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noma, and even prolong patients’ survival time.

decreased in the peritumor and intratumor region in rapamycin-treated tumors. Expression of
p-4EBP1 and p-S6K1 proteins was downregulated. Expression of both proteins and mRNAs
of VEGF-A/VEGFR-2 and VEGF-C/VEGFR-3 was downregulated.

Conclusion: In conclusion, rapamycin suppresses angiogenesis and lymphangiogenesis in
melanoma by blocking the mTOR signal pathway and subsequently downregulating the
expression of VEGF-A/VEGFR-2 and VEGF-C/VEGFR-3. Therefore, targeted therapy via
mTOR signal pathway may control the hematogenous and lymphatic metastasis of mela-
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develops within a few months, and limits responses or
shorten the duration of response. Tumor metastasis and
aggravation are still unavoidable in most patients. Hence,
new approaches or combination therapies are still indis-
pensable to improve the prognosis of melanoma patients.

The spread of a malignant tumor from its primary site
occurs by three main patterns: direct spread, hematogenous
metastasis, and lymphatic metastasis.* For melanoma, lym-
phatic dissemination in regional lymph nodes or by lymph
node metastases is the most common approach, and often
occurs in an early stage;® however, hematogenous metastasis
usually occurs in advanced lesions and is unpredictable. In
theory, the proliferation and growth of new blood vessel
capillaries is the premise of hematogenous metastasis, as are
new lymphatic capillary and lymphatic metastasis. Therefore,
the inhibition of the formation of blood vessels and lymphatic
vessels may block the hematogenous and lymphatic metastasis
and even prolong the patients’ survival time.

Studies have investigated the mechanism of tumor-
induced angiogenesis and lymphangiogenesis and revealed
some clues. But this is quite a complex process and is
not completely clear.’® mTOR (mammalian target of rapa-
mycin) signaling pathway has wide effects, such as modu-
lating cell growth and angiogenesis. Its abnormal activation
correlates with many disorders, including melanoma.’
Rapamycin (also called sirolimus), an mTOR inhibitor,
was first approved to prevent immunorejection post-renal
transplantation.® Owing to its wide effects on the mTOR
signal pathway, more properties of rapamycin have been
revealed, including anti-angiogenesis and anti-
lymphangiogenesis.”'® Huber identified that rapamycin
delayed wound healing by impeding regenerative lymphan-
giogenesis in a skin flap model and suppressed lymphatic
proliferation in a lymphangioma model.'' Rapamycin also
significantly decreases the number and area of lymphatic
vessels in a murine pancreatic tumor model.* In clinical
trials, more and more evidence verified that rapamycin
was a novel effective drug for complex vascular anomalies,
such as capillary-lymphatic-venous malformation.'?

According to the above studies, we supposed that rapa-
mycin may have  anti-angiogenic and  anti-
lymphangiogenic effects on melanoma, and reduce the
probability of hematogenous metastasis and lymphatic
metastasis. In this study, we established a melanoma xeno-
graft model in immunodeficient mice to verify our hypoth-
esis. The results might be the preliminary evidence for
a new targeted therapy of melanoma via the mTOR signal-

ing pathway.

Materials and methods

Establishment of melanoma xenograft model
A375 human melanoma cells (SCSP-533) were purchased
from Cell Bank of the Chinese Academy of Sciences (ATCC
number: CRL-1619"™, Shanghai, People's Republic of
China), cultured in Dulbecco’s modified Eagle’s medium-
high glucose (DMEM-HG) (SH30022.01, HyClone (US),
Thermo Fisher Scientific, Waltham, MA, USA)/10% FBS
(SH30042.01B, HyClone (US)) supplemented with 1xPG
(100 U/mL penicillin, 100 pg/mL gentamycin). Cells were
trypsinized by 0.25% trypsin solution (SH30042.01,
HyClone (US)), resuspended with PBS to prepare single-
cell suspension, then subcutaneously injected into both
sides of the back of 6-week-old, male athymic nu/nu mice
(Jinling Hospital, Nanjing, Jiangsu, People's Republic of
China) (2x10° cells/200 pL suspension per animal). Four
weeks later, mice were sacrificed and the tumors were har-
vested. The samples were fixed in 10% nelutral buffered
formalin for 24 h, embedded in paraffin and prepared with
4-pm-thick sections. Hematoxylin-eosin (H-E) and immuno-
histochemical (IHC) staining were performed to observe the
pathological structure and the expression of melanoma-
related antigens S-100, HMB-45 and Melan-A.

