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Abstract: The combination of anti-angiogenesis and chemotherapy can significantly prolong the survival period of 
patients with non-squamous non-small cell lung cancer (NSCLC). But drug resistance will inevitably occur, thereby 
causing increased tumor invasion and metastasis. Claudin-5 (CLDN5) is a protein member of tight junction (TJ) 
structures expressed in endothelial and epithelial cells and confirmed to be involved in the proliferation and leak-
age of endothelial cells (ECs) and malignant metastases. This study aimed to investigate how bevacizumab, a 
vascular endothelial growth factor A (VEGFA) neutralizing antibody applied in clinic, affects the tight junction pro-
tein CLDN5 and subsequently influences tumor cell invasion and potential metastasis. Western-blot, quantitative 
real-time polymerase chain reaction (q-PCR), immunofluorescence and immunohistochemistry revealed that low-
dose bevacizumab up-regulated CLDN5, whereas high-dose bevacizumab down-regulated CLDN5. Cell migration, 
invasion and permeation assay demonstrated that high-dose bevacizumab enhanced the migration, invasion and 
permeation abilities of human umbilical vein endothelial cells (HUVECs). The migration and permeation abilities of 
HUVECs were also enhanced by silencing the CLDN5 expression. CLDN5 was regulated by JNK, PI3K and transform-
ing growth factor-β-1 (TGFβ1), and these findings were confirmed by the inhibitor or siRNA of JNK, PI3K and TGFβ1. 
Our data indicated that high-dose bevacizumab likely increased tumor invasion and potential metastatic abilities by 
down-regulating CLDN5, which was down regulated by TGFβ1. Low-dose bevacizumab increased CLDN5 expression 
by up-regulating PI3K and JNK expression.
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Introduction

Lung cancer is the leading cause of cancer 
mortality worldwide. Although the American 
Cancer Society reported that the incidence of 
lung cancer in the United States decreased in 
2017, the mortality rate of this disease still 
ranks first [1].

Bevacizumab was the first monoclonal anti-
body to vascular endothelial growth factor 
(VEGF-A) approved by US FDA in 2004 in asso-
ciation with the first-line platinum-based che-
motherapy for metastatic non-squamous non-
small cell lung cancer (NSCLC) [2]. Many clini- 
cal trials have confirmed that bevacizumab 
improves the prognosis of patients with ad- 

vanced non-squamous NSCLC [3-9]. However, 
many tumors still metastasize, even when 
patients undergo such therapy. Therefore, 
underlying mechanisms should be explored.

Numerous studies have shown that tight junc-
tion (TJ) proteins are closely related to tumor 
cell invasion and metastasis [10-12]. Claudin5 
(CLDN5) is an endothelial cell-specific compo-
nent of TJ strands that was first reported by 
Morita [13]. The reduction of CLDN5 increased 
the progression of glioma cells [14] and the 
leakage of the brain-blood barrier (BBB) [15, 
16]. A study has revealed that CLDN5 deficient 
mice displayed a higher permeability of small 
molecules (< 800 Da) [17]. Therefore, our study 
focused on how bevacizumab affected CLDN5 
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and tumor cell invasion and potential metasta-
sis during anti-angiogenic therapy.  

Materials and methods

Cell culture and reagents

Human umbilical vein endothelial cells 
(HUVECs, Peking Union Medical College Cell 
Bank) and mouse retinal microvascular en- 
dothelial cells (MRMECs, Tianjin Medical 
University Eye Hospital) were cultured in DMEM 
containing 10% FBS (Gibco, Thermo Fisher 
Scientific, USA) with growth supplements and 
1% penicillin and streptomycin (15140-122; 
Life Technologies, USA). A549 (American Type 
Culture Collection, USA), a human lung ade- 
nocarcinoma cell line, was cultured in RPMI 
medium 1640 (Gibco). The cultures were main-
tained in a humidified atmosphere (5% 
CO2/95% air) at 37°C. Bevacizumab was pur-
chased from Roche Company (Batch No. 
H0180B01). The dose of bevacizumab in 
HUVECs was 100 μg/mL in the high-dose group 
and 10 μg/mL in the low-dose group. Anlotinib, 
a multi-targeted antiangiogenic agent, was  
a gift from the Nanjing Chia Tai-Tianqing 
Pharmaceutical Co., Ltd.

