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Abstract
Tumor lymphangiogenesis has been previously documented to predict regional lymph node metastasis and
promote the spread to distant organs. However, the underlying mechanism initiating tumor lymphangiogenesis
remains unclear. Here we described a novel role of tumor cell-derived Lysyl Oxidase-like protein 2 (LOXL2) in
promoting lymphangiogenesis and lymph node metastasis in breast cancer. Immunohistochemistry (IHC) analysis
of samples from breast cancer patients showed that the expression of LOXL2 was positively correlated with
lymphatic vessel density and breast cancer malignancy. In animal studies, LOXL2-overexpressing breast cancer
cells significantly increased lymphangiogenesis and lymph node metastasis, whereas knockdown of LOXL2
suppressed both processes. In order to study the mechanisms of lymphangiogenesis progression, we performed
further in vitro investigations and the data revealed that LOXL2 significantly enhanced lymphatic endothelial cells
(LECs) invasion and tube formation through directly activation of the Akt-Snail and Erk pathways. Moreover, LOXL2
also stimulated fibroblasts to secrete high level of pro- lymphangiogenic factors VEGF-C and SDF-1α. Taken
together, our study elucidates a novel function of tumor cell secreted LOXL2 in lymphangiogenesis and lymph
node metastasis, demonstrating that LOXL2 serves as a promising target for anti-lymphangiogenesis and anti-
metastasis therapies for breast cancer.
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etastasis accounts for more than 90% of cancer patients' mortality
]. Although there are multiple mechanisms governing tumor
etastasis, the main pathways for tumor cells gaining accesses to
rculation are through the blood and lymphatic vessels [2]. Unlike
ood vessels, lymphatic vessels are constructed by a single layer of
dothelial cells, lacking basement membrane, pericytes or smooth
uscle cells, which makes them easier for tumor cells intravasation
]. Evidenced by numerous preclinical researches and clinicopath-
ogical studies, most epithelial cancers, especially breast cancers,
eferentially use lymphatic vessels as the initial route for metastasis to
jacent lymph nodes [4]. Recent studies have demonstrated that
mor lymphangiogenesis is correlated with the incidence of primary
mor metastasis to the sentinel lymph node, and thereby facilitates
etastasis to distant organs [5]. Therefore, inhibition of tumor
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mphangiogenesis has been considered as a promising therapy for
ocking tumor metastasis [6].
Lymphangiogenesis, the generation of new vessels from preexisting
mphatic vessels, involves the proliferation, migration, and sprouting
lymphatic endothelial cells (LECs) [7]. The best-known pro-

mphangiogenic factors are vascular endothelial growth factor-C and
(VEGF-C and VEGF-D), which can bind to vascular endothelial

owth factor receptor 3 (VEGFR3) on the LECs surface, and
gnificantly enhance lymphangiogenic activities of LECs [8,9].
verexpression of VEGF-C in transgenic mice is accompanied by
ecific hyperplasia of the lymphatic network [10]. In addition, other
ctors have also been found to facilitate lymphangiogenesis, such as
EGF-A [11] and stromal cell derived factor-1 (SDF-1α) [12].
evertheless, the molecular mechanisms of tumor lymphangiogenesis
main largely elusive and merit further investigations.
Lysyl oxidase-like protein 2 (LOXL2) belongs to the lysyl oxidase
OX) family, which is composed of five members (LOX and four
lated enzymes, LOXL1–4) [13]. All the members in this family can
secreted to the extracellular milieu, where they catalyze the

valent cross-linking of collagen and elastin, and contribute to the
tracellular matrix synthesis and stabilization [14]. Many studies
owed that LOXL2 expression is upregulated in invasive cancer cells
vitro and associated with poor overall survival in breast cancer,
stric cancer, skin cancer, and colon carcinoma [15–19]. LOXL2
omotes tumor invasion and metastasis through multiple ways,
cluding epithelial-mesenchymal transitions [19–21], regulating
llular polarity [22], and establishing premetastatic niches by
ducing the deposition of collagen and accelerating recruitment of
ne marrow derived cells [23]. Neufeld and his colleagues reported
at overexpression of LOXL2 in MCF-7 breast cancer cells induces a
ift from non-invasive to invasive phenotype, accompanied by
tensive deposition of collagen fibers in tumors [15]. Barkan and
lleagues demonstrated that LOXL2 endows dormant tumor cells
ith a stem-like phenotype and mediates their transition to
oliferative state [24].
Since both LOXL2 and lymphangiogenesis are crucial players in
e dissemination of cancer cells and associated with a poor prognosis,
e are prompted to investigate whether LOXL2 could contribute to
e sophisticated coordination of lymphangiogenesis. In this study,
e demonstrated the roles of LOXL2 as a novel pro- lymphangio-
nic regulator in breast cancer and revealed that the expression of
OXL2 was positively correlated with lymphatic vessel density and
mph node metastasis. Our work provides new insights into the
velopment of novel drugs targeting LOXL2.

