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Background: Tumor necrosis factor alpha (TNF-o) enhances lymphangiogenesis in gallblad-
der carcinoma (GBC) via activation of nuclear factor (NF-kB)-dependent vascular endothelial
growth factor-C (VEGF-C). Receptor-interacting protein 1 (RIP1) is a multifunctional protein
in the TNF-o, signaling pathway and is highly expressed in GBC. However, whether RIP1
participates in the signaling pathway of TNF-a-mediated VEGF-C expression that enhances
lymphangiogenesis in GBC remains unclear.

Methods: The RIP1 protein levels in the GBC-SD and NOZ cells upon stimulation with increas-
ing concentrations of TNF-a as indicated was examined using Western blot. Lentiviral RIP1
shRNA and silkBo were constructed and transduced respectively them into NOZ and GBC-SD
cells, and then PcDNA3.1-RIP1 vectors was transduced into siRIP1 cell lines to reverse RIP1
expression. The protein expression of RIP1, inhibitor of NF-xB alpha (IxBa), p-IxBo, TAKI,
NF-kB essential modulator were examined through immunoblotting or immunoprecipitation.
Moreover, VEGF-C mRNA levels were measured by quantitative real-time polymerase chain
reaction, VEGF-C protein levels were measured by immunoblotting and enzyme-linked immu-
nosorbent assay, and VEGF-C promoter and NF-xB activities were quantified using a dual
luciferase reporter assay. The association of NF-xB with the VEGF-C promoter was analysed
by chromatin immunoprecipitation assay. A three-dimensional coculture method and orthotopic
transplantation nude mice model were used to evaluate lymphatic tube-forming and metastasis
ability in GBC cells. The expression of RIP1 protein, TNF-o protein and lymphatic vessels
in human GBC tissues was examined by immunohistochemistry, and the dependence between
RIP1 protein with TNF-a. protein and lymphatic vessel density was analysed.

Results: TNF-o dose- and time-dependently increased RIP1 protein expression in the GBC-SD
and NOZ cells of GBC, and the strongest effect was observed with a concentration of 50 ng/ml.
RIP1 is fundamental for TNF-o-mediated NF-xB activation in GBC cells and can regulate
TNF-o-mediated VEGF-C expression at the protein and transcriptional levels through the
NF-xB pathway. RIP1 can regulate TNF-o-mediated lymphatic tube formation and metastasis
in GBC cells both in vitro and vivo. The average optical density of RIP1 was linearly related
to that of TNF-ou protein and the lymphatic vessel density in GBC tissues.

Conclusion: We conclude that RIP1 regulates TNF-o-mediated lymphangiogenesis and lymph
node metastasis in GBC by modulating the NF-kB-VEGF-C pathway.

Keywords: gallbladder cancer, RIP1, TNF-o, NF-xB, VEGF-C, lymphangiogenesis

Introduction

Gallbladder cancer (GBC) is a relatively infrequent but fatal disease, and <10% of cases
have the opportunity to undergo surgical treatment.! Moreover, the overall 5-year sur-
vival rate is <<5%.? This malignancy exhibits a propensity for lymphatic metastasis; the
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incidence of regional lymphatic metastasis at stages Il and 111/
IV is in the range of 19%—62% and 75%—85%, respectively.'**
Thus, lymph node metastasis (LNM) serves as a significant
factor in the prognosis of GBC.’ However, the mechanism of
lymphatic metastasis in GBC is poorly understood.

Studies have confirmed that cancer development and pro-
gression are closely associated with chronic inflammation.®
We previously reported that tumor necrosis factor alpha
(TNF-a), a well-characterized proinflammatory factor,
can activate nuclear factor (NF)-kB-dependent vascular
endothelial growth factor-C (VEGF-C) to enhance lymp-
hangiogenesis in GBC.”® However, the signaling path-
ways that participate in the TNF-a-mediated activation of
NF-xB-dependent VEGF-C are complicated.”!! Therefore,
elucidating the precise molecular mechanism underlying
TNF-o-mediated lymphatic signaling is critical for the clini-
cal treatment of lymphatic metastasis in GBC.

TNF-o can activate death receptors such as TNF-o.
receptor 1 (TNFR1) and TNF-a receptor 2 (TNFR2)."2 Upon
stimulation of TNFR1, receptor-interacting protein 1 (RIP1)
forms a complex with other proteins and factors referred to
as Complex 1.'%'* Furthermore, RIP1 acts as a scaffold for
combination with NF-kB essential modulator (NEMO),
transforming growth factor beta (TGFp)-activated kinase 1
(TAKT), and the TAK1-binding proteins TAB1 and TAB2,
which leads to phosphorylation of inhibitor of NF-xB alpha
(IxBa), as well as degradation and induction of NF-xB-
dependent genetic transcription.'”> However, whether RIP1
participates in the signaling pathways associated with TNF-o.-
mediated VEGF-C expression leading to the enhancement
of lymphangiogenesis in GBC remains unclear.

In the present study, TNF-o dose and time dependently
increased RIP1 mRNA and protein expression in the human
GBC cell lines GBC-SD and NOZ. RIP1 was essential for
TNF-o-mediated NF-xB activation and could regulate TNF-o-
mediated VEGF-C expression at the protein and transcriptional
levels through the NF-xB pathway in GBC cells. Subsequently,
we showed that RIP1 could regulate TNF-a-mediated lymp-
hangiogenesis and lymphatic metastasis in vivo and ex vivo.
Finally, our findings confirmed that expression of the RIP1
protein was linearly associated with that of the TNF-o protein
and the lymphatic vessels in human GBC specimens.