Anti-claudin5 antibody (ab15106), goat anti-
rabbit IgG secondary antibody (ab96899) and 
anti-TGFβ1 antibody (ab66957) were obtained 
from Abcam Inc. (Abcam, USA). (Phospho-)
SAPK/JNK rabbit antibody (#9252, #4668), 
PI3K p110α antibody (#4255), phosphor-PI3K 
antibody (#4228), anti-GAPDH (#5174) and 
PI3K inhibitor (LY294002) were purchased 
from CST Inc. (CST, USA). Goat anti-rabbit con-
jugated with HRP and anti-rabbit immunohisto-
chemistry secondary antibody were procured 
from Santa Cruz Biotechnologies Inc. (Santa 
Cruz, USA). TGFβ1 and JNK inhibitor (SB431542, 
SP600125) were purchased from Selleck Inc. 
(Selleck, USA).

and injected subcutaneously into the left abdo-
men of the mice (1 × 107 cells/mouse). The 
tumor-bearing mice were randomly and equally 
divided into three groups, intraperitoneally 
injected with 0, 5 and 50 mg/kg bevacizumab 
for 3 weeks, and anesthetized with 7% chloral 
hydrate to harvest tumor tissues for immuno-
histochemistry analyses. 

Western blot analysis

HUVECs were homogenized, subjected to 12% 
SDS/PAGE and transferred to PVDF mem-
branes (Millipore, USA), which were blocked 
with 5% nonfat milk powder in TBS-T buffer for 
1 hour at room temperature (RT) and incubated 
with primary antibodies at 4°C overnight. On 
the next day, the blots were incubated with sec-
ondary antibody for 1 h, and developed with 
chemiluminescence (ECL, Millipore, USA). The 
gray values of protein bands were quantified by 
using ImageJ software (National Institute of 
Health, NY), and the data were subjected to 
unpaired Student’s t-test. 

Quantitative real-time polymerase chain reac-
tion (Q-PCR) 

The total RNA of HUVECs was extracted with 
Trizol reagent and reverse transcribed to cDNA 
by using Mix (TransGen Biotech, Beijing, China) 
in a 20 μL reaction. Subsequently, q-PCR was 
conducted in accordance with the protocol. 
Gene expression was normalized to GAPDH 
mRNA. The specific primers used in this experi-
ment were synthesized by Sangon Biotech, and 
the sequences are displayed in Table 1. The 
relative quantification of genes was calculated 
by using the 2-ΔΔCt method.

Immunofluorescence assay

HUVECs treated with bevacizumab were seed-
ed on cell slides precoated in a 24-well plate 
and incubated for 24 hours. Then the slides 

Table 1. Primers used in this study
Gene Primer sequence (Forward) Primer sequence (Reverse)
GAPDH CCTTCATTGACCTCAACTA GGAAGGCCATGCCAGTGAGC
Claudin5 CACGGGAGGAGCGCTTTAT GGCACCGTTGGATCATAGAACT
siCLDN5-1 CCUUAACAGACGGAAUGAATT UUCAUUCCGUCUGUUAAGGTT
siCLDN5-2 CUGCUGGUUCGCCAACAUUTT UUCAUUCCGUCUGUUAAGGTT
Negative control UGACCUCAACUACAUGGUUTT ACGUGACACGUUCGGAGAATT

Animal model and treat-
ment protocol

Six to eight-week-old fe- 
male nude mice (BALB/c-
nu), were purchased from 
the Model Animal Center 
of Nanjing University (Nan- 
jing, China). A549 cells 
were resuspended in PBS 
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were fixed with cold methanol for 30 min and 
blocked with 5% goat serum. Next, the cells 
were incubated with primary antibody at 4°C 
overnight and then with secondary antibody  
for 1 h at RT and stained with DAPI (Solarbio, 
Beijing, China). Images were captured with 
Axiovert200 microscope (Carl Zeiss, Thorn- 
wood, NY, USA). Fluorescence quantitative 
analysis was performed by ImageJ software, 
and the data were subjected to one-way ANOVA.

Immunohistochemistry

The tumors of mice were fixed with 4% parafor-
maldehyde, embedded with paraffin, and cut at 
6 μm. Histological sections were dewaxed, anti-
gen retrieved with citric acid buffer, blocked 
with 3% hydroperoxide for 20 minutes, incubat-
ed with primary antibody at 4°C overnight and 
incubated with secondary antibody for 1 h at 
RT. Diaminobenzidine was used as a chromo-
gen to visualize the antibody/antigen complex. 
The sections were counterstained with hema-
toxylin for 1.5 min, dehydrated, cleared and 
mounted in neutral gum. Images were captured 
with Olympus Bx61 microscope (Olympus 
Corporation, Japan). Immunohistochemical sc- 
oring was performed by ImageJ software, and 
the data were subjected to one-way ANOVA.