ethods

reast Cancer Tissue Microarray
lin
fr

S

si
de
m
pe
ba
im
Breast cancer tissue microarray (BR1006a) was purchased from
lenabio (Xi'an, China), which contains 50 clinical patient specimens
cluding cancer adjacent normal breast tissues, benign breast tumor
ssues, malignant breast cancer tissues.
Breast cancer tissue microarray (BR2161) contains 216 clinical
male specimens including normal breast tissues, cancer adjacent
rmal breast tissues and malignant tissues with different staging.
his microarray was purchased from Alenabio (Xi'an, China).
Briefly, tissue sections were immunostained with anti-human
YVE-1 and LOXL2 antibodies. The levels of LYVE-1 and LOXL2
each specimen were scored as 0, 1, 2, 3 (0 = negative, 1 = low, 2 =
oderate and 3 = high) according to their staining intensities.
ell Culture, Lentivirus Infection
Primary mouse lymphatic endothelial cells (mLECs) were isolated
d cultured as previously described [12,25]. Human dermal
mphatic endothelial cells (hLECs) purchased from ScienCell
esearch Laboratories were cultured according to the manufacturer's
structions. MDA-MB-231 breast cancer cell lines were obtained
om the American Type Culture Collection (Manassas, VA, USA),
d maintained in RPMI1640 media supplemented with 10% fetal
vine serum (Gibco BRL, Grand Island, NY, USA). MCF-7 breast
ncer cell lines, MRC-5 human fibroblast cell lines and 3 T3 mouse
broblast cell lines were purchased from the Cell Resource Centre,
hina Infrastructure of Cell Line Resources, and were cultured
cording to their guidelines. All cells were maintained in a 37°C
midified incubator containing 5% CO2. MCF-7 cells were
fected with recombinant lentiviruses carrying human LOXL2
NA (LV-LOXL2), or their negative controls LV-Vector (Gene-

harma, Shanghai, China) and MDA-MD-231 cells were infected
ith small hairpin RNA targeting LOXL2 (MDA231-shLOXL2),
eir negative controls were shControl (GenePharma, Shanghai,
hina). MCF7-LOXL2, MCF7-LV, MDA231-shLOXL2 and
DA231-LV cell lines were tested and authenticated by Western
otting and quantitative real-time PCR (qRT-PCR) for stably
pressing exogenous LOXL2 or silencing endogenous LOXL2.
eagents and Antibodies
VEGF-C (ab97415) was purchased from Abcam (Cambridge, MA,
SA), Matrigel (354230) and Rat tail collagen I (354236) was
rchased from BD Biosciences (San Jose, CA). Inhibitor LY294002
901S), U0126 (9903S) were purchased from CST (Beverley, MA,
nited States). PP1 (S7060) and SAR131675 were from Selleck
hemicals (Houston, TX, USA). Ni-NTA Agarose was purchased
om QIAGEN (Hilden, Germany). LOXL2 was expressed and
rified from MCF7-LOXL2-His cells conditioned medium as
eviously described [26,27]. Details of identification of LOXL2
otein was provided in Figure S1A-C.
Antibodies against LOXL2 (sc-48,724) and Hsp90 (sc-27,987)
ere from Santa Cruz Biotechnology (Santa Cruz, CA, United
ates). Antibodies against Erk1/2 (4695), p-Erk1/2 (4377), Akt
272), p-Akt (4060), Src (2123), p-Src (6943), VEGFR3 (3408), α-
A (19245) and HIF-1α (14179) were from Cell Signaling

echnology. LYVE-1 (ab14917), Podoplanin (ab109059), LOXL2
b96233), Snail (ab53519), His-tag (ab5000) and β-actin (ab8227)
tibodies were from Abcam (Cambridge, UK). FITC-linked anti-
ouse (ZF-0312), FITC-linked anti-rabbit (ZDR-5209), TRITC-
ked anti-mouse (ZF-0313) and IgG (ZDR-5006) antibodies were
om Beijing ZSGB-BIO (Beijing, China).
mall Interfering RNA (siRNA) Transfection
siRNAs targeting HIF-1α, Snail and negative control scramble
RNAs were purchased from GenePharma and the sequence was
scribed in Supplementary material, Table S1. According to the
anufacturer's procedure, LECs transfected with siRNAs were
rformed with Lipofectamine 3000 (L3000001, Invitrogen, Carls-
d, CA, USA). Knockdown efficiencies were identified by qPCR and
munoblotting 24 h after transfection.
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Figure 1. The expression of LOXL2 positively correlated with lymphatic vessel density in malignant breast cancer tissues. (A, B)
Representative LOXL2 and LYVE-1 staining in normal tissues, benign tumor and malignant breast cancer samples. Immunohistochem-
istry (IHC) analysis of LOXL2 and LYVE-1 on human breast samples (BR1006a, 46 of 50 were valid) respectively (left). The scores of
staining intensity: 0 = negative, 1 = low, 2 = moderate and 3 = high. The correlation between protein levels and tumor malignancy was
analyzed through chi-square test (right). (C) The correlation of LOXL2 with LYVE-1 protein levels in human breast tissues was analyzed
through x2 test. (D) The x2 test was used to analyzed the correlation of LOXL2 with LYVE-1 protein levels in malignant breast tumor tissues
(BR2161). (E) Pearson correlation analysis of LOXL2 and LYVE-1 in 304 subjects with malignant breast cancer (TCGA, PanCancer Atlas). (F)
Pearson correlation analysis of LOXL2 and LYVE-1 in 144 subjects with malignant breast cancer (TCGA, Provisional). **P b .01; ***P b .001.
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rotein and RNA analysis
Western blotting was conducted to analyze the protein levels. Cell
mples were harvested, denatured and separated by SDS-PAGE gel
d transferred to a PVDF membrane. After blocking in milk-based
ffer, the membrane was incubated with indicated primary
tibodies at 4°C overnight, washed three times with TBST, and
bsequently incubated with corresponding horseradish peroxidase
RP)-conjugated secondary antibodies (Abcam) for 1 h at room
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416 LOXL2 promotes tumor lymphangiogenesis and metastasis Wang et al. Neoplasia Vol. 21, No. 4, 2019
mperature. Finally, proteins on the membrane were detected with
uminous reaction (Santa Cruz Western blotting luminol reagents)
llowing the manufacturer's protocol.
Total RNA was extracted with TRIzol reagent (Invitrogen), and cDNA
as synthesized using the First Strand cDNASynthesis Kit (ThermoFisher
ientific, Waltham, MA US). Quantitative PCR (qPCR) was adopted to
sess themRNA levelswithTransStartGreenqPCRSuperMix (TransGen
iotech, Beijing, China). The reaction was run on the Mx3000P system
tratagene, La Jolla, CA,United States). Results were normalized to β-actin
ith the 2–ΔΔCt method and relative to control samples.
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LISA Assay
Levels of SDF-1α and VEGF-C were assessed respectively with
mmercially available ELISA kits (Dakewe Bio-engineering Co.,
TD, China) according to the manufacturer's instructions.