Experimental treatment with rapamycin
Two groups were set up (n=3/group, the rapamycin-treated
group and the NS-controlled group). Melanoma xenograft
model was established as described above. Each group had
six tumors. Two weeks after transplantation, experimental
treatment was started by intraperitoneally injecting
100 pL rapamycin solution (1.5 mg/kg, IPA1021-0010MG,
Gene Operation) or NS every other day for seven times. The
volume of the tumors (mm?*) was monitored by measuring the
major axis and minor axis every other day and calculating with
the formula: volume=lengthxwidth*x7/6. Another two weeks
later, mice were sacrificed, and tumors were harvested and
bisected. Half of the samples were fixed in 10% neutral buf-
fered formalin for IHC or immunofluorescence(IF) staining.
The remaining parts were frozen by liquid nitrogen for Western
blot or PCR analysis.

Observation of blood vessels and

lymphatic vessels in and around tumor

CD34 and LYVE-1 were used as the antigen markers of
the endothelium of blood vessel and lymphatic vessel,
respectively. THC and IF staining were performed to
observe the expression of CD34 and LYVE-1 in the
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peritumor and intratumor region. Stained sections were
40x with
a microscope. The images were combined into a whole

photographed  under magnification
tumor cross-sectional image by Photoshop CS Software
(version 8.0.1, Adobe Systems Incorporated, San Jose,
CA, USA). Then, the circumference and area of the
tumor section were calculated (Figure 3C). CD34(+)
blood vessels and LYVE-1(+) lymphatic vessels in the
peritumor region (the capsule of tumor) and the intratumor
region were observed and counted by two pathologists
three times under 100x magnification with a microscope.
Finally, peritumor ABVD (average blood vessels density)
or ALVD (average lymphatic vessels density) was
obtained with the number of peritumor blood or lymphatic
divided by tumor section’s
Intratumor ABVD and ALVD were obtained as the num-
ber of intratumor blood or lymphatic vessels divided by

vessels circumference.

the area of tumor section.

Expression of mTOR signaling pathway in

tumors
In order to verify that rapamycin blocked the mTOR
signaling pathway, Western blot was conducted to detect

the expression of mTOR and its downstream signals
S6K1, p-S6K1, 4E-BP1, and p-4E-BP1 in tumors.

Expression of VEGF-A/VEGFR-2 and
VEGF-C/VEGFR-3 in tumors

In order to investigate the possible mechanism of rapamy-
cin’s anti-angiogenic and anti-lymphangiogenic properties,
Western blot and quantitative PCR were conducted to detect
the expression of both proteins and mRNAs of VEGF-A/
VEGFR-2 and VEGF-C/VEGFR-3, which are closely
related to tumor angiogenesis and lymphangiogenesis.

Methods used in this study

Immunohistochemical staining (IHC staining)
Antigen retrieval was done by immersing 4 pm-thick sec-
tions into 0.1 mol/L citrate (pH 6.0) and incubating in an
800-W microwave oven for 15 min. Maxvision™™ IHC kit
and DAB kit (KIT-5001 and DAB-0031, Maixin Biotech.,
Fuzhou, People's Republic of China) were used according
to the manufacturer’s instructions. The sections were
blocked for 30 min in 5% serum and incubated by the
antibodies mouse anti-human S-100 (Kit-0007, Maixin
Biotech), HMB-45 (MABO0098, Maixin Biotech), Melan-
A (MABO0275, Maixin Biotech), and rabbit anti-murine

LYVE-1 (DP3513P, Acris Antibodies, Rockville, MD,
USA), CD34 (ab81289, Abcam, Cambridge, UK) antibo-
dies, then incubated by the second antibodies. Positive
IHC staining showed brown-yellow or brown granules in
the cytoplasm or extracellular matrix. PBS was used to
replace the first antibodies in the blank control.