Cell proliferation assay

HUVECs were pre-seeded into five 96-well 
plates (3000 cells/well). Then, 20 μL MTT (5 
mg/mL, Solarbio, Beijing, China) was added 
after 6, 24, 48, 72 and 96 h of incubation. After 
4 hours, the supernatants were removed and 
150 μL DMSO was added and shaken for 10 
min. The optical density (OD) was read using 
Microplate Reader (Bio-Rad Laboratories, 
Hercules, CA, USA) at 490 nm. 

Cell migration assay

HUVECs were pre-seeded into a 6-well plate (3 
× 105 cells/well). After the cells reached conflu-
ency, three horizontal straight lines simulation 
“wound” were made. The extent of wound clo-
sure was monitored under a microscope. After 
24 h, imaging was conducted under a micro-
scope at 10 × magnification. The distance cells 
migrated was analyzed with ImageJ software, 
and the data were subjected to one-way ANOVA.

HUVECs with 300 μL serum-free DMEM were 
seeded into the upper chamber and 600 μL 

DMEM containing 20% FBS was added to the 
wells of 24-well plate, incubated for 6 h, fixed 
with 4% paraformaldehyde for 20 min, and 
stained with crystal violet. Each group of the 
migrating cells was photographed with five 
fields under the microscope. The number of 
HUVECs migrated was analyzed with ImageJ 
software, and the data were subjected to one-
way ANOVA.

In vitro permeation assay

HUVEC suspension with 1 × 105 cells/well was 
seeded into the upper chamber, and DMEM 
containing 20% FBS was added to the wells  
of 24-well plates. After 6 h incubation, A549 
cells were labeled with CM-DiI (orange red; 
40726ES10, Invitrogen, USA) and seeded onto 
the HUVEC monolayer. After 12 h, the invading 
cells were fixed with cold methanol for 20 min. 
The membranes were inverted on the slides 
and stained with DAPI for 15 min. The cells 
stained with orange-red membrane and blue 
cores represented A549 cells, while the cells 
with blue cores represented HUVECs. Images 
were captured with Axiovert200 microscope 
(Carl Zeiss, Thornwood, NY, USA). The number 
of A549 cells was analyzed by ImageJ software, 
and the data were subjected to one-way ANOVA.

In vivo permeation assay

The mice were randomly divided into three 
groups, and intraperitoneally injected with 0, 5 
and 50 mg/kg bevacizumab for 14 days. Then, 
Evans blue solution (2% solution 4 mL/kg) was 
injected into the tail vein and circulated for 10 
min. The mice were sacrificed by cervical dislo-
cation to harvest the abdomen skin, and the 
weight of each of these abdominal skin speci-
mens was measured. And the Evans blue of 
these specimens was extracted by formamide 
as described [18]. Evans blue was dissolved in 
formamide, and the solution was diluted to 
obtain a standard curve at a wavelength of 635 
nm [18]. The amount of Evans blue (μg) in the 
abdominal skin (g) was calculated from the OD 
of these specimens by using the formula from 
the standard curve [18].

Gene knockdown and overexpression

CLDN5 siRNA and its control siRNA were syn-
thesized by Sangon Biotech (Shanghai, China), 
and the siRNA of JNK or PI3K was purchased 
from CST Inc. (#6232, #6359, CST, USA). The 
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target sequences are listed in Table 1. When 
70% confluency was reached, HUVECs were 
transfected with 3 μL siRNA, 6 μL Lipofectamine 
2000 (Invitrogen, Carlsbad, CA, USA), and 900 
μL serum-free Opti-MEM medium (Invitrogen, 
USA) without antibiotics. After 24 h of incuba-
tion, the cells were used for the experiments 
described in the previous sections. For the JNK 
overexpression, lentiviruses were used. The 
lentiviruses of JNK were obtained from 
Genechem (Shanghai, China) and then trans-
fected into HUVECs by using Lipofectamine 
2000 Reagent in accordance with the manu-
facturer’s instructions.

Statistical analysis

All these experiments were repeated three 
times and the data were presented as mean ± 
SD. The data were subjected to unpaired 
Student’s t-test or one-way ANOVA. P-values 
less than 0.05 were considered statistically sig-
nificant. Statistical analyses were performed 
using SPSS 20.0 software (SPSS Inc., IL, USA). 

Results

CLDN5 is regulated by bevacizumab 

CLDN5 was significantly increased at protein 
and mRNA levels following low-dose bevaci-
zumab treatment in HUVECs, reduced by high-
dose bevacizumab (P < 0.05, Figure 1A-C). The 
regulation of CLDN5 by different concentra-
tions of bevacizumab was verified in MRMECs 
(Figure 1D). The immunofluorescence staining 
of HUVECs and immunohistochemistry in the 
tumor tissues of mice further validated that 
CLDN5 was up-regulated by low-dose bevaci-
zumab but was down-regulated by high-dose 
bevacizumab (P < 0.05, Figure 1E-H).  

