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Abstract: The present study aimed to assess the combined effects of Endostar and radiotherapy (RT) in hepatocel-
lular carcinoma (HCC) treatment, and study the pathways involved. Using an HCC transplantation tumor mouse
model, we analyzed tumor inhibition rates for as well as the survival of tumor-bearing mice treated by combination
therapy. The expression of VEGF, KDR and MVD were analyzed. Cell-based apoptosis and proliferation assays were
also used. The combined Endostar and RT group had a mean tumor volume of 8 mg/kg which was less than that
in the monotherapy group, and the tumor inhibition rate was 63.59% versus 40% for controls (P<0.05). The com-
bination group had a longer median survival time, 55.6 days, and greater percentage of apoptotic cells than those
in the monotherapy group (P<0.05, for both). RT alone increased the expression of VEGF (38.7+5.8). Combination
therapy reduced VEGF (15.0+1.8), KDR (10.9£2.9), and MVD (8.6%1.3) expression compared to controls (P<0.05).
Moreover, combination therapy regulated the expression of genes controlling angiogenesis and cell adhesion. Endo-
star alone inhibited cell proliferation (P<0.05), but the effect on HepG2 cells was weak. Our results demonstrate a
synergistic effect of Endostar combined with RT against HCC in vivo and in vitro.
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Introduction much research has focused on inhibiting neo-
vascular formation within tumors and conse-
quent starvation of the tumors. This is known
as anti-angiogenic therapy. Cancer angiogene-
sis inhibitors have been widely studied as treat-
ments for hepatoma in both preclinical and

clinical research [3-6].

Hepatocellular carcinoma (HCC) is one of the
most common malignant tumors in China and
typically has with an insidious onset. Because
the tumor is well vascularized, it is highly inva-
sive and metastatic. Patients with HCC gener-
ally have a poor prognosis as well as a short

survival time [1]. Thus, new strategies are Endostar (recombinant human endostatin) was

needed for the treatment of HCC.

A number of studies have indicated that neo-
vascularization is closely related to the progres-
sion and metastasis of tumors [2]. The growth
of tumors depends on the nutrients and oxygen
transported by the neovascular system. Hence,

created by the addition of 9 amino acids to nat-
ural endostatin. Endostatin is an endogenous
inhibitor of angiogenesis and a 20-kDa C-ter-
minal fragment derived from type XVIII colla-
gen. It is a broad-spectrum angiogenesis inhibi-
tor. Endostar is stable with a longer half-life and
higher biological activity than endostatin [7].


http://www.ijcem.com

Synergistic effects of Endostar and radiotherapy

Endostar was approved by the State Food and
Drug Administration (SFDA) for the treatment of
non-small cell lung cancer (NSCLC) in 2005.
Phase lll and IV clinical studies have verified
that combining Endostar with standard chemo-
therapy regimens improved the median survival
time and overall survival of patients with
advanced NSCLC [8]. Compared with TC (pacli-
taxel and carboplatin) alone, TC combined with
Endostar treatment reduced the risk of disease
progression at an early time point (24 weeks)
and increased the objective response rate
(ORR). Therefore, it can be used as a first-line
treatment for advanced NSCLC. TC combined
with Endostar treatment has been found to
have good safety and tolerability, improving the
quality of life without serious adverse effects or
toxicity in patients with advanced NSCLC [9].
Some studies have shown that Endostar is rela-
tively safe and has no significant side effects
[10-13].

The effects of Endostar on HCC have been rare-
ly studied. Vessels in non-tumorous liver tiss-
ue can be affected by HCC and contribute to
tumor growth [14]. For these reasons, targeting
tumor vasculature and angiogenesis should
be a prominent strategy in anticancer therapy.
However, anti-angiogenic agents do not directly
kill cancer cells, and this fact is important in
considering the use of anti-angiogenic agents.

The application of 3D conformal radiotherapy
(3D CRT) has made radiotherapy (RT) one of
the main treatments for HCC [15-17], because
it can directly kill cancer cells. However, local
recurrence and distant metastases are the
main causes of RT failure [18]. The key factor
that results in the local recurrence of tumors is
the presence of tumor cells and vascular endo-
thelial cells that are resistant to radiation [18].
Therefore, decreasing radiation resistance, in-
creasing radiation sensitivity, and inhibiting
metastases are of significant clinical rele-
vance.

The combination of an anti-angiogenic agent
with RT may be a better treatment for cancer
patients [19-21]. Brow et al. have shown that
vascular endothelial cells can also develop
radio-resistance, which may be one mecha-
nism by which tumors are protected from radia-
tion [22]. Many preclinical studies show that
Endostatin can improve the radiotherapeutic
effects against many malignant tumors [23,
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24]. However, the effect of Endostar combined
with RT on HCC remains unclear. In the present
study, we aimed to determine whether a syner-
gistic effect exists between Endostar and RT in
a subcutaneous transplantation HCC tumor
model in mice.