Immunofluorescence staining

The 4 pm-thick paraffin-embedded sections were deparaffi-
nized, dehydrated, processed with antigen retrieval, and
incubated with the first antibodies for 24 h as described
above. The first antibodies included rabbit anti-murine
LYVE-1 (DP3513P, Acris Antibodies) and CD34
(ab81289, Abcam) antibodies. Subsequent fluorescence
labeling was performed with Alexa Fluor® 488 donkey anti-
mouse IgG antibodies (A-21202, Invitrogen, USA) for half
an hour. Nuclei were counterstained by DAPI (D-21490,
Invitrogen, Thermo Fisher Scientific). Isotype controls
were done with rabbit polyclonal IgG (ab37415, Abcam).
Fluorescent sections were observed with a fluorescence
microscope, taken photos by digital microscope camera.

Western blot analysis

Soluble proteins were extracted by homogenized and lysed in
the ice-cold lysis buffer (P0013C, Beyotime Biotechnology,
Shanghai, China), with freshly added protease inhibitor and
phosphatase inhibitor. Protein concentration was determined
by a Bio-Rad Protein Assay kit (5000002 Bio-Rad,
Laboratories, Hercules, CA, USA). Then, proteins were sepa-
rated on SDS-PAGE and transferred onto a polyvinylidene
difluoride membrane. Membranes were incubated overnight at
4°C with the first antibodies, followed by the goat-anti-rabbit
IgG-HRP second antibody (BLO03A, Biosharp, USA) for 1
h at room temperature, and autoradiographed at —65°C by
Automatic Chemiluminescence Image Analysis System
(4600SF, Tanon, Shanghai, People's Republic of China) with
ECL Western blot Substrate (180-501, Tanon, Shanghai,
People's Republic ofChina) finally. Electrophorograms were
semi-quantitatively analyzed by the software Image J.

The first antibodies included rabbit anti-human mTOR
(#2983, Cell Signaling Technology, Danvers, MA, USA),
S6K1 (ab32359, Abcam), 4E-BP1 (ab2606, Abcam), phos-
pho-S6K1 (p-p70S6K Thr389) (#9234, Cell Signaling
Technology), phospho-4EBP1 (#9455, Cell Signaling
Technology), VEGF-A TA324012 (OriGene, Rockville,
MD, USA), VEGF-C (TA321716, OriGene), and rabbit anti-
mouse VEGFR-2 (#9698, Cell Signaling Technology),
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VEGFR-3 (ab27278, Abcam), GAPDH (10494-1-AP,
Proteintech, Manchester, UK) antibodies.

Quantitative real time polymerase chain

reaction (QPCR)

In briefly, total RNA was extracted by Trizol total RNA isola-
tion kit (3101-100, Shanghai Pufei Biotech Co., Ltd,
Shanghai, People's Republic of China), and reverse transcrip-
tion was done to get cDNA by M-MLV RT kit (M1705,
Promega Corporation, Fitchburg, WI, USA) according to the
manufacturer’s instructions. The sequences of primers and
product length were as shown in Table 1. PCR reaction system
includes 6.0 pL SYBR premix ex taq (DRR041B, Takara Bio,
Kusatsu, Japan), 0.5 pL upstream primer (5 pM), 0.5
pL downstream primer (5 uM), 1.0 pL. of reverse transcription
product, and 4.0 uL of RNase-Free H,O. Two-step PCR
reactions were performed with the following temperature set-
tings: 95°C for 30 s; then 95°C for 5 s and 60°C for 30 s, 40
cycles; and 95°C for 15 s, 60°C for 30 s, 95°C for 15 s. Size of
the PCR products was examined by running 5 pLL products on
3% agarose gel. In the analysis of data, the relative expression
of genes was showed as 2 AACt (ACt = Cligeted gene -
Clinternal genes “AACt =ACteontral ZrOUP - ACtexperimental group)-

Statistical analysis

Statistical analyses were performed with GraphPad Prism
software (version 7.0, GraphPad Software, Inc., La Jolla,
CA, USA). Data were expressed as mean = SD and ana-
lyzed by Student’s two-tailed #-test where appropriate. In
case of non-normal distribution, the Mann—Whitney U test
was used instead. p<0.05 was considered statistically
significant.