Low-dose bevacizumab upregulates CLDN5 via 
PI3K 

Low-dose bevacizumab up-regulated the ph- 
osphorylated PI3K (P-PI3K, Figure 2A). The 
results indicated that the inhibitor of PI3K 
(LY294002) effectively inhibited P-PI3K and 
CLDN5, which were reversed by low-dose beva-
cizumab (Figure 2B). The results of CLDN5 
were also verified on mRNA levels (P < 0.05, 
Figure 2C).

As an alternative approach, the siRNA of PI3K 
was introduced. The results revealed that 

P-PI3K, PI3K and CLDN5 were effectively down-
regulated by PI3K siRNA at protein levels, which 
were reversed by low-dose bevacizumab (Figure 
2D). The results of CLDN5 were also verified at 
mRNA levels (P < 0.05, Figure 2E). The results 
of P-PI3K emerging under the regulation of low-
dose bevacizumab on CLDN5 were also vali-
dated in MRMECs (Figure 2F). 

JNK participates in the regulation of low-dose 
bevacizumab on CLDN5 

Low-dose bevacizumab up-regulated the phos-
phorylated JNK (P-JNK, Figure 3A). The results 
indicated that P-JNK and CLDN5 increased by 
low-dose bevacizumab were down-regulated by 
the inhibitor of JNK (SP600125, P < 0.05, 
Figure 3B), and the changes in the mRNA levels 
of CLDN5 were consistent with its protein levels 
(P < 0.05, Figure 3C). The results caused by the 
siRNA of JNK were the same as those caused 
by SP600125 (P < 0.05, Figure 3D and 3E). The 
overexpression and inhibition of JNK were also 
used to observe the regulation of JNK on 
CLDN5, and the results showed that CLDN5 
was up-regulated by the JNK overexpression 
and down-regulated by SP600125 (Figure 3F). 
The results of JNK involved in the regulation of 
low-dose bevacizumab on CLDN5 were also 
validated in MRMECs (Figure 3G). 

To study the relationship between JNK and 
PI3K, the siRNA of JNK or PI3K was introduced. 
The results indicated that P-JNK decreased 
after si-PI3K stimulation, by contrast, P-PI3K 
increased after JNK silencing (P < 0.05, Figure 
4A and 4B). Therefore, JNK should be located 
at the down-stream of PI3K. 

TGFβ1 is involved in the down regulation of 
CLDN5 by high-dose bevacizumab 

Low-dose bevacizumab had no significant influ-
ence on TGFβ1, and the expression of CLDN5 
was slightly changed by the stimulation of 
TGFβ1 inhibitor (SB431542, Figure 4C). Con- 
versely, high-dose bevacizumab enhanced the 
expression of TGFβ1, and CLDN5 increased 
after SB431542 treatment obviously (P < 0.05, 
Figure 4D and 4E). 

Anlotinib reverses the regulation of high-dose 
bevacizumab on CLDN5

HUVECs were treated with bevacizumab for 12 
h and then with anlotinib (1 μM) for 12 h. The 
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Figure 1. Effect of different concentrations of bevacizumab on tight junction protein claudin5. A. Western blot 
showed the change in claudin5 under the different concentrations of bevacizumab (bevacizumab 10 μg/mL, 100 
μg/mL) treatment in HUVECs, the results showed that low-dose bevacizumab up-regulated claudin5 but high-dose 
down-regulated it. B. Quantitative analyses of claudin5 protein levels following bevacizumab treatment. Data repre-
sented the mean ± SD, *P < 0.05, ***P < 0.0005; one-way ANOVA. C. Changes of claudin5 mRNA in response to 
different concentrations of bevacizumab, which were consistent with the western blot. Data represented the mean 
± SD, *P < 0.05, **P < 0.005; one-way ANOVA. D. Western blot showed the change in claudin5 under bevacizumab 
treatment in MRMECs, which were consistent with HUVECs. E. Fluorescence microscopy images of HUVECs treated 
with different concentrations of bevacizumab. Blue, DAPI; green, claudin5; magnification, × 200; scale bar: 200 μm. 
F. Quantitative analyses of fluorescence intensities of claudin5 relative expression. Data represented the mean ± 
SD, *P < 0.05, **P < 0.005; one-way ANOVA. G. Typical images of claudin5 (brown) expression in different groups 
of adenocarcinoma xenograft tumor model. Black arrows: claudin5. Magnification, row 1: × 100; row 2: × 200; row 
3: × 400. Scale bar: 300 μm. H. Scatter diagram showed the immunochemistry score of claudin5 in the adenocar-
cinoma xenograft tumor. Data represented the mean ± SD, *P < 0.05, **P < 0.005; non-parameter test. 
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results showed that CLDN5 down-regulated  
by high-dose bevacizumab was increased by 
anlotinib, and the expression of TGFβ1 regulat-
ed by high-dose bevacizumab was significantly 
reversed by anlotinib at the same time (P < 
0.05, Figure 4F and 4G). The results were con-
firmed in MRMECs (Figure 4H). 