ell Invasion Assay
Cell invasion capacities in vitro were assessed with Matrigel (BD)
ated transwell inserts. Briefly, 5 × 104 LECs were seeded in the
per chamber of 8 μm Millicell coated with Matrigel. Proteins
cluding LOXL2, VEGF-C, LOXL2 antibody or IgG were added to
e medium containing concentrated breast cancer cells conditioned
edium (CM) or 1% FBS in the lower chamber to induce cell
vasion for the appropriate time. Migrated cells were counted
ndomly in 8 independent fields at 40 × magnification under an
lympus IX71 optical microscope. The relative invasion activity was
easured by normalizing the mean of migrated cells/per field in the
sting groups to that in the control groups.

ube Formation Assay
The tubule formation assay was performed as previously
scribed [28]. Briefly, the pre-thawed Matrigel formed a solid
ructure in the bottom of a 48-well plate. LECs pretreated with or
ithout CM or LOXL2 were seeded to the plate. After incubation for
h, the plate was observed for the tubular structure. Five independent
lds per well were captured under an Olympus IX71 optical
icroscope. Quantification was conducted with the Image-Pro Plus
0 software (Media Cybernetics). The relative total tube length of
e LECs was defined by normalizing the mean of the total tube
ngth/per field of the testing groups to that of the control groups.

atrigel Plug Assay
All animal studies were approved by the Institutional Animal Care
d Use Committee of Tsinghua University (F16–00228;
5061–01). Lymphatic vessel formation in vivo was evaluated by
e Matrigel plug assay conducted as previously described [12]. In
ief, Matrigel containing PBS, CM, LOXL2 (50 nM), VEGF-C
00 ng/ml), or antibodies (100 μg/ml) was subcutaneously
oculated into BALB/c mice (6 mice per group). After 8 days,
ugs were dissected and applied to immunofluorescent analysis.
valuation of the lymphatic vessel density was assessed in 6
dependent fields imaged by the Nikon A1 laser scanning confocal
icroscope using Nikon image software (NIS-Elements AR 3.0).

munofluorescence and Immunohistochemistry Assay
For immunofluorescence staining, frozen sections of Matrigel
ugs, xenograft tumors and lymph nodes were fixed with cold
etone. Then these samples were blocked with 10% goat serum and
ained with primary antibodies overnight at 4°C followed by the
gure 2. LOXL2 promotes the invasion and tube formation of LECs.
vasion activity of the hLECs treated with the LOXL2 protein. (B) R
rmation activity of the hLECs treated with the LOXL2 protein. (C, D) Qu
tivity of the hLECs treated with MCF7-LV CM or MCF7-LOXL2 CM in t
owing the relative invasion and tube formation activity of the hLEC
esence of LOXL2 or BSA. Scale bar = 200 μm. (G) Representativ
rmation in a Matrigel plug assay. Plugs containing the different dose o
staining of lymphatic vessels in dissectedMatrigel plugs was perform
0 μm). Quantified results were shown (right; n = 6). (H) Density of
dicated reagents were subcutaneously injected into BALB/c mice. A
mphatic vessel density. LYVE-1 (green) represents lymphatic vessels.
e data are the means ± SD of three independent experiments.*P b
propriate secondary fluorescently labeled antibodies. Nuclei were
unterstained with DAPI (Thermo Fisher Scientific). Images were
otographed and analyzed with the Nikon A1 Confocal Microscope.
Immunohistochemistry assay was conducted as described previ-
sly [29]. To detect the expression levels of LYVE-1 and LOXL2 on
rmalin-fixed, paraffin-embedded human breast tissue specimens
ere stained with primary antibodies (1:100) overnight at 4°C. After
ashed with PBS, these sections were incubated with HRP-
njugated secondary antibody. DAB substrate (ST033, Beyotime,
hina) was used to perform the chromogenic reaction. The levels of
VE-1 and LOXL2 on each specimen were scored as 0, 1, 2 and 3
cording to the staining intensities.