Table | Primers and probes for quantitative RT-PCR

Ethical statement

This animal study was approved by the Ethics Committee
of Jinling Hospital and was carried out in strict accordance
with the recommendations in the Guide for the Care and
Use of Laboratory Animals of the National Institutes of
Health, USA. Animals were maintained under pathogen-
free conditions and given free access to both food and
water in a temperature- and light-controlled animal facility
with a 12 h light/dark cycle, and the temperature was kept
at 23+£3°C with a relative humidity of 50%=+10%. The
animals were allowed to adapt to their food and environ-
ment for 1 week before starting the experiment.

Results
Establishment of melanoma xenograft

model

A375 cells had an epithelial-like appearance in culture. The
growth curve had a doubling time of about 2-3 days
(Figure 1A). Two weeks after cell transplantation, tumors
appeared as subcutaneously palpable nodules. Tumors were
harvested four weeks after transplantation (Figure 1B).
H-E staining showed that tumors were nodular, and surrounded
by a complete capsule. Melanoma cells were closely displayed
with loss of polarity. The nuclei were abnormally large with
aberrant mitosis (Figure 1C). IHC staining showed the expres-
sion of S-100, but no HMB-45 or Melan-A (Figure 1D), which
was consistent with Marincola’s results."

Inhibition of the growth of melanoma

After the beginning of rapamycin treatment, the volume of
tumors was measured every other day. On day 28, tumors
were harvested. In the NS-controlled group, skin ulcer
occurred over 5/6 tumors. In the rapamycin-treated group,

Genes Primers(5’-3’) Product length (bp)
GAPDH Forward TGGTGAAGGTCGGTGTGAAC 231
Reverse GCTCCTGGAAGATGGTGATGG
VEGFC Forward GCCCCTGAATCCTGGGAAAT 129
Reverse TGCTTCAGTCGATTCGCACA
VEGFR-3 Forward TAGCTCGTGGGTAGCTGTCT 154
Reverse TCTTTACAACAGCGCCCGAT
VEGFA Forward CTACTGCCGTCCGATTGAG 196
Reverse CTGGCTTTGGTGAGGTTTG
VEGFR-2 Forward CTGCGCTCACCTCCTGTTTA 130
Reverse AATGTGGCTACTTCCGGGTG
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A375 cells Harvesting cells

Subcutaneous injection

Growth curve
- A375

Figure | Establishment of melanoma xenograft model in immunodeficient mice. (A) A375 cells cultured in vitro and the growth curve. (B) Cells were trypsinized,
resuspended, and injected into both sides of the back of immunodeficient mice. Four weeks later, the tumors were harvested. (C) H-E staining showed the pathological
structure of the tumor. (D) IHC staining showed the expression of S-100, but no HMB-45 or Melan-A. Scale bar: 200 pm.

ulcers occurred over 2/6 tumors (Figure 2A). The growth
curve showed lower growth in the rapamycin-treated group
than in the NS-controlled group (Figure 2B). The volume of
tumors on day 28 in the rapamycin-treated group was
obviously smaller than that in the NS-controlled group
(73.014£102 mm® vs 104.051£15.679 mm’, p<0.05). In
H-E staining, coagulational necrosis appeared in almost all
tumors, with a relative larger area of necrosis in NS-
controlled tumors (Figure 2C).

Decrease of blood vessels in and around

tumor
In H-E staining, there were many erythrocyte-filled channels
in and around the tumor (Figure 3A). IF and IHC staining

show the expression of CD34 in the endothelium of the
channels (Figure 3B and D), which suggested these channels
were blood vessels. In IHC staining, CD34(+) vessels in the
NS-controlled group were more than in the rapamycin-treated
group (Figure 3D). The circumference and area of tumor
cross-section were measured (Figure 3D). The number of
CD34(+) vessels in the peritumor and intratumor region
were calculated (Figure 3D). Then, ABVD was obtained.
The results showed that both peritumor ABVD and intratumor
ABVD of the rapamycin-treated group were obviously lower
than that of the N'S-controlled group (peritumor ABVD: 2.34
+0.37 vs 4.1240.39, P<<0.05; intratumor ABVD: 6.30+0.38
vs 10.06+0.49, P<<0.05) (Figure 3E). This suggested the anti-
angiogenic effect of rapamycin in melanoma.
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Figure 2 Rapamycin suppressed the growth of the tumor. (A) Overview of the mice and tumors showed the ulcer over 5/6 melanomas in NS-controlled group and 2/6
melanomas in the rapamycin-treated group. (B) Growth curve showed lower growth in the rapamycin-treated group than that in the NS-controlled group. (C) H-E staining
showed a larger area of necrosis in NS-controlled tumors. Scale bar: 200 pm. *p<0.05.