Materials and methods

Determination of the optimum biological dose
of Endostar in combination with RT

Imprinting Control Region (ICR) mice aged 5-6
weeks with body weights in the range of 18.0-
22.0 g were purchased from Nanjing University
Model Animal Research Center (Nanjing, China)
and evenly split into groups of males and
females. Mice were allowed to acclimate to
local conditions for at least 1 week and main-
tained under a 12-h dark, 12-h light cycle with
food and water available ad libitum. The animal
use protocol was reviewed and approved by the
Institutional Animal Care and Use Committee of
Nanjing General Hospital of Nanjing Military
Command (Nanjing, China). A murine cancer
cell line, H22, was obtained from the Shanghai
Institute of Biological Science of the Chinese
Academy of Sciences and was passaged.
Mouse ascites was used to form tumors in vivo
[25]. H22 cells were collected and diluted with
saline to a density of 1x107/ml. The tumor cell
suspension (0.1 ml) was inoculated into the
right hind legs of mice to generate the tumor
model. The mice were randomly separated into
groups of 10 when the major diameter of the
tumors reached 5 mm. Various doses (2, 4, 8,
16, and 32 mg/kg) of Endostar were adminis-
tered intraperitoneally (i.p.) to the Endostar and
combined treatment groups every day for 21
days, whereas saline was used as a control for
the remaining groups. The safety of Endostar
doses was evaluated in our previous study [25],
and no drug-induced hematological toxicity,
hepatotoxicity, or liver and kidney injury was
observed. RT (10 Gy, once) was administered to
the RT groups at day 7 after treatment with
Endostar. Electron (6 MeV, 4 Gy/min) beams
(Medical linear accelerator, Varian 2100C/D,
USA) were used to directly target the tumor with
a square radiation field of 3x3 cm. The source-
to-skin distance (SSD) was 100 cm. Major and
minor diameters were measured every other
day. Tumor volume was calculated as V =
AxB2x11/6 (V = volume, A = major diameter, B =
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minor diameter). Mice were sacrificed and nec-
ropsied after treatment on the 21st day.

Survival analysis of tumor-bearing mice

After the tumor model was established as
described in preceding section, the mice were
divided into six groups of 30 mice each.
Endostar was administered 24 h after H22 cell
inoculation. Treatment with Endostar was main-
tained for 5 weeks, suspended for 2 weeks,
and then resumed until all mice died. RT was
given on day 7 of Endostar treatment (same as
above). On day 21, the tumor growth inhibition
(TGI) rate was calculated as: TGl = (tumor vol-
ume of the control group - tumor volume of the
treatment group)/tumor volume of the control
group x100%. The synergic effect was consid-
ered positive only if the p values between the
Endostar-only, combinations of the same
Endostar dose with RT, and the RT groups were
less than 0.05, and if the TGl of the combina-
tion therapy group was greater than 40.00%.
Survival was analyzed on day 60 using the fol-
lowing formula: the rate of life extension =
(average survival time of the treatment group -
average survival time of the control group)/
average survival time of the treatment group.

Analysis of metastasis and liver function

The mice had restricted access to food and
water the night before periorbital puncture for
blood samples on day 21. Plasma ALT (alanine
aminotransferase) and AST (aspartate amino-
transferase) were measured with Kkits (Jian
Cheng Co., China). Body weight, liver weight
(wet), and the liver coefficient (wet/body weight)
of the mice were analyzed. The liver and lung
tissues of tumor-bearing mice were harvested,
fixed in 10% formaldehyde, and embedded in
paraffin before slide preparation and staining
with hematoxylin-eosin (HE) [26]. The stained
tissue sections were analyzed microscopically.

Analysis of tumor MVD and expression of
VEGF, KDR, and endostatin

Fresh pieces of tumor tissue without necrotic
areas were collected and embedded in paraf-
fin. Immunohistochemistry techniques [27]
were used to detect microvascular density
(MVD) as well as vascular endothelial growth
factor (VEGF), kinase insert domain-containing
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receptor (KDR), and endostatin expression
with an anti-CD31 antibody (Santa Cruz Bio-
technology, USA), an anti-VEGF antibody (Che-
micon Co., USA), an anti-KDR antibody (Bio-
Source Co., USA), and an anti-endostatin anti-
body (Abcam, UK), respectively. The expression
of VEGF and KDR was confirmed by Western
blotting using the same antibodies, and an
anti-B-actin antibody (Santa Cruz Biotechnolo-
gy, USA) for the use of B-actin as a loading
control.

Microarray analysis to identify changes in
gene expression in tumor tissue after Endostar
treatment

The 36 K mouse genome array (Capital Bio
Corp., China), which comprises 35,852 70-
mer oligo probes, representing approximately
25,000 genes of the mouse genome was used
[28]. The tumor tissue samples from tumor-
bearing mice were harvested on day 21, and
total RNA was extracted using a Trizol kit. Arrays
were scanned with a LuxScan 10 K-A confocal
laser scanner (CapitalBio Corp., Beijing, China),
and the obtained images were analyzed with
LuxScan3.0 software (CapitalBio Corp., Beijing,
China). The normalized signal intensity values
were generated by a spatial and intensity-
dependent (LOWESS) normalization method
[11] and were further analyzed if the expres-
sion level in one group was more than 2-fold
that in another group. The functions of filtered
genes were annotated wusing Molecule
Annotation System 2.0 (MAS 2.0) (http://bioin-
fo.capitalbio.com/mas/).