Materials and methods

Cell lines and human specimens

Human dermal lymphatic endothelial cell line (HDLEC,
purchased from ScienCell, San Diego, CA, USA), Jurkat cell
line (purchased from ScienCell), and human GBC cell lines,

including NOZ (purchased from Health Science Research
Resources Bank, Osaka, Japan) and GBC-SD (purchased
from Shanghai Institute of Cell Bank, Chinese Academy
of Sciences) were purchased and cultured as previously
described.'® Thirty GBC samples were obtained from patients
admitted to the Hepatopancreatobiliary Surgery Depart-
ment of Fujian Union Hospital. Written informed consent
was obtained from all patients prior to tumor resection. All
experiments using human specimens were authorized by the
Ethics Review Committee of Fujian Union Hospital.

Quantitative real-time polymerase chain
reaction (QPCR)

Extraction of total RNA was performed using the TRIzol
reagent from Thermo Fisher Scientific (Waltham, MA, USA).
To synthesize complementary DNA, 1 ug of total RNA
extract and a reverse transcription reagent (Thermo Fisher
Scientific) was used. Then, 0.5 UL of the complementary
DNA (cDNA) sample and qPCR Master Mix (Roche,
Indianapolis, IN, USA) were used for quantitative real-time
(RT) PCR with the ABI 7500 RT fluorescent qPCR system
(Applied Biosystems; Thermo Fisher Scientific), according
to the instructions provided with the SYBR® Green reagent.
Each condition was analyzed in triplicate.

Immunoblotting

Immunoblotting analysis was conducted as previously
described.!” The antibodies used in these analyses included
anti-RIP1 (ab72139, 1:1,000; Abcam, Cambridge, UK),
anti-IkBo (ab32518, 1:1,000; Abcam), anti-phospho-IxBo
(ab133462, 1:10,000; Abcam), anti-VEGF-C (ab9546,
1:1,000; Abcam), anti-TAK1 (sc-7967, 1:1,000; Santa
Cruz Biotechnology Inc., Dallas, TX, USA), anti-NEMO
(ab97642, Abcam, 1:1,000), and anti-GAPDH (ab8245,
1:1,000; Abcam). The detected proteins were semiquantified
relative to GAPDH expression in each gel.

Immunoprecipitation

Immunoprecipitation lysis buffer containing a proteasome
inhibitor mix was used to lyse the collected cells for 30 min on
ice. The cell lysates were then centrifuged at 12,000 rpm at 4°C
for 30 min, and the lysate supernatant, which was immunopre-
cipitated with 2 pg of the corresponding antibody and protein
A/G-beads, was slowly shaken and subsequently incubated
overnight in a 4°C refrigerator. After immunoprecipitation, the
protein A/G beads were centrifuged at 3,000 rpm at 4°C for
5 min to collect them at the bottom of the tube. The collected
protein A/G beads were rinsed four times with 1 mL of immu-
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noprecipitation buffer, and the 2x sample-loading buffer was
then added, followed by boiling for 10 min. These samples
were then prepared for further immunoblotting.

siRNA and shRNA

The RIP1 siRNA sequence (5-GCACAAATACGAA
CTTCAA-3") used in this work has been described
previously.'® The IkBot siRNA sequence (GenBank accession
no NM_020529) was synthesized by Suzhou GenePharma
Co, Ltd (Suzhou, People’s Republic of China). Plasmids
containing the shRNA targeting RIP1 or a negative control
were purchased from Suzhou GenePharma Co, Ltd.

Plasmid vectors and transfection

We constructed lentiviral vectors (LV3-H1/GFP&Puro;
GenePharma, Suzhou, People’s Republic of China)
expressing either RIP1-targeting shRNA or a negative
control-targeting shRNA and transduced them into GBC
cells. PcDNA3.1-RIP1 plasmid vectors were previously
constructed in our laboratory.!” The pGL3-Basic and
pRL-TK vectors were purchased from Promega Corporation
(Fitchburg, WI, USA), and the pGL3B-332 vector with the
VEGF-C promoter sequence (—332/+1) was constructed as
previously described.® NF-xB-luc reporter plasmids were
synthesized by the Beyotime Institute of Biotechnology
(Shanghai, People’s Republic of China). Transfection of the
silkBo,, PcDNA3.1-RIP1, pRL-TK, pGL3-Basic, pGL3B-
332, and NF-xB-luc reporter plasmids was conducted in
Opti-MEM medium (Thermo Fisher Scientific) using Lipo-
fectamine reagent (Thermo Fisher Scientific).

Dual-luciferase reporter assay

After cotransfection with the pRL-TK plasmid vector (con-
taining the Renilla and firefly reporter gene) and the NF-xB,
pGL3Basic, or pGL3B-332 (containing the VEGF-C promoter
sequence) luciferase reporter plasmid vectors, the cells were
either stimulated with recombinant human TNF-o. (50 ng/mL)
or left unstimulated for 24 h. Thereafter, the cells were har-
vested and lysed with lysis buffer, and the activity of Renilla
and firefly luciferase was examined with the Dual-Luciferase
Reporter (DLR™) Assay System (Promega Corporation)
using a Glo-Max Microplate Luminometer (Promega Corpo-
ration) according to the manufacturer’s instructions.