High-dose bevacizumab promotes the abili-
ties of migration, invasion and permeation of 
HUVECs

The effect of high-dose bevacizumab on 
HUVECs migration ability was examined using 

< 0.05, Figure 5I and 5J), i.e., the permeation 
of blood vessels was promoted by high-dose 
bevacizumab.

Knockdown of CLDN5 in HUVECs and the ef-
fects of CLDN5 on HUVECs’ bio-behaviors 

To explore the effect of CLDN5 on HUVECs’ bio-
behaviors, we silenced CLDN5 by using two 
transcript-specific siRNAs (siCLDN5-1 and 
siCLDN5-2). The results indicated that the pro-
tein and mRNA levels of CLDN5 were reduced 
markedly in siCLDN5-1 and siCLDN5-2 groups 
(P < 0.05, Figure 6A and 6B). 

Figure 2. Regulation of low-dose bevacizumab on claudin5 through PI3K. 
A. Western blot showed that low-dose bevacizumab (bevacizumab 10 μg/
mL) up-regulated P-JNK and P-PI3K in HUVECs. B. Western-blot showed 
the changes of claudin5 and P-PI3K protein levels after PI3K inhibitor 
(LY294002) and/or low-dose bevacizumab treatment in HUVECs. LY294002 
inhibited both the expression of P-PI3K and claudin5. C. Changes of claudin5 
mRNA levels after bevacizumab and/or LY294002 treatment, which were 
consistent with the western blot, **P < 0.005. D. Western blot showed the 
changes of claudin5 and P-PI3K protein levels under low-dose bevacizumab 
and/or PI3K siRNA treatment in HUVECs. E. mRNA levels of claudin5 fol-
lowing low-dose bevacizumab and/or siRNA of PI3K treatment in HUVECs, 
***P < 0.0005, ****P < 0.0001. F. Changes of claudin5 and P-PI3K protein 
under LY294002 and/or low-dose bevacizumab treatment by western-blot in 
MRMECs, which were consistent with HUVECs. All data were expressed as 
mean ± SD, and all statistical analyses were performed by one-way ANOVA.

wound healing assay and 
Transwell migration assay. In 
the wound healing experi-
ment, the distance of cell 
migrated was longer after 24 
hours in the high-dose group 
than in the control group (P < 
0.05, Figure 5A and 5B). In 
the Transwell migration exper-
iment, more cells were perfo-
rated across the membrane 
in the high-dose group com-
pared with those of the con-
trol (P < 0.05, Figure 5C and 
5D). Transwell invasion assay 
showed that the number of 
invasive HUVECs increased  
in the high-dose group and 
decreased in the low-dose 
group, and difference was 
statistically significant (P < 
0.05, Figure 5E and 5F).

In vitro permeation assay 
revealed that more A549 cells 
stained in orange-red invaded 
in HUVECs in the high-dose 
group, but fewer in the low-
dose group compared with 
those in the control, and dif-
ference was statistically sig-
nificant (P < 0.05, Figure 5G 
and 5H). The results were 
verified by the permeation 
assay in vivo, and the amount 
of Evans blue leaked from 
blood vessels in the high-
dose group was much more 
than that in the control group, 
but was reduced in the low-
dose group, and difference 
was statistically significant (P 
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The wound healing and Transwell migration 
experiments indicated that the migration ability 
of HUVECs was significantly promoted by silenc-
ing the CLDN5 expression than that by the con-
trol, and difference was statistically significant 
(P < 0.05, Figure 6C-F). The results indicated 
that CLDN5 inhibited the migration of ECs. The 
cell proliferation assay revealed that siclau-

high-dose bevacizumab promoted the migra-
tion, invasion and leakage abilities of HUVECs 
under oxygen-rich conditions, indicating that 
high-dose bevacizumab is apt to directly pro-
mote the metastasis of NSCLC. 