Abbreviations: H-E, hematoxylin-eosin; NS, normal saline.

Decrease of lymphatic vessels in and

around tumor

IF and THC staining showed LY VE-1(+) lymphatic vessels in
and around the tumor (Figure 4A and C). In IHC staining,
LYVE-1(+) vessels mainly exist in the peritumoral capsule. In
the tumor, LYVE-1(+) vessels existed in the peripheral region
or mesenchyma where blood vessels were rich (Figure 4C).
Measurement and calculation showed that both the peritumor
ALVD and intratumor ALVD of the rapamycin-treated group
were significantly lower than that of NS-controlled group
(peritumor ALVD: 0.44+0.25 vs 1.39+£0.42, P<<0.05; intratu-
mor ALVD: 0.75£0.15 vs 2.08+1.41, P<<0.05) (Figure 4B).
This indicates rapamycin potently suppressed the peritumor
and intratumor lymphangiogenesis in melanoma.

Blockade of mTOR signaling pathway
Rapamycin is an mTOR inhibitor so we further observed
the effects of rapamycin on mTOR signaling pathway in
melanoma. Western blot and semi-quantitative analysis
revealed the significant downregulated expression of
p-S6K1 and p-4EBP1 in the rapamycin-treated group
(P<<0.05), but no obvious changes in the expression in
mTOR, S6K1, and 4EBP1 (Figure SA and B). The results
suggested that rapamycin blocked the activation of the
mTOR signaling pathway in melanoma.

Downregulated expression of VEGF-A/

VEGFR-2 and VEGF-C/VEGFR-3
VEGF-A/VEGFR-2 and VEGF-C/VEGFR-3 are closely
involved in angiogenesis and lymphangiogenesis. The
above results observed the decreased blood vessels and
lymphatic vessels in and around the tumor, so we investi-
gated the expression of VEGF-A/VEGFR-2 and VEGF-C/
VEGFR-3 in the tumor. Western blot and quantitative PCR
confirmed the obviously decreased expression of both
proteins and mRNAs of VEGF-A/VEGFR-2 and VEGF-
C/VEGFR-3 in the rapamycin-treated group (Figure 6),
with large a decrease in the expression of VEGF-C/
VEGFR-3 proteins and VEGF-A/VEGF-C mRNAs
(P<0.01) (Figure 6B and C).

Discussion

Melanoma tends to metastasize in the early stage, which is
the main cause for its poor prognosis. So, inhibiting its
early metastasis is an effective approach to prolong
patients’ survival time. As described in the Introduction,
lymphatic metastasis is common and occurs in early mel-
anomas. Hematogenous metastasis always occurs in
advanced melanomas and is unpredictable, as in lung and
brain metastasis. Hence, it is a promising and effective

way to restrict tumor metastasis by suppressing tumor
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Figure 3 Rapamycin decreased the number of blood vessels in and around the tumor. (A) H-E staining showed many erythrocytes-filled channels in and around the tumor.
(B) IF staining showed CD34(+) vessels in and around the tumor. (C-D) Representative images of IHC staining showed CD34(+) vessels in NS-controlled group were more
than that in the rapamycin-treated group. The circumference and area of tumor cross-section were measured. (E) Both peritumor ABVD and intratumor ABVD of the
rapamycin-treated group were obviously lower than that of NS-controlled group (p<<0.05). Scale bar: 200 pm. *p<0.05.

Abbreviations: H-E, hematoxylin-eosin; IF, immunofluorescence; IHC, immunohistochemical; NS, normal saline.

angiogenesis or lymphangiogenesis, reducing blood vessel
or lymphatic vessel formation.