Enzyme-linked immunosorbent assay
(ELISA)

The VEGF-C concentration in culture supernatants was
analyzed via an ELISA method using an ELISA kit from

R&D Systems, Inc. (Minneapolis, MN, USA) as previously
described.® A multimode reader (Bio-Rad Laboratories Inc.,
Hercules, CA, USA) was used to read the absorbance at
450 nm. Each measurement was performed in triplicate.

Chromatin immunoprecipitation (ChIP)
ChIP was performed using a ChIP kit from Merck Millipore
(Billerica, MA, USA) as previously described.® First, cells
were cross-linked and fixed with 1% formaldehyde for 10 min
at 37°C in an incubator. Then, 1 M glycine was added for
5 min at room temperature to terminate the reaction, and the
sample was washed with ice-cold PBS 2 times. Thereafter,
the cells were harvested in sodium dodecyl sulfate (SDS) lysis
buffer containing a protease inhibitor cocktail containing phe-
nylmethylsulfonyl fluoride. Then, the chromatin in the cell
lysates was sheared into fragments of 400—-600 bp via ultra-
sonic fragmentation. NF-kB immunoprecipitation reactions
were performed with 5 ng of NF-xB antibody, and rabbit
serum was used as a negative control. The VEGF-C promoter
fragment (—389/-278) containing the NF-kB binding sites
has been previously identified, and it was amplified with the
following primers: F: 5'-gac agg ggc ggg gag gga ga-3" and
R: 5’-ctc act ctc cct cgg aag ceg tet ¢-3.

Lymphangiogenesis assay

The HDLEC tube formation assay was performed as
previously described.? The p-slides (ibidi, Martinsried,
Germany) were previously coated with 10 uL of Matrigel
(BD Biosciences, San Jose, CA, USA) and incubated in a
37°C incubator for 30 min. HDLECs were also previously
labeled with a red fluorescent cell membrane probe (Thermo
Fisher Scientific). Thereafter, GBC cells (7.5 x 10° cells per
well) were cocultured with HDLECs (7.5 x 10° cells per
well) on the Matrigel-based p-slides and polymerized in
serum-free medium with or without 50 ng/mL of TNF-o. in
a 37°C incubator. After 1, 3, 6, 8, and 24 h, tube formation
was photographed under a fluorescence microscope. The data
and images of tube formation were analyzed using Carl Zeiss
Axiovision imaging system Release 4.8 (Carl Zeiss Meditec
AG, Jena, Germany).

Animal experiments

The orthotopic murine transplantation model of GBC was
constructed based on the method described previously.?!
Briefly, about 20 puL cell suspension (containing 4 x 103
cells) mixed with Matrigel was injected into the gallbladder
with a 26G insulin syringe (BD, Franklin Lakes, NJ, USA).
Then, 2 weeks after establishing the xenograft mouse model,
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intraperitoneal injection of recombinant human TNF-o
(2 ug/kg) was performed 2 days a week for 3 weeks. Then, the
mice were sacrificed via decapitation, and the primary tumors
were removed and soaked in formalin liquid for further
hematoxylin and eosin staining and immunohistochemical
assays. All experiments involving GBC xenografts were
authorized by the Ethics Review Committee of Fujian Union
Hospital. Moreover, the animal care procedures and health
program were performed according to the criteria of the
Animal Welfare Act and the Public Health Services “Guide
for the Care and Use of Laboratory Animals”.

Immunohistochemistry

The primary antibodies used for immunohistochemistry
targeted the following proteins: TNF-o. (sc-52746, 1:100;
Santa Cruz Biotechnology Inc.), RIP1 (ab72139, 1:500;
Abcam), D2-40 (1:150; Maixin-Bio, Fuzhou, People’s
Republic of China), and LYVE-1 (AF2125, 1:250;
R&D Systems, Inc). Immunohistochemistry was per-
formed as previously described.' Expression of TNF-o
and RIP1 proteins was semiquantitatively analyzed in
15 visual fields by calculating the average optical den-
sity. The expression of D2-40-positive and LYVE-1-
positive vessels was analyzed as previously described.®

Statistical analyses

The data are expressed as the mean = SEM. Differences
between groups were determined with Student’s #-test.
A p-value of <0.05 was considered significant.

Results
TNF-o. enhances RIPI mRNA and

protein expression in vitro

From previous studies, we found that the Jurkat cell line
was often used in the study of the TNF-0-RIP1 pathway.?*
Therefore, we took the cell line as a positive control group and
first detected the level of RIP1 mRNA by qPCR in the Jurkat
cell line and the GBC lines upon stimulation by TNF-o.. The
results of gPCR showed that TNF-o could dose (the strongest
effect was observed with a concentration of 50 ng/mL) and
time dependently (treated with 50 ng/mL TNF-a) promote the
expression of RIP1 mRNA in GBC cells, just as in the Jurkat
cell line (Figure 1 A and B). We further examined RIP1 protein
levels in the GBC-SD and NOZ cells upon stimulation with
increasing concentrations of TNF-o. as indicated. The results
showed that TNF-o. dose dependently enhanced the expression
of RIP1 protein in GBC-SD and NOZ cells, and the strongest
effect was also observed with a concentration of 50 ng/mL

(Figure 1C and E). We finally measured the expression of the
RIP1 protein in these two cell lines treated with 50 ng/mL of
recombinant human TNF-o for 6, 12, and 24 h, and found that
TNF-o time dependently enhanced RIP1 protein expression
in GBC-SD and NOZ cells (Figure 1D and F).