Analysis of apoptosis in tumor cells

Five randomly chosen tumor samples without
necrosis from five different mice in each group
were cut into 3-um thick pieces and rinsed with
saline. Cell cycle and apoptosis were analyzed
by flow cytometry (FACS Calibur, BD) [29] as
well as transmission electronic microscopy
(JEM-1200EX, Hitachi Limited) [30].

Cell culture proliferation assay

Human umbilical vein endothelial cells (HUV-
ECs) were obtained from Science Cell Corp.,
and the human HCC cell line, HepG2, was
obtained from the Shanghai Institute of
Biological Science of the Chinese Academy of
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Figure 1. Tumors and the tumor tissues. A. Endostar (4 mg/kg) combined
with RT group. B. Negative control group. C. Solid tumor.
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Figure 2. Tumor growth curves.

Sciences. HUVECs and HepG2 cells were main-
tained in ECM basic medium with 20% fetal
bovine serum (FBS) or RPMI 1640 with 10%
FBS, respectively, at 37°C in 5% CO,. The cells
were plated at a density of 1x10* cells/well
in 96-well plates, starved for 2 h, and treated
with Endostar for 4 h before radiation treat-
ment. Each group had six replicates. Radiation
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@

Control

was administered by a verti-
cal 6-MeV electron beam
(Medical linear accelerator,
Varian 2100C/D, USA). Cells
were maintained in culture for
an additional 48 h before an
MTT assay to measure prolif-
eration was performed. The
cell proliferation rate = (opti-
cal density [OD] of the treat-
ment group/OD of the con-
trol group) x100%. These ex-
periments were repeated th-
ree times. The synergic effect
was considered positive be-
tween treatment with Endo-
star alone, combination of
Endostar (same dose) and RT,
and RT alone only if the p
value was less than 0.05, and
if the combination therapy
group had a lower prolifera-
tion rate (actual value) than
the additive value (additive
value = proliferation rate of
Endostar group x proliferation
rate of RT group).

BE+RT

Statistical analysis

Statistical Package for Social Sciences (SPSS)
software (Version 13.0, SPSS Inc, Chicago, IL,
USA) was used for statistical analysis. The
results are presented as mean + standard devi-
ation (SD) values. Repeated measures, inde-
pendent non-parametric tests, and one-way
analysis of variance were applied for typical
data analysis. x? tests were used for rate com-
parisons, and the Kaplan-Meier analysis was
used for survival time analysis. Data were con-
sidered statistically significant at P<0.05.

Results

Effects of Endostar doses on inhibition of
tumor growth

The treatment groups had smaller tumor vol-
umes than controls. The combined treatment
groups, given 4 mg/kg or 8 mg/kg Endostar
and RT showed the highest inhibition ability
(P<0.05), indicating that the dose-efficacy
curve was U-shaped, because higher doses of
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Survival time of tumor-bear-
ing mice after treatment

Based on the optimal biolo-
gical dose study, 4 mg/kg or
8 mg/kg Endostar was adm-
inistered alone or in combina-
tion with RT to study the eff-
ects on the survival of tumor-
bearing mice. Tumor volumes
were measured, and groups
that received treatment had
significantly smaller tumor
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volumes than the negative
control group (P<0.01). The
group treated with 8 mg/kg
Endostar combined with RT
had a significantly smaller
tumor volume than either
monotherapy group (P<0.05),
with an inhibition rate of
63.59% compared to 40% for
controls. The median survival
times for the control, RT
alone, 8 or 4 mg/kg Endostar
plus RT, and 8 mg/kg Endo-
star alone groups were 43.0,
49.0, 55.6, 46.7, and 45.0
days, respectively. There was
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a significant difference bet-
ween these groups (P<0.01).
The rate of life extension in
the 8 mg/kg Endostar plus
RT group was 29.3% (Figure
3).

Metastatic cancer cells in
liver

Lungs and livers were har-
vested after sacrificing the
tumor-bearing mice. Five ran-
domly chosen mice from each

Figure 3. (A) Tumor volume, (B) tumor inhibition rate, and (C) median survival
time in the various groups. 1. 4 mg/kg Endostar. 2. 4 mg/kg Endostar com-
bined with RT. 3. 8 mg/kg Endostar. 4. 8 mg/kg Endostar combined with RT.
5. RT only. 6. Control. *P<0.01, compared with group 6; mP<0.05, compared
with group 5; AP<0.05, compared with group 3; eP<0.01, compared with

group 1.