rthotopic Breast Cancer Model
All animal studies, conducted as previously described [12,30,31].
brief, Female 4- to 6-week-old nude mice were injected with 106

CF7-LOXL2 and MCF7-LV cells (1:1 in Matrigel; BD Biosci-
ces) into their left lower abdominal mammary fat pads. The mice
ere divided randomly into 4 groups (6 mice per group). MCF7-LV
ntrol group was injected with PBS via the tail vein twice weekly for
weeks. MCF7-LOXL2 groups were injected with PBS, LOXL2
tibody (0.5 mg/kg) or IgG via the tail vein twice weekly for 3
eeks. 5 × 106 MDA231-shLOXL2 and MDA231-LV tumor cells
:1 in Matrigel; BD Biosciences) were inoculated into the left lower
dominal mammary fat pad of nude mice (female, 4–6 weeks). The
ice were divided randomly into 4 groups (6 mice per group).
DA231-LV control group was injected with PBS via the tail vein
ice weekly for 3 weeks. MDA231-shLOXL2 groups were injected
ith PBS, LOXL2 (0.25 mg/kg) or BSA via the tail vein twice weekly
r 3 weeks. Once tumor was formed, subsequent tumor growth curve
as monitored. The tumor volume (mm3) was calculated by the
rmula 1/2 × (length) × (width)2. After animal sacrifice, the tumors
d lymph nodes were isolated, weighted and examined by IF staining.
rea of lymphatic vessels in tumor tissues and GFP-positive signals in
mph nodes were assessed in at least 6 independent fields in different
ctions using Nikon image software (NIS-Elements AR 3.0).

olation and Culture of Fibroblasts
We established fibroblast cell lines from breast tumor tissues
sected from orthotopic breast cancer mice. The technical procedure
as similar to previous reports [32–34]. Briefly, we resected breast
mors from mice mammary fat pads, and used tumor dissociation kit
30–096-730, Miltenyi Biotec, Germany) to obtain cells. Then the
lls were cultivated in DMEM containing 20% FBS at 37°C
ernight. Tumor cells were marked by GFP, negative-GFP cells were
reened by flow cytometry and then incubated. To confirm that the
ltivated cells were fibroblasts, the cells were immunostained for
(A) Representative and quantified results showing the relative
epresentative and quantified results showing the relative tube
antified results showing the relative invasion and tube formation
he presence of IgG or LOXL2-antibodies. (E, F) Quantified results
s treated with MDA231-LV CM or MDA231-shLOXL2 CM in the
e photomicrographs showing LOXL2-induced lymphatic vessel
f LOXL2 into the abdominal midline of BALB/c mice. After 8 days,
ed. LYVE-1 (green) represents lymphatic vessels (left; Scale bar =
lymphatic vessels in the Matrigel plug assay. Plugs containing
fter 8 days, plugs were dissected and applied to IF analysis for
(Scale bar = 100 μm). (I) Quantified results were shown (n = 6).
.05; **P b .01; ***P b .001.
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mentin and desmin. All the cells were positive for fibroblast makers
igure S1D) and their third through sixth passage were used in
periments.
gure 3. LOXL2 promotes lymphangiogenic activity via activation of th
osphorylation of Akt and Erk. (A) The protein levels of p-Akt, p-Erk,
otting. (B) The protein levels of p-Akt, p-Erk, Akt, Erk in hLECs treated
otting. (C) Immunoblot analysis of p-Akt, p-Erk, Snail expression in the
eated hLECs. Cells were pretreated with LY294002 and U0126 for 30 m
294002 and U0126 on invasion of hLECs induced by LOXL2. (E) Qua
ECs pretreated with LY294002 and U0126. (F) qRT-PCR and Immuno
ecific siRNAs. (G) Representative and quantified data showing the re
RNAs. The data are the means ± SD of three independent experime
tatistical Analysis
All the values were expressed as mean ± standard deviations
Ds). Comparisons were conducted using two-tailed Student's t
e Akt-Snail and Erk signaling pathways. (A, B) LOXL2 induces the
Akt, Erk in hLECs treated with LOXL2 determined by Western
with tumor CM and indicated reagents determined by Western

LOXL2, LY294002 (inhibitor of PI3K/Akt) or U0126 (inhibitor of Erk)
in, and then stimulated with LOXL2 for 30 min. (D) The effect of

ntified results showing the relative tube formation activity of the
blot analysis of Snail expression in the LECs transfected with two
lative tube formation activity of LECs transfected siCtrl and Snail-
nts. *P b .05; **P b .01; ***P b .001. Scale bar = 200 μm.
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sts or χ2 test and P values b.05 were considered statistically
gnificant.