RIP1 is indispensable for TNF-o-mediated

activation of NF-kB in vitro
To determine whether RIP1 contributes to NF-xB activa-
tion in TNF-oa-stimulated GBC-SD and NOZ cells, we
stably transduced these two cell lines with a lentiviral vector
(LV3-H1/GFP&Puro) expressing RIP1 shRNA (L V-siRIP1)
(Figure 2A) and negative control shRNA (LV-siNC) and
used qPCR and Western blotting to examine RIP1 mRNA
and protein levels in the control, LV-siNC, and LV-siRIP1
cell groups. We found that the levels of RIP1 mRNA and
protein were markedly lower in the LV-siRIP1 group than in
the LV-siNC and control groups (Figure 2B-D).
Furthermore, we explored the function of RIP1 in the
TNF-a-mediated activation of the NF-kB signaling pathway.
We found that NF-xB activation was significantly enhanced
in GBC-SD and NOZ cells upon TNF-a stimulation, and
this enhancement by TNF-o. was markedly abolished in
RIP1-knockdown GBC-SD and NOZ cells (Figure 3A).
Transfection with PcDNA3.1-RIP1 vector in the siRIP1
group reversed the abolished effect of RIP1 knockdown
on the TNF-a-mediated activation of NF-xB (Figure 3A).
Accordingly, the phosphorylation of IkxBo: was also signifi-
cantly enhanced in GBC-SD and NOZ cells upon TNF-o
stimulation, and this enhancement by TNF-o. was also
markedly abolished in RIP1-knockdown GBC-SD and NOZ
cells (Figure 3B). Importantly, when IkBo was co-knocked
down with RIP1 (Figure 3C-E), the inhibitory effect of RIP1
knockdown on the TNF-o-mediated activation of NF-xB
was again reversed (Figure 3F). Moreover, as shown in
Figure 3G, TAK1 and NEMO were coprecipitated with RIP1
in GBC-SD and NOZ cells. These findings further confirmed
the function of RIP1 in the TNF-oa-mediated activation of
the NF-kB signaling pathway in GBC.

RIPI regulates TNF-o-mediated VEGF-C
expression in GBC cells through the
NF-xB pathway

TNF-o can promote the expression of VEGF-C mRNA
and protein in some nontumor cells such as fibroblasts and
rheumatoid synoviocytes.?** In our previous study, we
found that TNF-o had a dramatic impact on the expression
profile of VEGF-C in GBC cells, just as in human lung
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Notes: (A, B) The Jurkat, GBC-SD, and NOZ cells were stimulated with 10, 30, 50, and 100 ng/mL of recombinant human TNF-o. for 24 h. qPCR indicated that TNF-o.
dose and time dependently enhanced RIPI mRNA levels in the three cell lines, and the strongest effect was observed with a concentration of 50 ng/mL. (C, E) The GBC-SD
and NOZ cells were stimulated with 10, 30, 50, and 100 ng/mL of recombinant human TNF-co. for 24 h. Western blotting indicated that TNF-o. dose dependently enhanced
RIPI protein levels, and the strongest effect was observed with a concentration of 50 ng/mL. (D, F) GBC-SD and NOZ cells stimulated with 50 ng/mL of recombinant human
TNF-o for 6, 12, and 24 h. Western blotting indicated that TNF-o. time dependently enhanced RIP| protein levels. A, B, E, F; n=3, mean+SEM; *p<<0.05, **p<<0.01.
Abbreviations: TNF-o, tumor necrosis factor alpha; GBC, gallbladder carcinoma; qPCR, quantitative real-time polymerase chain reaction.

fibroblasts (Figure S1).® Meanwhile, we also found that
TNF-o can activate VEGF-D and CCR7 in GBC cells.'¢2¢
Therefore, we first measured the expression of VEGF-A,
VEGF-C, VEGF-D, and CCR7 mRNA in GBC cells and
RIP1-knockdown GBC cells upon TNF-o stimulation. The
results showed that the VEGF-C mRNA level was markedly

impaired in RIP1-knockdown GBC-SD and NOZ cells,
but VEGF-A, VEGF-D, and CCR7 mRNA levels were not
markedly impaired (Figure S2).

In the present study, we further explored whether RIP1/
NF-xB signaling participates in the TNF-o-mediated expres-
sion of VEGF-C mRNA and protein and confirmed that its
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Notes: (A) LV-siRIP| was transfected into NOZ and GBC-SD cells stably expressing RIPI, and the transfected cells containing green fluorescent protein were analyzed
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respectively, and the results indicated relatively lower mRNA and protein expression in the LV-siRIP| cell group compared with the control and LV-siNC cell groups. C and

D; n=3, mean+SEM; *p<0.05, *<0.01.