I I I I I T I
30

time

Endostar did not always lead to a higher inhibi-
tion effect (Figures 1, 2).
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group were used to make six
slides from each tissue, which
were stained with HE. In the
negative control group, the
outline of the central veins of
the hepatic lobules was unde-
tectable or blurred, the hepat-
ic cords looked abnormal,
and many inflammatory cells
had infiltrated the tissue.
Metastatic cancer cells were observed in liver
tissue, frequently represented by giant cell

Int J Clin Exp Med 2017;10(7):10066-10078



Synergistic effects of Endostar and radiotherapy

VEGF

40
= 35 *
=30
9 25
> 20
15
10
5
0

Endostar Endost,ar+RT Control

KDR
40
T
g
2 2
10
0

Endostar Endostar+RT Control

VEGF

KDR

ACTIN

Endostar Endostar+RT  RT Control

Figure 4. VEGF and KDR protein levels after treat-
ment. *P<0.05, compared with control; mP<0.05,
compared with RT only.

tumors as well as multinucleated cells. The
metastasis rate in the negative control gro-
up was 66.7%, which was significantly higher
than that in the 8 mg/kg Endostar-only group
(43.3%) and the RT-only group (53.3%; P<0.05).
The 8 mg/kg Endostar plus RT group had the
lowest metastasis rate at 26.7% (P<0.05).
Lung metastasis was not observed in either
group, although an inflammatory response was
observed in some lung tissues (Supplemental
Data). Liver coefficient, body weight, ALT,
and AST did not differ significantly between
the Endostar, RT, Endostar+RT (P>0.05;
Supplemental Data).

Effects of Endostar combined with RT on MVD
and VEGF and KDR expression

A low power lens (100x) was used to find areas
with relatively high vascular density as well as
high contrast against the tumor background.
Then, a high power lens (200%) was used, and
four fields were randomly chosen within these
areas to calculate the MVD. The results indi-
cated that Endostar combined with RT signifi-
cantly reduced tumor MVD (P<0.01). Western
blotting and immunohistochemistry both indi-
cated that the combination therapy reduced

10071

the expression of VEGF and KDR, although this
tumor model had high levels of VEGF and KDR
expression in the tumor tissue [31] (P<0.05;
Figure 4; Supplemental Data). Compared with
the control group, the Endostar group showed
significantly greater endostatin deposition
(P<0.05; Supplemental Data).

Analysis of microarray data

After three independent comparisons, 123
genes were found to be differentially expressed
between the combination therapy group and
the RT-only group, including 100 upregulated
genes and 23 downregulated genes. The aver-
age fold changes in the expression of genes are
listed partially in Table 1.

Effects of Endostar combined with RT on apop-
tosis in tumor cells

The flow cytometric data indicated that Endo-
star combined with RT induced increased lev-
els of apoptosis in tumor cells as well as arrest
of the cell cycle at S phase, whereas RT alone
caused G2/M arrest. This phenomenon may be
due to fact that the specimens were collected
on day 14. Tumor cells exposed to both
Endostar and RT may have undergone DNA
repair and regrowth after treatment, but before
collection (Figure 5). There were distinguishing
characteristics of tumor cells on electron micro-
scopic examination of the various groups
(Supplemental Data).

Differential effects of the combination of Endo-
star and RT on the proliferation of HUVECs and
HepG2 cells

Endostar alone inhibited the proliferation of
HUVECs and HepG2 cells, generating a
U-shaped dosage curve showing that HUVECs
were more sensitive to Endostar than HepG2
cells. Combinations of 0.5 pg/ml Endostar
and 1 or 2 Gy of radiation or 5 yg/ml Endostar
and 0.5, 1, 2, or 4 Gy of radiation had synergic
effects, inhibiting HUVEC proliferation. Com-
binations of 100 pg/ml Endostar and 1 or 2
Gy of radiation or 200 pg/ml Endostar and 0.5,
1, 2, or 4 Gy of radiation synergistically inhibit-
ed HepG2 proliferation (Tables 2, 3; Figure 6).

Discussion

The liver is a well-vascularized organ. Thus, vas-
cular endothelial cells in HCC are very sensitive

Int J Clin Exp Med 2017;10(7):10066-10078
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Table 1. Gene expression with radiotherapy alone compared to that with combination therapy

Genebank No. Gene name Comments Ratio

NM_009129 Scg2 Secretogranin Il precursor (Sgll) 30.9903
NM_009502 Vel Vinculin 15.5730
NM_011280 Trim10 Tripartite motif protein 10 12.2098
NM_010382 H2-EB1 Histocompatibility 2, class Il antigen E beta (H2-EB1) 5.2426
NM_207105 H2-Ab1 Response to metastatic cancers 1 (Rmcs1) 4.7480

NM_010378 H2-Ax Histocompatibility 2, class Il antigen A, alpha (H2-Ax) 4.5842
NM_009144 Sfrp2 Secreted frizzled-related sequence protein 2 3.0919
NM_004401 Dffa DNA fragmentation factor alpha subunit 0.4472
NM_031161 Cck Cholecystokinin (Cck) 0.3339
NM_008361 n1p Interleukin 1 beta (111B) 0.2991

to angiogenic growth factors [4-6]. Targeting
tumor vasculature and angiogenesis is thus a
prominent strategy in anticancer therapy. Li et
al. found that Endostar combined with dexa-
methasone exhibited synergistic effects on
angiogenesis and hepatoma growth [14]. In the
current research, the H22 mouse cell line was
selected because a review of the literature did
not show that endostatin was expressed by
H22 cells. In addition, other reports by Li et al.
and Xia et al. showed that significant amounts
endogenous endostatin were not present in
H22 mouse cells [32, 33].