esults

levated Expression of LOXL2 is Associated with Lymphan-
ogenesis in Malignant Breast Cancer Tissues
To investigate the clinical relevance of LOXL2 and lymphangiogenesis
human breast cancer patients, we directly detected LOXL2 and

mphatic vessel endothelial hyaluronan receptor 1 (LYVE-1, a LEC
aker) expression levels in patients by immunohistochemistry (IHC)
alysis of a breast tissuemicroarray (Table S2). The levels of LOXL2 and
VE-1 in each specimen were divided into four categories according to
e staining intensities. The IHC results showed that the positive staining
tes of LOXL2 and LYVE-1 inmalignant breast cancer tissues were 75%
4/32) and 72% (23/32), respectively. However, the staining intensities
LOXL2 and LYVE-1 in normal tissues and benign breast tumors were
gative (P = .0009, Figure 1A; P = .0027, Figure 1B). These results
ggested that both LOXL2 and lymphangiogenesis be crucial in
alignant breast cancer. In addition, the correlation analysis demon-
rated that LOXL2 expression was positively correlated with LYVE-1
vel in breast cancer tissues (P = .0016, Figure 1C).
To further confirm these observations, we detected the levels of LOXL2
d LYVE-1 using another breast cancer tissuemicroarray (216 specimens
ith clinical records, Table S3), and found that LOXL2 expression was
sitively correlated with LYVE-1 level in malignant breast tissues (P b
001, Figure 1D). Additionally, LOXL2 and LYVE-1 were positively
rrelated with tumor malignancy and lymph node metastasis (Figure S2,
D). Furthermore, correlation analysis with the online TCGA datasets
monstrated a positive correlation between LOXL2 and LYVE-1 at
RNA level in malignant breast cancer samples (Figure 1, E and F).
To ascertain the role of LOXL2 in tumor lymphangiogenesis, we
plantedMCF-7 cells with low level of LOXL2 expression andMDA-
B-231 cells with high level of LOXL2 expression (Figure S2E) into
ice to establish an orthotopic breast cancer model, and detected
mphatic vessel density in tumor tissues by immunofluorescent (IF)
aining. As expected, a higher density of lymphatic vessels was observed
MDA-MB-231 tumors compared with MCF-7 tumors. LOXL2
ministration increased the lymphatic density in MCF-7 tumors by 4
lds, while blocking LOXL2 with a neutralizing antibody inhibited
mphangiogenesis in MDA-MB-231 tumors (Figure S2, F and G).
In short, these results clearly demonstrate that LOXL2 expression
necessary for lymphangiogenesis and positively correlated with
east cancer malignancy.

OXL2 Promotes the Invasion and Tube Formation of LECs
In order to study the mechanisms of LOXL2 in lymphangiogenesis
odulation, we assessed LECs proliferation, invasion and tube
rmation abilities, all of which are essential steps for lymphangiogen-
is in vivo [6]. It was shown that exogenous LOXL2 significantly
omoted human LECs (hLECs) invasion and tube formation in a
se-dependent manner (Figure 2, A and B), while undetectable
fferences were observed in cell proliferation (Figure S3A).
Furthermore, to evaluate the effects of tumor cell-derived LOXL2
lymphangiogenesis, we stably knocked down LOXL2 in highly

vasive MDA-MB-231 cells (MDA231-shLOXL2) and overex-
essed LOXL2 in non-invasive MCF-7 cells (MCF7-LOXL2), then
ed their conditioned medium (CM) to treat LECs. The efficiencies
LOXL2 overexpression and knockdown were characterized by
T-PCR and Western blotting (Figure S3, B and C). MCF7-
XL2 CM increased the invasion and tube-forming activities of
ECs, which were disrupted by administration of LOXL2 antibody
igures 2, C and D; S3, E and F). Consistently, hLECs treated with
DA231-shLOXL2 CM showed lower invasion and tube formation
ilities than the control group (CM from MDA231-LV cells), while
dition of LOXL2 protein could rescue the suppressed processes
igures 2, E and F; S3, E and F). Similar results were also observed
mouse LECs (mLECs) models (Figure S3, G and H). These results
monstrate that the tumor-secreted LOXL2 promotes the invasion
d tube formation activities of LECs.
To further confirm above results, in vivo Matrigel plug assay was
nducted as previously described [12] and the results showed that
XL2 increased the lymphatic vessel density in a dose-dependent

anner (Figure 2G). Plugs containing MCF7-LOXL2 CM showed a
gher lymphatic vessel density and a better tubule-like structure than
ose harboring MCF7-LV CM. However, addition of LOXL2
tibody impeded lymphatic vessel formation. On the contrary,
mpared with plugs containing MDA231-LV CM, those bearing
DA231-shLOXL2 CM had lower lymphatic vessel density, and a
oken vessel structure, which were relieved by the administration of
XL2 protein (Figure 2, H and I). Taken together, our data reveals

at tumor cell-derived LOXL2 enhances lymphangiogenesis both in
tro and in vivo.

OXL2 Promotes Lymphangiogenic Activity via Activation of
e Akt-Snail and Erk Pathways
Previous studies have documented that activations of the Akt and Erk
naling pathways are important for LECs invasion and tube formation
5]. In order to investigate the molecular mechanism underlying
XL2-dependent alterations in LEC s modulation, we examined the