Abbreviations: GBC, gallbladder carcinoma; LV, lentivirus; NC, negative control; qPCR, quantitative real-time polymerase chain reaction.

expression was markedly enhanced in GBC-SD and NOZ
cells upon TNF-o stimulation. This enhancement by TNF-o.
was markedly abolished in RIP1-knockdown GBC-SD and
NOZ cells (Figure 4A, C, and D). We further demonstrated
that NF-kB plays a role in TNF-a-mediated VEGF-C expres-
sion based on a significant decrease in VEGF-C mRNA and
protein levels following treatment with Bay-11-7082, an
NF-xB (p65) inhibitor (Figure 4B, E, and F).

Moreover, we examined the promoter activity of VEGF-C
to analyze whether siRIP1 and Bay-11-7082 markedly
impaired TNF-a-mediated VEGF-C expression at the tran-
scriptional level. Indeed, we found that siRIP1 and Bay-11-
7082 markedly impaired the TNF-o-mediated enhancement
of VEGF-C promoter-driven luciferase activity in GBC-SD
and NOZ cells (Figure 4G and H). To determine whether

siRIP1 impaired the TNF-o-enhanced association of NF-xB
with the endogenous VEGF-C promoter region, ChIP analysis
was performed. As shown in Figure 5, TNF-a enhanced the
association of NF-kB with the VEGF-C promoter region in
GBC-SD and NOZ cells, and this enhancement by TNF-o.
was markedly impaired in RIP1-knockdown GBC-SD and
NOZ cells. These observations suggest that TNF-o. mediates
VEGF-C expression through the RIP1/NF-xB pathway in
GBC-SD and NOZ cells.

RIP| regulates TNF-oi-mediated
lymphangiogenesis in HDLEC:s in vitro

We further tested and verified the role of RIP1 in the tube-
forming ability of HDLECs. In our previous study, we have
demonstrated using the MTT assay that 50 ng/mL of TNF-o.
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for 24 h. Transfection of PcDNAZ3.|-RIP| vector into the siRIP| cell groups reversed the impairment of TNF-o.-mediated NF-kB activation. (B) Western blot analyses of RIPI,
ikBa, and p-ikBot expression in protein extracts from the siNC and siRIP cell groups that were stimulated with 50 ng/mL of recombinant human TNF-o or left unstimulated
for 24 h. (C-E) Transfection of silkBo into NOZ or GBC-SD cells effectively inhibited ikBo mRNA and protein expression. (F) NF-kB-luciferase activity assays showed that
knockdown of lkBot could reverse the impairment of TNF-o-mediated NF-kB activation in the siRIPI cell groups. (G) immunoprecipitation analysis showed that TAKI and

NEMO are associated with RIPI. B, C, D and F; n=3, meantSEM; #p<<0.05, ##p<<0.01.

Abbreviations: TNF-o, tumor necrosis factor alpha; GBC, gallbladder carcinoma; IkBa, inhibitor of NF-xB alpha; NEMO, NF-kB essential modulator.

(compared with untreated group) did not affect the growth of
HDLECsS.? Therefore, red fluorescent probe-labeled HDLECs
were cocultured with the established GBC-SD or NOZ cell
groups (control, LV-siNC, and LV-siRIP1) on Matrigel-based
p-slides and then either not stimulated or stimulated with
50 ng/mL of TNF-o from the beginning. Tube formation
was detected 1, 3, 6, 8, and 24 h after coculture initiation.
As shown in Figure 6A and C, the best tube formation effect

occurred 6 h after coculture. In addition, TNF-o. markedly
enhanced the tube-forming ability of HDLECs in the control
and LV-siNC groups, and this enhancement by TNF-o. was
markedly impaired in RIP1-knockdown GBC-SD and NOZ
cells. Importantly, transfection of PcDNA3.1-RIP1 vector
into RIP1-knockdown GBC-SD and NOZ cells could balance
the impaired effect of RIP1 knockdown on TNF-o-mediated
lymphangiogenesis in HDLECs.
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Figure 4 RIP| regulates TNF-o-mediated VEGF-C expression through the NF-xB pathway.

Notes: (A, C, D) The VEGF-C mRNA and protein in the siNC and siRIP| cell groups were extracted and examined via qPCR, Western blotting, and ELISA afterbeing
stimulated with 50 ng/mL of recombinant human TNF-a. or left unstimulated for 24 h. (B, E, F) The qPCR, immunoblotting, and ELISA analyses indicated that Bay-11-7082
abolished the TNF-o-mediated induction of VEGF-C mRNA and protein expression in NOZ and GBC-SD cells. (G, H) Luciferase activity assays showed that siRIP| and Bay-
11-7082 significantly impaired TNF-o-enhanced pGL3B-332 (containing the VEGF-C promoter sequence) luciferase activity. A, B, D, F, G and H; n=3, mean+SEM; *p<<0.05,

#p<0.01.

Abbreviations: TNF-0, tumor necrosis factor alpha; VEGF, vascular endothelial growth factor; qPCR, quantitative real-time polymerase chain reaction; ELISA, enzyme-
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Figure 5 Knockdown of RIP| impaired the TNF-o-enhanced association of NF-kB with the VEGF-C promoter region.

Notes: Chromatin was extracted from the siNC and siRIP| cell groups and sheared after the cells were stimulated with 50 ng/mL of recombinant human TNF-o. or left
unstimulated for 24 h. NF-xB immunoprecipitation reactions were performed with 5 pig of NF-kB antibody; the VEGF-C promoter fragment (-389/-278) containing the
NF-kB binding sites in the immunoprecipitated and the input samples was amplified with the appropriate primers. Rabbit serum was used as a negative control.
Abbreviations: TNF-o, tumor necrosis factor alpha; VEGF, vascular endothelial growth factor; IP, immunoprecipitation.