Experimental evidence has further suggested 
that TJ proteins are crucial players in the pro-

Figure 3. The regulation on claudin5 through JNK by low dose bevacizumab. 
A. The changes of P-PI3K and P-JNK protein under low-dose bevacizumab 
(bevacizumab 10 μg/mL) treatment by western-blot in MRMECs, which 
were consistent with HUVECs. B. Changes of claudin5 and P-JNK protein 
under JNK inhibitor (SP600125) and/or low-dose bevacizumab treatment 
by western-blot in HUVECs. SP600125 inhibited both the expression of P-
JNK and claudin5. C. mRNA levels of claudin5 following bevacizumab and/
or SP600125 treatment, *P < 0.05, **P < 0.005. D. Changes of claudin5 
and P-JNK protein under low-dose bevacizumab and/or JNK siRNA treatment 
by western-blot in HUVECs. JNK siRNA inhibited the expression of JNK, P-JNK 
and claudin5. E. Claudin5 mRNA expression following bevacizumab and/
or JNK siRNA treatment, *P < 0.05, ***P < 0.0005. F. Changes of clau-
din5 protein following JNK overexpression (jnk-oe) or SP600125. Claudin5 
rose and fell together with JNK. G. Changes of claudin5 and P-NK protein 
under SP600125 and/or low-dose bevacizumab treatment by western-blot 
in MRMECs, which were consistent with HUVECs. All data were expressed as 
mean ± SD, and all statistical analyses were performed by one-way ANOVA.

din5-1 and siclaudin5-2 de- 
creased the proliferation abil-
ity of HUVECs compared with 
the control group (Figure 6G), 
indicating that CLDN5 pro-
moted endothelial cell proli- 
feration. 

In vitro permeation assay in- 
dicated that the permeation 
ability of HUVECs were en- 
hanced in the siclaudin5 
groups compared with the 
control group, and difference 
was statistically significant (P 
< 0.05, Figure 6H, 6I). The 
results indicated that CLDN5 
protected the conjunction of 
TJ so that reduce the perme-
ation of ECs. 

Discussion 

Bevacizumab exhibits anti-
VEGF efficacy, but probably 
induces the resistance of 
tumor [19]. As such, some 
tumors can re-grow even af- 
ter sufficiently anti-angiogen-
ic therapy [20-23]. Further- 
more, several studies have 
shown that bevacizumab can 
increase the invasiveness of 
tumors at the later stage of 
treatment [21, 24, 25]. There- 
fore, the underlying mecha-
nism should be elaborated  
to avoid clinical risks. Some 
studies have indicated that 
the main reason is hypoxia 
[21, 26, 27]. However, many 
other hypotheses, such as 
epithelial-to-mesenchymal tr- 
ansition programs, phenotyp-
ic progression of malignancy, 
and latent signaling circuits 
(e.g., c-Met), have been pre-
sented [21]. In our study, 
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gression and metastasis of 
cancers [10, 28, 29]. CLDN5 
is an important component of 
TJs, which exist in the para-
cellular space, and is highly 
expressed in ECs. We found 
that high-dose bevacizumab 
down-regulated CLDN5, wh- 
ereas low-dose bevacizum- 
ab up-regulated CLDN5. We 
found that the proliferation 
ability of HUVECs decreased, 
whereas the migration and 
permeation abilities increas- 
ed after si-CLDN5 stimula-
tion, suggesting that CLDN5 
might protect the ECs’ stabili-
ty by increasing their prolifer-
ation ability and reducing 
their migration and perme-
ation abilities. 

In summary, the increased 
migration, invasion and per-
meation of HUVECs caused 
by high-dose bevacizumab 
could be explained by the 
decreased expression of 
CLDN5 by high-dose bevaci-
zumab. However, the upregu-
lation of CLDN5 by low-dose 
bevacizumab could maintain 
the integrity of TJs, which 
reduced the migration and 
permeation of ECs.

Previous studies described 
that CLDN5 is regulated via 
MAPK, JAK-STAT, PI3K-Akt, 
Wnt, Notch, CAMs, NFκB, 
N-WASP and ROCK signaling 
pathways [16, 30-33]. In our 
study, PI3K and JNK were 
involved in the regulation of 
low-dose bevacizumab on 
CLDN5 and JNK was the 
down-stream molecule of 
PI3K, which was in accor-
dance with those reported in 
the previous papers [34]. We 
also found that TGFβ1 was 
involved in the regulation of 
high-dose bevacizumab on 
CLDN5, which was consistent 
with previous finding that 
TGFβ1 down-regulates CLD- 