fects of purified LOXL2 and tumor CM on these signaling pathways
Western blotting analysis. As expected, upon LOXL2 stimulation,
e phosphorylations of Akt and Erk were increased in LECs. When
XL2was blocked by the neutralizing antibody, the phosphorylations
Akt and Erk were significantly decreased (Figures 3A, S4A). Similarly,
M derived from LOXL2 knockdown or overexpression cells down-
d upregulated Akt and Erk phosphorylation respectively (Figure 3B).
ext, to define whether Akt or Erk was involved in LOXL2-facilitated
Cs invasion and tube formation, the inhibitor of PI3k/Akt
Y294002) or Erk (U0126) was used to pretreat LECs. The
osphorylations of Akt and Erk were dramatically attenuated after
e treatment (Figure 3C), accompanied by defects in LOXL2-induced
Cs invasion and tube formation (Figure 3, D and E).
Several studies have reported that the Akt-Snail pathway is
tivated in response to cell–cell and cell-ECM interactions during
dothelial cells and LECs tube formation [36,37]. Consistently, we
so observed that LOXL2 increased the level of Snail in LECs
igures 3C; S4, B and C), which could be decreased by LY294002
eatment (Figure 3C). To investigate whether Snail was essential for
XL2-induced tube formation, we knocked down Snail by siRNAs
igures 3F; S4, D and E) and observed a significantly reduction in
Cs tube formation (Figures 3G, S4F). In summary, these results
ow that activations of the Akt-Snail and Erk pathways mediate
XL2-induced lymphangiogenesis in vitro.

OXL2 Stimulates Lymphangiogenic Activities Through
ducating Fibroblasts
Based on the in vivo results (Figure S2, F and G), LOXL2 protein
omoted tumor lymphangiogenesis to a more dramatic extent than
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at was observed in vitro. Therefore, we wondered whether other
mponents in the tumor microenvironment assist tumor lymphan-
ogenesis under the influence of LOXL2. Previous studies have
ported that cancer associated fibroblasts (CAFs) augment the
alignant progression of cancer [38,39], Given the fact that CAFs
uld be activated by tumor-secreted LOXL2 [31], we further
alyzed whether in vivo lymphangiogenesis promoted by tumor-
creted LOXL2 was mediated by fibroblasts. We firstly co-cultured
RC5 fibroblasts and breast cancer cells, and collected the CM from
e educated fibroblasts (Figure 4A). Then the collected CM was used
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stimulate LECs in various assays. The results showed that CM
om fibroblasts educated by MCF7-LOXL2 cells increased the
igration activity of LECs. However, addition of LOXL2 antibody in
-cultured system attenuated the migration activity (Figure 4B). In
nsistence, LECs treated with CM from fibroblasts educated by
DA231-shLOXL2 showed weaker migration ability than the
rresponding control group. The decreased activity of migration
as restored by the treatment of LOXL2 protein in co-cultured
stem (Figure 4C). Similar results were obtained in invasion and tube
rmation assays in vitro (Figure 4,D–G; S5, A and B). We also used 3
3 mouse fibroblasts and mLECs to confirm the effects of educated-
roblasts on lymphangiogenesis, and observed similar results in
igration, invasion and tube formation assays (Figure S5, C–E).
To determine whether fibroblasts educated by tumor-derived
OXL2 inducing lymphangiogenesis in vivo, we conducted a
atrigel plug assay. IF staining of LYVE-1 revealed that addition
LOXL2 antibody in co-cultured system decreased the good tubule-
e structure induced by CM from fibroblasts educated by MCF7-
OXL2 cells. However, adding LOXL2 in co-cultured system could
leviate the discontinuous lymphatic vessel structure induced by CM
om MDA231-shLOXL2 group (Figure 4, H and I). Collectively,
ove results demonstrate that tumor-secreted LOXL2 contributes to
mphangiogenesis through educating fibroblasts.

OXL2 Promotes the Expression and Secretion of Pro-
ymphangiogenic Factors in Fibroblasts Through HIF-1α
An important feature regulating on lymphangiogenesis by educated
roblasts is the production of multiple pro-lymphangiogenic factors
9]. As such, gene expression and secretion of pro-lymphangiogenic
ctors of fibroblasts in the co-culture system were evaluated with
T-PCR and ELISA assays, respectively (Figure 5A). As shown in
gure 5B, LOXL2 led to significant increases of SDF-1α and VEGF-
in fibroblasts and supernatants (Figure 5B; S6, A and B). Because
IF-1α was reported as the transcription factor to regulate pro-
mphangiogenic factors production [40], we speculated that LOXL2
regulated SDF-1α and VEGF-C expression via HIF-1α. Immu-
blot assays showed that HIF-1α expression was elevated in
roblasts educated by MCF7-LOXL2 tumor cells, and LOXL2
tibody hindered the HIF-1α upregulation. In contrast, fibroblasts
ucated by MDA231-shLOXL2 tumor cells showed lower HIF-1α
pression, which was reversed by the administration of LOXL2
otein (Figure 5C). The qRT-PCR data displayed similar results
igure S6C). After knockdown of HIF-1α in fibroblasts by siRNAs
igure 5D), LOXL2 failed to accelerate the expression of SDF-1α
d VEGF-C (Figure 5E).
Furthermore, we determined whether HIF-1α mediated the
omotion effect of LOXL2-educated fibroblasts on lymphangiogen-
is in vivo. Consistent with in vitro results, plugs mixed with CM
om HIF-1α depleted fibroblasts resulted in a significant reduction
lymphatic vessel density (Figure 5F). These results demonstrate
gure 4. Fibroblasts educated by tumor-derived LOXL2 stimulate mig
wchart shows the co-culture system for fibroblasts and tumor cells:1
the matrigel mix; 2. remove tumor cells; 3. culture fibroblasts in seru
Cs. (B, C) Representative images and quantification results of the cell
, E) Quantification results of the cell invasion abilities of LECs treated
antification results of the cell tube formation abilities of LECs treated
lymphatic vessels in the Matrigel plug assay. (H) Plugs containing CM
mice. After 8 days, plugs were dissected and applied to IF analysis
sults were shown (n = 6). The data are the means ± SD of three ind
at tumor-secreted LOXL2 facilitates lymphangiogenesis by en-
ncement of HIF-1α-regulated SDF-1α and VEGF-C expression in
roblasts.