In addition, to further explore whether the impairment
of the TNF-o-mediated tube-forming ability of HDLECs in
RIP1-knockdown GBC-SD and NOZ cells was related to
decreased VEGF-C protein levels, 50 ng/mL of recombinant
human VEGF-C protein (ab83573, Abcam) was supplemented
into the culture media of RIP1-knockdown GBC-SD and
NOZ cells. As shown in Figure 6B and D, supplementation
with VEGF-C protein reversed the impairment of TNF-c-
mediated tube-forming ability in the RIP1-knockdown
GBC-SD and NOZ cells.

RIP| regulates TNF-oi-mediated
lymphangiogenesis promoting lymphatic
metastasis in GBC in vivo

In addition to our in vitro experiments, we examined the
function of RIP1 in TNF-o-mediated lymphangiogenesis
promoting lymphatic metastasis in vivo. First, we generated
a murine orthotopic transplantation model of GBC using
three established cell groups (NOZ-control, NOZ-L V-siNC,
and NOZ-LV-siRIP1) (Figure 7A). After 2 weeks, the mice
received intra-abdominal injections of 2 pg/kg of recombi-
nant human TNF-o 2 days a week for 3 weeks. Orthotopic
tumor sizes were measured, and the results showed that tumor
sizes were markedly increased in the control and LV-siNC
groups upon TNF-a stimulation; this increase induced by
TNF-o was markedly abolished in RIP1-knockdown NOZ
cells (Figure S3). And lymph node metastases were subse-
quently detected on a gross scale (Figure 7B) and further
confirmed via hematoxylin and eosin staining (Figure 7C).
Additionally, the size of the lymph nodes was measured, and
the result showed that there was no significant difference in
size among the different groups (Figure 7F). Meanwhile,
the lymphatic vessels of the tumors of the nude mice were

examined through immunohistochemical analysis using an
LYVE-1 antibody (Figure 7D). As shown in Figure 7E, the
lymphatic vessel number (LVN) was markedly increased in
the control and LV-siNC groups upon TNF-o stimulation,
and this increase induced by TNF-o was markedly abolished
in RIP1-knockdown NOZ cells. The data on lymphatic vessel
density (LVD) and LNM in the mouse tumors are presented
in Table 1.

Relationships of RIPI with TNF-o and
LVD in clinical GBC specimens

Finally, we explored whether the expression of the RIP1
protein was correlated with that of the TNF-a protein and
with LVD in human GBC tissues. We first examined the
expression of the RIP1 and TNF-a proteins in GBC tissues
using immunohistochemistry (Figure 8A). As shown in
Figure 8B, the average optical density of RIP1 was linearly
related to that of TNF-o in GBC tissues. In addition,
lymphatic vessels, based on D2-40 immunostaining, were
flattened and invaded by GBC cells (Figure 8C), and linear
dependence was also detected between the average optical
density of RIP1 and LVD in GBC tissues (Figure 8D).
Taken together, these results provide evidence of a potential
association of RIP1 protein expression with TNF-o protein
expression and LVD in human GBC tissues.

Discussion

Previous studies have shown that TNF-o-mediated VEGF-C
expression can promote lymphangiogenesis in ovarian cancer
and GBC, and that VEGF-C plays a major role in TNF-c-
mediated lymphangiogenesis in these tissues.®?” Therefore,
anti-VEGF and TNF-o-targeted therapies have been designed
to limit this activity.” However, the overall survival of
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Figure 6 Knockdown of RIP| in GBC cells impaired TNF-o-mediated tube formation in HDLECs.

Notes: Red fluorescent probe-labeled HDLECs were cocultured with the established NOZ or GBC-SD cell groups (control, LV-siNC, and LV-siRIPI) and analyzed using a
fluorescence microscope, and the number of tubes was calculated. (A, C) 50 ng/mL of recombinant human TNF-o. enhanced tube formation in HDLECs, and siRIP| impaired
this enhancement by TNF-c.. Transfection of PcDNA3.1-RIPI vector into LV-siRIP| cells reversed this impairment. (B, D) Supplementation of recombinant human VEGF-C
protein (50 ng/mL) into the LV-siRIPI cell group reversed the impairment of TNF-ci-enhanced tube formation. C and D; n=3, mean+SEM *p<<0.05, **p<<0.01.
Abbreviations: GBC, gallbladder carcinoma; TNF-0, tumor necrosis factor alpha; HDLEC, human dermal lymphatic endothelial cell; LV, lentivirus; NC, negative control;

VEGF, vascular endothelial growth factor.