Compared with the numerous studies on angiogenesis,
the study on normal or tumor-induced lymphangiogenesis
is lagging behind. In recent years, several antigen markers
of lymphatic endothelium were discovered, such as LY VE-
1, D2-40, PROX-1, and VEGFR-3, which distinguish the
lymphatic vessels from blood vessels. A series of signaling
pathways were revealed, including VEGF-C/VEGFR-3
(related to LEC sprouting), PDPN/CLEC2 (related to the
detachment of lymphatic system and vascular system),
FOXC2-calcineurin/NFATC1 (related to the maturation
of lymphatic vessel and the formation of valve), and
BMP-9/ALK1 (related to the maturation of capillary
lymph duct). Targeted intervention in the above signaling
pathway may block the development of lymphatic vessels.

Rapamycin and its derivatives were reported to have
antitumor properties. The mechanism included inhibiting
the growth of tumor and anti-angiogenesis.'* ' In vivo
or in vitro studies showed dose-dependent effects of
rapamycin on the growth of breast cancer, pancreatic
cancer, small cell lung cancer, liver cancer, etc. In this
study, rapamycin potently inhibited the growth of mela-
noma in a xenograft model. Observation by IHC staining
found the obviously decreased blood vessels in and
around the tumor, which was consistent with the anti-
angiogenic effects of rapamycin in other tumors.'’
Further detection by Western blot and Q-PCR revealed
the downregulated expression of VEGF-A/VEGFR-2
proteins and mRNAs, which may account for the
decrease of blood vessels in the tumor. Of course, rapa-
mycin’s anti-angiogenic effect not only contributes to the

OncoTargets and Therapy 2019:12

submit your manuscript

4649

Dove


http://www.dovepress.com
http://www.dovepress.com

Wang et al

Dove

Intra-tumor

Peri-tumor

b 6_ * *
= | i
< L]
a) —_
S g4
2E |
§ 5
N — -
o £ 2 o :
®TE {7 -
m -~ . A .
L — ——
Q. LYY
I 0 T T . .
Eny NS Rapa NS Rapa
Peri-tumor Intra-tumor
Peri-tumor Intra-tumor
Marginal Mesenchymal

NS

Rapamycin

Figure 4 Rapamycin decreased the number of lymphatic vessels in and around the tumor. (A

(3 )
] l;,'

S L
s
& whhg |
.

* r 3

giend
e

and C) IF and IHC staining showed LYVE-1(+) lymphatic vessels in and around the

tumor. White arrows represent lymphatic vessels. (B) Measurement and calculation showed that both the peritumor ALVD and intratumor ALVD of the rapamycin-treated group
were significantly reduced (p<<0.05). (C) Representative images showed LYVE-1(+) vessels mainly exist in the peritumoral capsule. In the tumor, LYVE-1(+) vessels existed in the

peripheral region or mesenchyma where blood vessels were rich. Scale bar: 200 pm. *p<0.05.

Abbreviations: H-E, hematoxylin-eosin; IF, immunofluorescence; IHC, immunohistochemical; NS, normal saline; BV, blood vessels; LV, Imphatic vessels.
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expression of p-S6K| and p-4EBPI in the rapamycin-treated group (p<<0.05), but no obvious changes in the expression in mTOR, Sé6K |, 4EBPI. *p<0.05.
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Figure 6 Rapamycin downregulated the expression of VEGF-A/VEGFR-2 and VEGF-C/VEGFR-3. (A and B) Western blot and semi-quantitative analysis showed the
obviously decreased expression of VEGF-A/VEGFR-2 and VEGF-C/VEGFR-3 proteins in the rapamycin-treated group (p<<0.05), with a large decrease in the expression of
VEGF-C/VEGFR-3 proteins (p<0.01). (C) Quantitative PCR showed the obviously decreased expression of VEGF-A/VEGFR-2 and VEGF-C/VEGFR-3 mRNA in the
rapamycin-treated group (p<<0.05), with a large decrease in the expression of VEGF-A/VEGF-C mRNAs (p<0.01). *p<0.05.

inhibition of tumor growth but also helps to prevent
hematogenous metastasis.