OXL2 Promotes Breast Cancer Lymphangiogenesis and
ymph Node Metastasis In Vivo
Finally, using a mouse xenograft model, we sought to further test
e significance of LOXL2 in breast cancer lymphangiogenesis and
etastasis, MCF7-LOXL2 cells, MDA231-shLOXL2 cells and their
rresponding controls were implanted into mice mammary fat pads.
days after implantation, MCF7-LOXL2 tumor-bearing mice were
travenously injected with LOXL2-neutralizing antibody or IgG
tibody, while MDA231-shLOXL2 tumor-bearing mice were injected
ith LOXL2 protein or BSA twice weekly. Tumor volumes were
onitored regularly and tumor weights were measured when the mice
ere sacrificed. No prominent differences were observed among primary
mor growth and tumor weight (Figures 6, A and B; S7, A and B).
To confirm the role of LOXL2 in promotion of lymphangiogenesis
d lymph node metastasis, tumors and lymph nodes were dissected.
uantification of LYVE-1 and podoplanin-positive areas in tumor
sues demonstrated that lymphangiogenesis was increased in MCF7-
XL2 tumors, whereas treatment with LOXL2 antibody abolished

is effect. A striking decrease of lymphatic vessel density was
served in MDA231-shLOXL2 tumors compared with MDA231-
control tumors, which could be reversed by treatment with
XL2 protein (Figures 6, C and D; S7C). Strikingly, mice bearing
CF7-LOXL2 tumors developed 6-fold more lymph node metas-
sis and higher lymph node weight than those bearing MCF7-LV
ntrol tumors. Treatment with anti-LOXL2 antibody significantly
creased lymph node metastasis (Figures 6, E and F; S7, D and E).
oreover, mice bearing MDA231-shLOXL2 tumors developed
gnificantly less lymph node metastasis and lower weight than
ice bearing control MDA231-LV tumors. LOXL2 treatment
covered the decreased lymph node metastasis (Figures 6, G and
; S7, F and G). The IF analysis indicated that LOXL2 induces
east cancer lymphangiogenesis and lymph node metastasis in vivo.
To further validate the role of fibroblasts in promoting
mphangiogenesis in vivo, α-SMA (CAFs maker) levels in tumor
ctions were analyzed by IF. Quantification results showed that
mpared with control group, α-SMA positive area in MCF7-
XL2 tumors increased by about 3 folds, which was diminished by

jecting LOXL2 antibody (Figure 7A). LOXL2 treatment resulted in
lieving the decline of α-SMA positive regions in MDA231-
LOXL2 tumors (Figure 7B). In addition, fibroblasts isolated from
mor tissues were evaluated by qRT-PCR assays, and the results
nfirmed that LOXL2 enhanced the expression levels of SDF-1α
d VEGF-C in fibroblasts from tumor tissues (Figure 7, C and D).
This in vivo evidence strongly demonstrates that LOXL2
gnificantly induces breast tumor lymphangiogenesis and lymph
de metastasis.
ration, invasion and tube formation of LECs. (A) The schematic
. Co-culture fibroblasts with tumor cells, fibroblast cells cultured
m free medium; 4. collect CM from educated fibroblasts to treat
migration abilities of LECs treated by CM and indicated reagents.
by CM and indicated reagents. (F, G) Representative images and
by CM and indicated reagents. Scale bar = 200 μm. (H, I) Density
and indicated reagents were subcutaneously injected into BALB/
for lymphatic vessel density. Scale bar = 100 μm. (I) Quantified
ependent experiments. *P b .05; **P b .01; ***P b .001.
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iscussion

Metastasis is the main cause of cancer mortality and results in 90%
cancer patients' death [1]. Multiple studies demonstrated that