The schedule of combination therapy is critical
for achieving a synergic effect when a combina-
tion of an anti-angiogenic and RT is used [34,
35]. SU5416 (a VEGFR inhibitor) was adminis-
tered continuously for 2 weeks before a single
dose of radiation (10 or 20 Gy), which resulted
in a synergic therapeutic effect [36]. Ansiaux
et al. found that the tumor microenvironment
began to change after 2 days of thalidomide
treatment [37]. This was primarily due to
improved oxygenation and blood flow with
reduced interstitial pressure in the tumor,
which increased the sensitivity of the tumor
cells to radiation. Another report [38] also
showed that tumor-associated blood vessels
are twisted, dilated, and leaky, which leads to
poor oxygen and blood flow around tumor tis-
sue. Tumor cells are in a chronic state of high
interstitial pressure, oxygen deprivation, and
decreased pH, all of which can decrease their
sensitivity to radiation. Anti-angiogenic agents
may achieve their synergic effect by remodel-
ing immature tumor-associated vessels into
functional vessels through inhibition of the
VEGF and matrix metalloproteinase (MMP)
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pathways. There is a window of normalization
caused by anti-angiogenics, and administration
of RT within this window may be critical to
obtaining the maximal therapeutic effect.
Williams et al. reported that ZD6474 (a VEGFR2
inhibitor) achieved the synergic effect only
when given after RT, not before [39]. This raises
a question about the mechanisms of different
anti-angiogenic agents, which may result in dif-
ferent ideal treatment schedules when com-
bined with RT. In the current work, RT was given
7 days after treatment with Endostar, with con-
tinuous Endostar treatment administered after
RT, resulting in a synergic therapeutic effect.
We also found that the dose of Endostar used
with RT can affect the results.

In terms of tumor volume, Endostar adminis-
tration in mice that received HCC implants had
a U-shaped pattern of dose-effectiveness in
our experiments. The U-shaped dose-effective-
ness of Endostar was also found in a study by
Jiang et al., which showed synergistic effects
of Endostar combined with B-elemene in the
treatment of malignant ascites in a mouse
model [25]. Similar U-shaped responses have
been reported for other anti-angiogenic treat-
ments such as angiostatin [40] and interferon-a
[41]. However, the mechanism by which U-sha-
ped dose-effectiveness occurs with endostatin
is not clear. It is possible that the peptide has
multiple targets that have different affinities.
High affinity targets, when saturated by ligand
may have inhibitory effects through this or
other receptors. Other receptors may have low
affinity. Once activated, low affinity receptors
may become dominant accounting for the
increased effects as concentrations are in-
creased.

Int J Clin Exp Med 2017;10(7):10066-10078
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Figure 5. Apoptosis rates after treatment with (A)
Endostar, (B) Endostar combined with RT, and (C)
RT and in the (D) control group. Percentages of
tumor cells in various phases of the cell cycle (E).
*P<0.05 compared with control group; *P<0.05
compared with RT group; 4P<0.05 compared with
4 mg/kg Endostar group.

[42-46], and endostatin was shown to be rap-
idly and widely distributed in the liver, kidneys,
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Table 2. Endostar combined with radiotherapy inhibited HUVEC proliferation

oD 0 pg/mi 0.5 pg/mi 5 ug/mi 25 pg/mi 100 pg/mi 200 pg/ml
Endostar Endostar Endostar Endostar Endostar Endostar
0 Gy 1.07+£0.03 0.95+0.08" 0.87+0.10" 1.01+0.10 0.97+0.09 1.05+0.05
0.5 Gy 0.92+0.12 0.80+0.10 0.69+0.05"=4 0.84+0.09 0.88+0.04 0.87+0.11
1Gy 0.91+0.08 0.77+£0.07"=4 0.66+0.06"=4 0.90£0.05 0.88+0.12 0.93+0.08
2 Gy 0.72+0.06 0.64+0.03"™4 0.49+0.04" =4 0.73+0.04 0.74+0.03 0.72+0.07
4 Gy 0.65+0.06 0.636+0.05 0.44+0.04" =4 0.68+0.14 0.68+0.05 0.59+0.05
6 Gy 0.42+0.04 0.44+0.03 0.46+0.04 0.45+0.06 0.44+0.04 0.37+0.05

Note: "P<0.01 compared with negative control group; "P<0.01 compared with the same dose group of Endostar alone (no
radiotherapy); 4P<0.01 compared with the same dose group of radiation alone (no Endostar).