Figure 4. The up-regulation on clauidn5 by low-dose bevacizumab via up-
regulation PI3K and JNK, the down regulation on claudin5 by high-dose beva-
cizumab through up-regulation TGFβ1, and the reversal by anlotinib on regu-
lation on claudin5 induced by high-dose bevacizumab. (A) Changes of P-PI3K 
and P-JNK protein after siRNA of JNK or PI3K treatment. P-JNK decreased 
after PI3K siRNA stimulation and P-PI3K increased after JNK silencing. (B) 
Densitometry analyses of P-PI3K and P-JNK in (A), *P < 0.05, **P < 0.005, 
***P < 0.0005; black, P-JNK/JNK; grey, P-PI3K/PI3K. (C) Changes in TGFβ1 
and claudin5 protein by western-blot after low-dose bevacizumab (bevaci-
zumab 10 μg/mL) and/or TGFβ1 inhibitor (SB431542) treatment. Low-dose 
bevacizumab had no significant influence on TGFβ1. (D) Changes in TGFβ1 
and claudin5 protein after high-dose bevacizumab (bevacizumab 100 μg/
mL) and/or SB431542 treatment. High-dose bevacizumab increased the 
expression of TGFβ1, and claudin5 increased after SB431542 treatment. 
(E) Densitometry analyses of TGFβ1 and claudin5 in (D), *P < 0.05, **P < 
0.005; black, TGFβ1/GAPDH; grey, claudin5/GAPDH. (F) Changes in TGFβ1 
and claudin5 protein after bevacizumab or bevacizumab and anlotinib (1 
μM) sequentially (bev100+an) treatment on HUVECs. Anlotinib reversed the 
expression of TGFβ1 and claudin5 regulated by bevacizumab 100 μg/mL. 
(G) Densitometry analyses of TGFβ1 and claudin5 in (F), *P < 0.05, **P < 
0.005; black, TGFβ1/GAPDH; grey, claudin5/GAPDH. (H) Changes in TGFβ1 
and claudin5 protein after high dose-bevacizumab or bevacizumab and anlo-
tinib sequentially treatment in MRMECs, which were consistent with HUVECs. 
All data were expressed as mean ± SD, and all statistical analyses were per-
formed by one-way ANOVA.
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N5 expression [35, 36]. Considering that beva-
cizumab is a neutralizing antibody against 
human VEGF, and the standard way to measure 
the efficacy of bevacizumab is by determining 
the amount of VEGF neutralized by bevacizum-
ab, we found that high-dose bevacizumab 
effectively blocked the VEGF expression (figure 
not shown). High-dose bevacizumab down-reg-
ulated CLDN5 expression possibly through the 
direct effect of bevacizumab on TGFβ1. 
Nevertheless, the specific mechanisms will be 
further explored in subsequent experiment. 
The schematic of the regulation of bevacizum-
ab on CLDN5 is illustrated in Figure 7.

Anlotinib could reverse the effect of high-dose 
bevacizumab on CLDN5 by reversing the TGFβ1 
expression. Based on the results, our conclu-
sion was that low-dose bevacizumab up-regu-
lated CLDN5 by up-regulating PI3K and JNK, 
whereas high-dose bevacizumab down-regulat-
ed CLDN5 by up-regulating TGFβ1.

Conventional wisdom holds that hypoxia could 
induce tumor cell metastasis and vascular ECs 
activation, but the uniqueness of this study is 
to report the causes of tumor cell permeation 
through ECs in normoxic environment, which 
may make special sense since probably hypox-
ia not always existed inside of tumor during 
whole anti-angiogenic therapy in clinic. Previous 
studies have revealed different mechanisms of 
cancer progression at the later stage of bevaci-
zumab treatment, but our study reported that 
high-dose bevacizumab could increase cancer 
cell invasion by down-regulating CLDN5 in vas-

cular ECs. This phenomenon might show the 
risk of cancer metastasis even at normal dos-
age of bevacizumab treatment and provide 
potential markers to indicate cancer resistance 
to antiangiogenic therapy, because the clinical-
ly normal dosage of bevacizumab for major 
populations of patients could also become 
‘high dose’ in some individuals and cause the 
malignant cells’ to easily migrate through 
unconsolidated connection of endothelium of 
micrangium. 

The concentration of bevacizumab in our exper-
iment was determined on the bases of the bio-
logical behaviors of ECs in previous studies. 
The clinical standard dose of bevacizumab is 
7.5-15 mg/kg, and the cursory conversion is as 
follows: according to the standard weight and 
blood volume of a patient (60 kg and 4 L), 
regardless of the pharmacokinetics of bevaci-
zumab, the plasma concentration for this 
patient is 60*(7.5 to 15)/4 mg/L, equal to 
112.5-225.0 mg/L (i.e., 112.5-225.0 μg/mL). 
Furthermore, in a clinical study, the plasma 
concentration of bevacizumab has reached 
136.3 μg/mL after patients are treated with 15 
mg/kg of bevacizumab for 21 days [37]. 
Therefore, in our study, the concentration of 
bevacizumab was close to the clinical dosage 
and the maximum dose that the mice and cells 
could tolerate. 