ALVD is an important indicator for malignant tumor
due to its close correlation with lymph node metastases,
lymphovascular invasion, and the prognosis. Peritumor
ALVD is more valuable than intratumor ALVD.>'®
Peritumor lymphatic vessels are expanded, open and func-
tional, while intratumor lymphatic vessels are atrophic,
closed and non-functional.'® In this study, we observed
that lymphatic vessels were more likely to appear in the
margin of tumor or in the mesenchymal where blood
supply was rich. This distribution pattern may reflect the
origin of lymphatic vessels. Lymphatic vessels originate
from veins during embryonic development and then
undergo extensive expansion and remodeling to form
a hierarchical, mature vessel network.!® But the mechan-
ism of tumor-induced lymphangiogenesis is still unclear.
Maybe it depends on the sprouting of preexisting post-
capillary venules, bone marrow-derived progenitor
endothelial cells, or the tumor-associated macrophages
(TAMs).2° Obviously, the decrease of lymphatic vessels
in and around the tumor may reduce the possibility of
lymphatic metastasis.

VEGFs and VEGFRs play a leading role in regulating the
formation of blood and lymphatic vessels.”' Among them, the

VEGF-C/VEGFR-3 axis is considered as the most crucial
signaling pathway in lymphangiogenesis.**>'***%* In tumors,
VEGF-C is secreted by the tumor cells and TAMs. Its high
expression is an indicator of tumor progression.>**
VEGFR-3, predominantly expressed on LECs, is a receptor
with high affinity to VEGF-C and VEGF-D. VEGF-C contacts
with VEGFR-3, triggers the activation of intracellular down-
stream signal transduction, and eventually induces the forma-
tion of lymphatic vessels. VEGF-C and VEGFR-3 were
intensely expressed in many malignant tumors, such as mela-
noma, thyroid carcinoma, breast cancer, and colorectal
cancer”®?® So, blockade of the activity of VEGF-C/
VEGFR-3 signal transduction in tumors can inhibit tumor-
induced lymphangiogenesis. He reported that the use of
VEGFR-3-Ig (binds VEGF-C and then inhibits VEGFR-3
signaling) effectively inhibited lymphangiogenesis in tumor
and suppressed the metastasis to regional lymph nodes.*® Lee
reported that injection of MAZS51 (the antagonist of VEGFR-3)
retarded melanoma’s metastasis to lung.*' In our study, rapa-
myecin potently suppressed the expression of both proteins and
mRNAs of VEGF-C and VEGFR-3. This may account for the
decrease of lymphatic vessels in tumors.

In 2007, Kobayashi reported that rapamycin suppressed
lymphangiogenesis and lymphatic metastasis in a pancreatic
xenograft model.* In 2012, Luo confirmed that rapamycin
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Figure 7 Potential mechanism of rapamycin’s anti-angiogenic and anti-lymphangiogenic effects in melanoma. Rapamycin blocks the mTOR signaling pathway in melanoma
cells and leads to the decrease of the secretion of VEGF-A and VEGF-C. Rapamycin also blocks the mTOR signaling pathway in ECs or LECs and leads to the decrease of the
expression of VEGFR-2 and VEGFR-3. Therefore, inhibition of both the VEGF-A/VEGFR-2 axis and the VEGF-C/VEGFR-3 axis results in the suppressed angiogenesis and

lymphangiogenesis in the tumor.

inhibited lymphatic endothelial cell tube formation via
down-regulating VEGFR-3 expression.'® In 2015, Chen
demonstrated that lymphangiogenesis in gastric cancer
was regulated through the Akt/mTOR-VEGF-C/VEGF-D
axis.*>> In our study, rapamycin treatment also obviously
reduced the expression of p-S6KI1 and p-4EBPI1, which
meant the blockade of the mTOR signaling pathway.
PI3K/Akt/mTOR and the downstream S6K1 and 4EBP1
are involved in extensive impacts. Abnormal activation of
them led to the occurrence of a series of diseases, including
vascular anomalies.®>>* But, to date, it is unknown what
occurs between the mTOR signaling pathway and angio-
genesis or lymphangiogenesis.

Altogether, our study demonstrates rapamycin sup-
presses angiogenesis and lymphangiogenesis in melanoma
by blocking mTOR signaling pathway and subsequently
downregulating the expression of VEGF-A/VEGFR-2 and

VEGF-C/VEGFR-3 (Figure 7). Although rapamycin has
been used to treat melanoma resistant to BRAF inhibitors,
our results provide more evidence for the clinical applica-
tion of rapamycin in melanoma, based on its anti-
angiogenic and anti-lymphangiogenic properties. Targeted
therapy via the mTOR signaling pathway may control the
hematogenous and lymphatic metastasis of melanoma, and
even prolong patients’ survival time.
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