patients has not significantly improved,* and multitargeted
therapy has become increasingly popular in the development
of new agents.?! Nevertheless, the entire TNF-o. signaling
pathway that regulates lymphangiogenesis and lymphatic
metastasis has not yet been elucidated. RIP1 kinase is a vital
regulator that controls multiple cell processes, including cell
survival, by activating NF-xB, apoptosis, and necroptosis
via the TNF-a signaling pathway.'*!532 In the present study,

we found that TNF-o dose and time dependently increased
RIP1 mRNA and protein expression in the GBC-SD and
NOZ cells (Figure 1). According to our previous work,? the
observed TNF-o-mediated RIP1 mRNA and protein expres-
sion occurred in a similar manner to the upregulation of
NF-xB-dependent VEGF-C by TNF-a in GBC cells. These
findings encouraged us to further explore whether RIP1 acts
as a switch to control the fate of TNF-o—~NF-kB-VEGFC

submit your manuscript

2884

Dove

OncoTargets and Therapy 2018:1 |


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove RIPI regulates TNF-oi-mediated lymphangiogenesis in gallbladder cancer

O
[
-t
L)
=}
E
b r il
(7]
[
o

TNF-o (2 pg/kg)

E F
40 ~ 25 1
£
ok kK
— - T
30 % 201 T =
> = 15
Z @ % i
S 204 3 E
C < 101
a s
10 A
S 51
Ml
0 T T T 0 T T
Control LV-siNC LV-siRIP1 Control LV-siNC  LV-siRIP1
[OJ Unstimulated B TNF-a (2 pg/kg) | O Unstimulated B TNF-a (2 pg/kg)

Figure 7 Knockdown of RIPI in GBC cells impaired TNF-o-mediated lymphatic vessel formation and metastasis in vivo.

Notes: (A) The operation performed in the murine transplantation model of GBC. (a-1) The ventral skin was opened. (a-2) The gallbladder was exposed. (a-3) The
three established cell groups (NOZ-control, NOZ-LV-siNC, and NOZ-LV-siRIP|) were implanted into the gallbladder. (a-4) The nude mice presented with dyscrasia;
scale bars =5 mm. (B) Metastatic lymph nodes (blue arrows) were primarily localized to the hepatoduodenal ligament. (b-1) (=), (b-2) (+, blue arrows); scale bars =5 mm.
(€) Hematoxylin and eosin staining (c-1: 100X, (c-2): 200x): cancer cell invasion (red arrows) was detected via the lymphoid follicles. (D) The tumor lymphatic vessels (red
arrows) were analyzed via immunohistochemical staining using an LYVE-1 antibody (100x). (E) The LVN of the orthotopic xenograft tumors was counted. (F) The size of
the lymph nodes was counted (E and F; n=5, meanSEM). *p<<0.05, **p<<0.01.

Abbreviations: GBC, gallbladder carcinoma; TNF-, tumor necrosis factor alpha; LV, lentivirus; NC, negative control; LVN, lymphatic vessel number.
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Table | LVD and LNM in orthotopic xenograft tumors in nude
mice

Groups Unstimulated TNF-o (2 pglkg)
LVD LNM LVD LNM
Control (NOZ) 11.52+2.01 3/5 20.24+2.20%* 5/5
LV-siNC (NOZ) 10.27+1.87 2/5 21.39+1.98* 4/5
LV-siRIPI (NOZ) 5.02+1.32 1/5 8.98+1.58* 2/5

Note: mean * SD, *p<0.05.
Abbreviations: LVD, lymphatic vessel density; LNM, lymph node metastasis;
TNF-0, tumor necrosis factor alpha; LV, lentivirus; NC, negative control.

axis-mediated lymphangiogenesis and lymphatic metastasis
in GBC.

Whether RIP1 is indispensable for the TNF-o-mediated
activation of NF-xB remains contentious. Filliol et al** and
Wong et al** reported that RIP1 is dispensable for TNF-o.-
mediated NF-kB activation in liver parenchymal cells and
mouse embryonic fibroblasts. However, the present study
demonstrated that RIP1 is crucial for TNF-o-mediated
NF-xB activation in GBC cells. This conclusion is supported
by the following findings: 1) NF-kB-luciferase activity assays
showed that siRIP1 markedly abolished TNF-o-mediated

A High expression

TNF-o.

NF-xB activation, whereas additional RIP1 cDNA reversed
this effect (Figure 3A); 2) knockdown of IkBa can also
reverse the impairment of TNF-o-mediated NF-xB activation
in RIP1-knockdown GBC cells (Figure 3F); and 3) TAK1
and NEMO are physically related to RIP1 (Figure 3G). Our
study was in line with previous findings in melanoma cells®
and hepatic cancer cells.*® However, the mechanisms of the
cell type-dependent activation of NF-kB remain unclear.
Regardless, our findings showed that RIP1 is responsible for
the TNF-o-mediated activation of NF-xB in GBC cells.
Then, we demonstrated that RIP1/NF-xB signaling
contributes to VEGF-C activation in TNF-o.-stimulated GBC
cells. In our study, the results of qPCR, Western blotting,
ELISA, and VEGF-C promoter-luciferase activity assays
showed that knockdown of RIP1 or inhibition of NF-kB
could impair the TNF-o-mediated upregulation of VEGF-C
expression at the translational or transcriptional level. The
relationship between RIP1 and NF-kB in TNF-o signaling
was demonstrated in our study. Therefore, we deduced that
RIP1/NF-kB signaling is required for TNF-a-mediated
VEGF-C expression. Moreover, the results of ChIP assays
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Figure 8 Relationships of RIP| with TNF-ot and LVD in human GBC patients.