Table 3. Endostar combined with radiotherapy inhibited HepG2 cell proliferation

oD 0 pg/ml 0.5 pg/mi 5 pg/ml 25 pg/mi 100 pg/ml 200 pg/ml
Endostar Endostar Endostar Endostar Endostar Endostar
0 Gy 1.09+0.08 1.15+0.07 1.15+0.04 1.12+0.07 1.06+£0.09 0.98+0.09"
0.5 Gy 1.06+£0.13 1.031+0.04 1.01+0.11  0.99+0.06 0.95+0.09 0.84+0.03""=4
1 Gy 1.05+0.08 1.06+0.15 1.11+0.08 1.05+0.07 0.92+0.05™" 4 0.82+0.05""=4
2 Gy 0.89+0.05 0.9310.05 0.90+0.08 0.90+0.05 0.80%£0.02""=4 0.66+0.04" =4
4 Gy 0.82+0.03 0.83+0.06 0.86+0.05 0.86+0.14 0.77+0.05 0.62+0.04™" =4
6 Gy 0.60+0.04 0.62+0.03 0.65+0.05 0.63+0.06 0.62+0.04 0.55+0.05

Note: “P<0.05, “*P<0.01 compared with negative control group; *"P<0.01 compared with the same dose group of Endostar

alone (no radiotherapy); #P<0.01 compared with the same dose group of radiation alone (no Endostar).

1.4 oA OB oc

cells, is indispensable. VEGF
is one of the most important
growth factors driving tumor-
associated angiogenesis [48,
49] and was reported to be
associated with tumor MVD
as well as tumor volume [50].
VEGF can also protect blood
vessel endothelial cells from

»>x

Dose

Figure 6. Proliferation of (A) HUVECs exposed to Endostar only, (B) HUVECs
exposed to Endostar plus 2 Gy radiation, (C) HepG2 cells exposed to Endostar
alone, (D) HepG2 cells exposed to Endostar plus 2 Gy radiation. *P<0.01,
compared with the same dose of Endostar alone; AP<0.01, compared with

the same dose RT alone.

and tumor tissue. In the current study, we found
the Endostar group showed significantly great-
er endostatin deposition compared with the
control group.

Tumor-associated blood vessel endothelial
cells are abnormal because they proliferate
and renew quickly, dividing every few days [47].
To maintain microcirculation within tumor tis-
sue, endothelial cell stimulation to divide by dif-
ferent growth factors, secreted mainly by tumor
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2001 g/nl radiation by maintaining the
stability of endothelial cells
and increasing the motility
and invasiveness of tumor
cells [51], mediating the resis-
tance of tumors to RT [52].
Shintani et al. reported over-
expression of VEGF in tumors
is related to radiation resistance [53]. Several
types of tumors show increased VEGF expres-
sion after RT, whereas treatment with a VEGF
antagonist can sensitize tumors to RT [54-57].
Lee et al. reported that U87 tumors stop grow-
ing after RT, but this effect was short-lived, as
the tumors grow quickly after the short-term
growth inhibition [58]. When treated with a
VEGF antibody, tumors became more sensitive
to radiation, and the inhibitory growth effect
became more stable. This phenomenon was
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related to decreased MVD and increased oxy-
gen levels, which could increase the sensitivity
of tumors to radiation and antagonize the
hypoxia-mediated resistance of tumors to RT.
The current experiments also suggest that
radiation increased VEGF expression, whereas
Endostar decreased it. Endostar inhibits endo-
thelial cell proliferation and decreases VEGF
protection of endothelial cells. It might damage
vessel endothelial cells synergistically when
combined with RT. This may be one of the
mechnisms by which Endostar combined with
RT inhibited tumor progression.

Moreover, the expression of KDR, which is the
most important functional receptor of VEGF,
was also downregulated by Endostar and the
inhibition of HUVEC proliferation was also
observed in vitro. This may explain why the
combination has a greater effect than a simple
additive effect. MAS analysis was applied to
annotate the functions of differentially expre-
ssed genes. Most of these genes are involved
in angiogenesis, cell adhesion, signal transduc-
tion, or apoptosis. Among these genes, Scg2 is
involved in cancer angiogenesis; Vcl, Trim10,
H2-EB1, H2-Ab1, and H2-Ax are involved in cell
adhesion; Sfrp2 is involved in Wnt signaling;
and Dffa and II13 are apoptosis-related genes.
All of the above results suggest that the syner-
gistic effect was achieved not only by reducing
tumor MVD, but also by regulating other path-
ways such as cell adhesion, which is reinforced
by the inhibition of metastasis after the combi-
nation treatment. Combined treatment with
Endostar and RT significantly inhibited liver
metastasis, which may be because combina-
tion therapy decreased MVD, induced apopto-
sis of tumor cells, or altered the expression of
cell adhesion molecules.