Amazingly and interestingly, the ‘vicious func-
tion’ by ‘improper dosage’ from the single-tar-
geted anti-angiogenic drug bevacizumab could 
be reversed by anlotinib, a multi-targeted anti-

Figure 5. The abilities of HUVECs in migration, invasion and permeation promoted by high-dose bevacizumab. (A) 
Microscopic images of wound healing assay of HUVECs treated with bevacizumab (0, 10, 100 μg/mL) for 24 hours. 
The distance between the dashed lines was the scratch. Magnification: × 40. Scale bar: 100 μm. (B) Quantitative 
analyses of the distance HUVECs migrated in (A), ****P < 0.0001. The results showed that the migration distance 
was longer in the high-dose bevacizumab group than the control. (C) Quantitative analyses of the number of HUVECs 
migrated in (D), ***P < 0.0005, ****P < 0.0001. The results showed that the number of migrated HUVECs was 
greatest in the high-dose bevacizumab group. (D) Microscopic images of Transwell migration experiment of HUVECs 
treated with bevacizumab for 6 hours. Magnification: × 100. Scale bar: 100 μm. (E) Microscopic images of Transwell 
invasion assay of HUVECs treated with bevacizumab for 12 hours. Magnification: × 100. Scale bar: 100 μm. (F) 
Quantitative analyses of the number of invasive HUVECs in (E), *P < 0.05, **P < 0.0005. The results showed that 
the number of invasive HUVECs was greatest in the high-dose bevacizumab group. (G) Fluorescence microscopy im-
ages of A549 cells across HUVECs in in vitro permeation assay. HUVECs were pre-treated with different concentra-
tions of bevacizumab. Blue, DAPI or HUVECs; orange red, A549 cells. Magnification, × 200. Scale bar: 200 μm. (H) 
Quantitative analyses of the number of CM-DiI+ cells, i.e., the number of A549 cells, **P < 0.005, ****P < 0.0001. 
The results showed that the number of A549 cells leaking out through HUVECs was the greatest in the high-dose 
bevacizumab group. (I) In vivo permeation assay showed the Evans blue leaked from blood vessels of mice. The 
mice were pretreated with different concentrations of bevacizumab (0, 5, 50 mg/kg) for 14 days. (J) The amount 
of Evans blue (μg) in the abdominal skin (g) for each group, **P < 0.005, ****P < 0.0001. The results indicated 
that the Evans blue exudation was highest in the high-dose group. All data were expressed as mean ± SD, and all 
statistical analyses were performed by one-way ANOVA.   
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Figure 6. The abilities of migration and permeation enhanced and the ability of proliferation decreased by claudin5 
siRNA in HUVECs. A. Claudin5 protein levels following claudin5 siRNAs treatment by western blot. B. mRNA levels 
of claudin5 after claudin5 siRNAs treatment by q-PCR, **P < 0.005. The results indicated that claudin5 siRNAs 
knocked down claudin5 expression obviously. C. Microscopic images of wound healing assay of HUVECs treated 
with siRNAs of claudin5 for 24 hours. The distance between the dashed lines was the scratch. Magnification: × 40. 
Scale bar: 50 μm. D. Quantitative analyses of the distance HUVECs migrated, ****P < 0.0001. The results showed 
that the migration distance was longer in siCLDN5 groups than in the control. E. Quantitative analyses of the num-
ber of migrated HUVECs, ****P < 0.0001. The results showed that the number of migrated HUVECs was greater 
in siCLDN5 groups than in the control. F. Microscopic images of Transwell migration experiment of HUVECs treated 
with claudin5 siRNAs for 6 hours. Magnification: × 100. Scale bar: 100 μm. G. The absorbance values at 490 nm 
was introduced to analyze the proliferation ability of HUVECs after treated with claudin5 siRNAs. The proliferation 
ability was decreased in the siCLDN5 groups. H. Fluorescence microscopy images of A549 cells across HUVECs in 
in vitro permeation assay. HUVECs were pre-treated with siclaudin5s. Blue, DAPI or HUVECs; orange red, A549 cells. 
Magnification, × 200. Scale bar: 200 μm. I. Quantitative analyses of the number of A549 cells, ****P < 0.0001. 
The number of A549 cells leaking out through HUVECs was greater in the siCLDN5 groups than in the control. All 
data were expressed as mean ± SD, and all statistical analyses were performed by one-way ANOVA.  
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angiogenic agent [38]. This might indicate a 
new way to abrogate the potential risk in clinics 
and provide more possibilities to recover vas-
cular normalization form disordered malignant 
micrangium, which may help chemotherapeutic 
drugs infiltrate into tumor tissues more easily 
[39]. 

On the bases of the data presented here, we 
could determine the link between bevacizumab 
and TJ proteins. High-dose bevacizumab likely 
increased tumor cell permeation through ECs 
by down-regulating the expression of TJ 
proteins. 
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