(RIP1)

Notes: (A) TNF-o and RIP| protein expression and lymphatic vessel expression in GBC tissues were analyzed using immunohistochemical staining using TNF-o., RIPI, and
D2-40 antibodies, respectively (100x; 200x). (B, D) Relationships of the average optical density of RIP| with optical density of TNF-c; and LVD in the GBC samples. (C)
Lymphatic vessels based on D2-40 immunostaining were flattened and invaded by GBC cells. *p<<0.01.

Abbreviations: TNF-o, tumor necrosis factor alpha; LVD, lymphatic vessel density; GBC, gallbladder carcinoma; r, Spearman’s correlation coefficient.
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showed that siRIP1 markedly abolished TNF-a-enhanced
NF-xB binding to the VEGF-C promoter. This finding further
supported our hypothesis.

Some studies have shown clear defects in [ymphoid system
development and maintenance in RIP1-deficient mice,>*’
indicating that RIP1 significantly influences the development
and maintenance of the lymphoid system.*® However, infor-
mation regarding the role of RIP1 in cancer development is
lacking, as most reports have focused on the roles of RIP1 in
proliferation,*'®* migration,* and invasion.'® The relation-
ship between RIP1 and lymphangiogenesis in cancer cells
has not previously been reported. To evaluate the function of
RIP1 in the tube-forming ability of HDLECs in GBC cells, we
utilized a three-dimensional coculture method in the present
study, and the results showed that knockdown of RIP1 can
impair the TNF-o-mediated increase in tube formation in
HDLECsSs in GBC cells. In addition, supplementation of the
VEGF-C protein into the culture media of RIP1-knockdown
GBC cells reversed the induction of tube formation. These
results indicated that RIP1 has the ability to promote lymp-
hangiogenesis, and this ability is related to VEGF-C levels.
Therefore, this manuscript is the first report showing that
RIP1 can regulate the TNF-a—VEGFC axis-induced lymp-
hangiogenesis in human cancer cells. Moreover, knockdown
of RIP1 inhibited TNF-o-mediated lymphangiogenesis and
lymphatic metastasis in vivo, which further supported our
conclusion based on vitro experiments.

Finally, we explored the correlations of the expression
of the RIP1 protein with that of the TNF-a protein and with
LVD in human GBC patients. TNF-a plays a significant role
in the development of chronic inflammation associated with
tumors.*'*2 Our previous work showed that TNF-o, concen-
tration in the bile of GBC patients is significantly correlated
with LVD in GBC tissue.® Moreover, a prior study found
that RIP1 is highly expressed in melanoma, glioblastoma,
mammary cancer, and GBC tissues.>'34 However, the cor-
relation between the expression of the RIP1 and TNF-a
proteins and LVD in human cancer has not been studied
previously. The research reported herein demonstrated that
the average optical density of RIP1 was linearly associated
with that of TNF-o. and LVD in GBC specimens, based on
immunohistochemistry. These results further supported our
hypothesis regarding the role of RIP1 in TNF-o-mediated
lymphangiogenesis in GBC.

Conclusion

Our study revealed that RIP1 exhibits a specific prosur-
vival function that might regulate TNF-o-mediated lymp-
hangiogenesis and lymphatic metastasis by modulating the

NF-kB-VEGF-C pathway in human GBC. Further studies
aimed at identifying potential drug targets for disrupting the
function of RIP1 could provide a novel therapeutic strategy
to improve GBC treatment.
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Figure S| TNF-o could promote the expression of VEGF-C mRNA in GBC cells, just as in human lung fibroblasts.

Notes: The GBC-SD, NOZ, and human lung fibroblast cells were stimulated with 50 ng/mL of recombinant human TNF-c. for 24 h; qPCR indicated that TNF-o. enhanced
markedly VEGF-C mRNA levels in gallbladder cancer cells and human lung fibroblasts. n=3, mean+SEM; *p<<0.01.

Abbreviations: TNF-0, tumor necrosis factor alpha; VEGF, vascular endothelial growth factor; GBC, gallbladder carcinoma; qPCR, quantitative real-time polymerase chain
reaction.
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Figure S2 The relative expression of VEGF-A, VEGF-C, VEGF-D, and CCR7 mRNA in GBC cells and RIPI-knockdown GBC cells upon TNF-o stimulation.

Notes: The GBC cells were stimulated with 50 ng/mL of recombinant human TNF-o for 24 h. qPCR indicated that VEGF-C mRNA level was markedly impaired in RIPI-
knockdown GBC-SD and NOZ cells, but VEGF-A, VEGF-D, and CCR7 mRNA levels were not markedly impaired. n=3, mean+SEM; *¥p<<0.01.

Abbreviations: VEGF, vascular endothelial growth factor; CCR7, C-C chemokine receptor type 7; GBC, gallbladder carcinoma; TNF-a;, tumor necrosis factor alpha;
qPCR, quantitative real-time polymerase chain reaction.
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Figure S3 Knockdown of RIPI in GBC cells impaired TNF-o-mediated primary tumor growth in vivo.

Notes: After the mice were sacrificed, orthotopic tumor sizes were measured, and the results showed that tumor sizes were markedly increased in the control and LV-siNC
groups upon TNF-o stimulation, and this increase induced by TNF-o. was markedly decreased in RIP1-knockdown NOZ cells. n=5, mean+SEM; *p<<0.05, **p<<0.01.
Abbreviations: GBC, gallbladder carcinoma; TNF-, tumor necrosis factor alpha; LV, lentivirus; NC, negative control.
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