In the current study, RT alone increased VEGF
expression, but reduced tumor MVD, which
appears contradictory, but can be explained as
follows: 1) radiation can damage blood vessel
endothelial cells as well as vessel structures; 2)
upregulation of VEGF expression by radiation
usually takes 1-2 weeks to reach its peak, but
the animals were sacrificed 2 weeks after RT,
when VEGF upregulation still cannot compen-
sate for the damage of blood vessels by RT; and
3) at a certain time point after RT, tumor cells
begin to die, so the amount of growth factors
secreted by tumor cells is decreased. As tumor
cells that survive radiation reach a hypoxic
state, their secretion of growth factors increas-
es to counteract this stress. In the current
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study, the tumor volume still slowly increased
after RT, and VEGF secretion peaked 1-2 weeks
after RT. Therefore, MVD, and VEGF and KDR
expression were detected at the 2-week time
point after RT.

Apoptosis is one of many mechanisms by which
tumor and normal cell populations are con-
trolled. Animal survival depends not only on
apoptosis [59], but also on tumor proliferation
[60], host immune response [61], and location
[62], metastases [63], and many other factors.
Therefore, it is quite possible to have a dose of
therapeutic agent affect only apoptosis and not
benefit overall survival.

In conclusion, Endostar together with RT com-
bines the cytotoxicity of radiation and the
anti-angiogenic effects of Endostar. These find-
ings provide substantial experimental evidence
to support the use of combination therapy
against HCC in clinical practice. The present
study is a preliminary study on the combination
of Endostar with RT for the treatment HCC. The
underlying mechanisms and others therapeutic
combinations require further study.
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Table S1. Proliferation rate of HUVECs with various treatments

Radiation dose OGy 05Gy 1Gy 2Gy 4Gy 6Gy

0 ug/ml Endostar 0.0% 85.5% 84.7% 67.6% 60.9% 39.0%
0.5 yg/ml Endostar Actual value  88.6% 75.0% 71.8% 59.5% 59.4% 41.3%
0.5 yg/ml Endostar Additive value 0.0% 75.8% 75.0% 59.9% 54.0% 34.6%
5 pg/ml Endostar Actual value 80.8% 64.7% 61.9% 46.0% 40.8% 42.6%
5 ug/ml Endostar ~ Additive value 0.0% 69.1% 68.4% 54.6% 49.2% 31.5%

The actual value of combinations of 0.5 pg/ml Endostar and 1 or 2 Gy of radiation were 71.8%,
59.5% lower than the additive value (75.0%, 59.9%), moreover the OD value were different
between treatment with Endostar 0.5 pg/ml alone, Endostar (0.5 pg/ml) combined with 1 or 2
Gy radiation, and the same dose of radioation alone (P<0.05). The actual value of combinations
of 5 ug/ml Endostar and 0.5, 1, 2, or 4 Gy of radiation were 64.7%, 61.9%, 46.0%, 40.8% lower
than the additive value (69.1%, 68.4%, 54.6%, 49.2%), moreover the OD value were different
between treatment with Endostar 5 pg/ml alone, Endostar (5 ug/ml) combined with 0.5, 1, 2,
or 4 Gy ray, and the same dose of radiation alone (P<0.05). The combinations of 0.5 pg/ml
Endostar and 1 or 2 Gy of radiation or 5 pg/ml Endostar and 0.5, 1, 2, or 4 Gy of radiation had
synergic effects, inhibiting HUVEC proliferation.

Table S2. Proliferation rate of HepG2 cells with various treatments

Radiation dose OGy 05Gy 1Gy 2Gy 4 Gy 6 Gy

0 ug/ml Endostar 0.0% 97.4% 96.1% 81.6% 74.9% 54.6%
100 pg/ml Endostar Actual value 97.0% 87.0% 84.3% 73.2% 70.5% 57.0%
100 pg/ml Endostar Additive value 0.0% 94.5% 93.2% 79.2% 72.7% 53.0%
200 pg/ml Endostar Actual value 89.4 771% 75.4% 60.8% 56.6% 50.5%
200 yg/ml Endostar Additive value 0.0% 87.1% 85.9% 73.0% 66.96% 45.1%

The actual value of combinations of 100 uyg/ml Endostar and 1 or 2 Gy of radiation were 84.3%,
73.2% lower than the additive value (93.2%, 79.2%), moreover the OD value were different
between treatment with Endostar 100 pg/ml alone, Endostar (100 pg/ml) combined with 1

or 2 Gy ray, and the same dose ray alone (P<0.05). The actual value of combinations of 200
ug/ml Endostar and 0.5, 1, 2, or 4 Gy of radiation were 77.1%, 75.4%, 60.8%, 56.6% lower
than the additive value (87.1%, 85.9%, 73.0%, 66.96%). Moreover the OD value were different
between treatment with Endostar 200 pg/ml alone, Endostar (200 pg/ml) combined with 0.5,
1, 2, or 4 Gy ray, and the same dose of radiation alone (P<0.05). The combinations of 100 g/
ml Endostar and 1 or 2 Gy of radiation or 200 pg/ml Endostar and 0.5, 1, 2, or 4 Gy of radiation
synergistically inhibited HepG2 proliferation.

