 cells effectively reduce
the ability to proliferate, invade, and form capillary-like struc-
tures after PL treatment.

An emerging chemokine target for cancer therapy is SDF-1,
which binds and initiates signaling through its cognate recep-
tors, CXCR4 and CXCR7 [24,25]. CXCR4 belongs to the family
of 7-transmembrane G protein-coupled receptors (GPCR), but
CXCR7 is involved in differentiation. Much less know about the
classical GPCR mobilization of Ca?*, which we did not observe,
and its biological effect occurs via the B-arrestin-2 pathway.
CXCR7 was identified to be an SDF-1 receptor with a 10-fold-
higher binding affinity toward CXCL12 than CXCR4. Similar
to CXCR4, high CXCR7 expression has been found in hepato-
ma cell lines and metastatic HCC samples [12,26-28]. In the
present sty, we show for the first time that plumbagin obvi-
ously suppresses the levels of CXCR4 and (especially) CXCR7,
when the SMMC-7721 (SDF-1-induced or not) were co-cul-
tured with HUVEC cells.

CXCR4 and CXCR7 may have the ability to form heterodimers.
CXCR4/CXCR7 heterodimer led to constitutive recruitment of
[-actin to form the CXCR4/CXCR7/B-actin complex, which po-
tentiates the SDF-1-mediated downstream pathways. Several
recent reports suggest that PI3K/Akt signaling also induces
angiogenesis in various tumors. PI3Ks play a pivotal role in
diverse cellular processes, including proliferation, differentia-
tion, migration, trafficking, apoptosis, and glucose homeostasis
[29,30]. AMD3100 is a CXCR4 antagonist against chemokines
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and is very common in cancer therapy [31]. SMMC-7721 cells
were co-cultured with HUVEC cells that had hepatocarcino-
ma angiogenesis, and treatment with AMD3100 significantly
reduced the expression of PI3K/Akt in SMMC-7721 cells and
endothelial cells, in a time-dependent manner. In addition, PI
treatment also inhibited the expression of PI3K and Akt by up-
regulating the phosphorylation levels of PI3K and Akt.

Conclusions

Our results indicate that SDF-1 can directly promote the pro-
liferation and invasion of SMMC-7721 cells and directly or in-
directly increase the concentration of VEGF and IL-8. In con-
trast, SDF-1 induces the release of VEGF from HCC cells, which
activates the transcription factor NF-xB through autocrine ac-
tivation of the receptor VEGFR-2 in endothelial cells, there-
by producing IL-8 and exerting positive feedback control for
SDF-1 [14]. The mechanism is as shown in Figure 5A. In ad-
dition, SDF-1 can activate intracellular signals, such as phos-
phorylation of PI3K/Akt, alone or in combination with the
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