Table S3. The ALT, AST, body weight and liver coefficient in various groups

Group ALT (U/L) AST (U/L) Body weight (g) Liver coefficient (%)
Endostar 297.31+68.26 380.80+54.93 37.99+4.31 3.03+£0.47
RT 300.75+66.35 390.39+58.53 37.30%+3.72 3.14+0.43
Endostar+RT 295.21+51.71 379.09+459.14 37.64+3.95 3.041+0.41
Control 302.60+59.24 386.82+61.04 38.51+4.03 3.02+0.39

Compared with the control group the liver coefficient, body weight, plasma ALT and AST did not
show significant changes (P>0.05) in the Endostar, RT, Endostar+RT group.
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Table S4. Optical density of Endostatin staining in various groups

Group Endostar Endostar+RT RT Control
Endostatin 29905.46+6746.49* 23402.77+7551.43 16261.55+881.49 16782.15+2412.78

*P<0.05, compared with control. Compared with the control group the expression of endostatin in Endostar group showed
significant differences (P<0.05).

Figure S1. Lung metastasis was not observed in combination or monotherapy groups. There were obvious inflamma-
tory responses in the RT group and the control group, including the following: the alveolar septum became thick, the
squamous intraepithelial metaplasia of the bronchiole emerged, and fibrosis was identifiable in alveolar septum.
There was atelectasis in the RT group and the control group. The inflammatory response was less in the Endostar-
treated animals than in the other groups. A. Representative lung tissue of the Endostar group. B. Representative
lung tissue of the Endostar combined with RT group. C. Representative lung tissue of the RT group. D. Representa-
tive lung tissue of the control group (100x).

Figure S2. The outline of the central veins of the hepatic lobules and the hepatic cords. The giant-cell tumors, mul-
tinucleate cells, and a necrotic zone of hepatocytes could frequently be observed in the control group. The zones of
hepatocyte necrosis were close to blood vessels in the RT group, but the pieces of necrotic zone could be identified
with difficulty in the Endostar group. We also found smaller zones of hepatocyte necrosis close to blood vessels in
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the Endostar combined with RT group compared to the RT-only group. A. Liver tissue of the Endostar group. B. Liver
tissue of the Endostar combined with RT group. C. Liver tissue of the RT group. D. Liver tissue of the control group
(100x).

Endostar Endostar+RT RT Control

Figure S3. The MVD of tumor tissues. (A) Endostar group (magnification, 100x), (B) Endostar combined with RT
group (magnification, 100x), (C) RT-only group (magnification, 100x), (D) control group (magnification, 100x%), (E)
Endostar group (magnification, 200x%), (F) Endostar combined with RT group (magnification, 200x), (G) RT-only
group (magnification, 200x), and (H) control group (magnification, 200x), and (I) graph of MVD.
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Figure S4. Electron micrographs. A. Mitochondria were obviously swollen, with broken cristae (Endostar group). B.
Cell-cell junctions were less apparent, the tumor cells were less dense, and the cytoplasmic organelles were obvi-
ously decreased in number in the combined treatment group (Endostar combined with RT). C. Apoptotic cells (RT
group). D. Control group. The tumor cell volume was different and nucleoli were grossly enlarged under electron
microscopy. In the Endostar-only group, the nucleoli of the tumor cells were obvious. The mitochondria were swollen,
and the cristae were broken. The rough endoplasmic reticulum (RER) was abundant, and mild ectasia was pres-
ent. Glycogen was abundant and uniformly distributed. Apoptotic cells were occasionally identified. In the Endostar
combined with RT group, the nucleoli could be identified. The cell-cell junctions were less apparent and the tumor
cells were less dense. The organelles in the cytoplasm were obviously decreased in number. The mitochondria were
swollen, and the cristae were broken. Glycogen was less abundant than in the Endostar-only group. The apoptotic
cells and necrotic cells could be easily identified and were abundant in the combined therapy group. In the RT-only
group, the nucleoli and nuclear inclusions could be seen. There were bundles of phlegmonous cells in the matrix.
The mitochondria were swollen with broken cristae, and vacuolization was also observed. Apoptotic cells were
present. In the control group, the nucleoli and nuclear inclusions could be seen. The mitochondria were somewhat
swollen with partially broken cristae. The RER showed mild ectasia. Occasionally, phlegmonous cells in the matrix
were identified. There were very few apoptotic cells in the tumor.
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Figure S5. Immunohistochemistry for expression of endostatin after treatment with (A) Endostar, (B) Endostar com-
bined with RT, and (C) RT and in the (D) control group (100x). Compared with the control group, the Endostar mice
showed significant differences (P<0.05) in endostatin deposition.