mphangiogenesis is positively correlated with lymphatic metastasis
d decreased survival in breast cancer patients [41,42]. Recently, two
ticles published in Science revealed that cancer cells from lymph
de metastasis can be a source of distant metastases [43,44].
onsistently, our results confirmed that lymphangiogenesis is
sitively correlated with the breast cancer malignancy and lymph
de metastasis (Figures 1, S2A–D). Therefore, studies on the
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echanisms of lymphangiogenesis are essential for developing new
ugs for treatment and improving the prognosis of patients. In the
esent study, we revealed a novel event that LOXL2 is a vital pro-
mphangiogenic molecule, which directly affects the function of
ECs in vitro and in vivo. In addition, fibroblasts educated by cancer
ll-derived LOXL2 promote the migration and tube formation of
ECs, which assist lymphangiogenesis in primary tumors (Figure 8).
Several previous studies demonstrated that the upregulation of
OXL2 is associated with poor prognosis in several cancers, including
east cancer [15]. Accumulating evidence suggests that LOXL2
omotes tumor progression and metastasis through multiple
thways and some LOXL2 small molecule inhibitors have shown
tential promise in the treatment of breast cancer [14,45]. In 2017,
ofessor Cano’ group used conditional transgenic mouse models to
tablish that LOXL2 promoted metastasis of breast cancer
dependent of its conventional role in extracellular matrix
modeling [46]. Furthermore, many studies showed LOXL2 has
en characterized as a pro-angiogenic factor [47–49]. Nevertheless,
e effects of LOXL2 on tumor lymphangiogenesis, an important
ognosis predictor in breast cancer patients, have not been reported
t. Herein, LOXL2 knocking-down and overexpressing tumor cells
ere used to evaluate the effects of tumor cell-derived LOXL2 on
mphangiogenesis. Considering the possible influence of other LOX
mily members, the expression levels of LOX, LOXL1, LOXL3 and
OXL4 were detected, and only LOXL4 mRNA level was slightly
regulated in MDA-shLOXL2 tumor cells (Figure S3D), but the
otein level remained unchanged (data not shown). In addition, we
monstrated that tumor-derived LOXL2 could increase the
pression level of a well-characterized pro-lymphangiogenic receptor
EGFR3 by upregulating Snail [50] (Figure S4, B and C), suggesting
at LOXL2 can also enhance lymphangiogenesis via increasing the
EGF-C/VEGFR3 signaling. To further evaluate the role of the
EGF-C/VEGFR-3 pathway in LOXL2-induced lymphangiogenesis
d metastasis progression, we performed animal experiments to
vestigate the impact of VEGF-C/VEGFR-3 pathway inhibitor
AR131675). Quantification of LYVE-1 and GFP-positive areas in
mor tissues and lymph nodes demonstrated that after inhibition of
e VEGF-C/VEGFR-3 pathway, partly deceased LOXL2-induced
mphangiogenesis and metastasis (Figure S4, G and H). Thus,
OXL2 promoted breast tumor lymphangiogenesis and metastasis is
rtly dependent on the VEGF-C/VEGFR-3 pathway.
Tumor microenvironment is heterogeneous, in which fibroblasts
e the most abundant cellular constituents and are frequently
garded as the prominent modifiers in the malignant progression of
ncer [38]. Emerging data has shown that CAFs differ from normal
roblasts and promote tumor initiation and progression by secreting
rious growth factors [51]. Consistently, we discovered that the pro-
mphangiogenic factors SDF-1α and VEGF-C were highly expressed
d secreted in fibroblasts educated by tumor-derived LOXL2
gure 5. LOXL2 promotes the expression and secretion of pro-lymphan
wchart shows the co-culture system for fibroblasts and tumor cells. T
) The mRNA levels of SDF-1α and VEGF-C in fibroblast cells educated
roblasts CM educated by tumor cells were detected by ELLSA (bottom
lls educated by tumor cells were detected by Western blotting. (D)
ansfected with specific siRNAs. (E) The effect of siRNAs on inhibiting
mphatic vessels in the Matrigel plug assay. Plugs containing CM from
RNAswere subcutaneously injected into BALB/cmice. After 8 days, pl
nsity (left). Quantified results were shown (right; n = 6). The data are
.01; ***P b .001. Scale bar = 100 μm.
vitro and in vivo (Figures 5B; 7, C and D). In addition, fibroblasts
ucated by tumor-secreted LOXL2 expressed more LOXL2, which
ay drive a feed-forward loop to further enhance cancer lymphan-
ogenesis (Figure 5C). Moreover, Barker et al. reported that tumor-
rived LOXL2 directly activated fibroblasts in 4 T1 tumor tissues by
odulating their signaling pathway [31]. Therefore, we examined the
gnaling pathways associated with fibroblasts activation, and showed
at the Akt, Erk, Src signaling pathways were activated by LOXL2
igure S6D). Of particular note, the Src signaling pathway was
volved in the HIF-1α-mediated SDF-1α and VEGF-C expression
igure S6, E and F). Furthermore, we also demonstrated tumor-
rived LOXL2 can upregulate CAFs in vitro and in vivo by detecting
-SMA expression (Figures 5C; 7, A and B). These results unraveled
at fibroblasts activated by tumor-derived LOXL2 are undergoing
any changes involving the activation of signaling pathways and
crease of pro-lymphangiogenic factors secretion to facilitate
mphangiogenesis. Therefore, exploring the role of fibroblasts
tivated by tumor-derived LOXL2 on tumor progression, including
giogenesis, lymphangiogenesis and drug resistance will be of
nsiderable interest in the immediate future.
Another interesting discovery in our current study is that we
vealed LOXL2 remarkably induced lymphangiogenesis and lymph
de metastasis, without affecting tumor growth in an orthotopic
east cancer model (Figure 6). Consistent results were reported by
her groups, showing that LOXL2 promoted tumor metastasis,
dependent of primary tumor growth [30,52]. However, contradic-
ry findings were observed on functions of LOXL2 in breast cancer
owth [15,22]. This paradox is likely resulted from differences in the
mber of tumor cells injected in the mammary fat pads and the
fferent experimental settings used among the diverse studies.

onclusions
conclusion, our data reveals a hitherto unknown role of LOXL2 on
omoting breast cancer lymphangiogenesis and lymph node
etastasis, which extends our understanding of the functions of
XL2 on tumor procession. Secreted LOXL2 increases lymphan-

ogenesis by directly activating LECs and indirectly modulating
roblasts to enhance LECs activities. Consequently, LOXL2
presents a diagnostic marker to indicate malignancy of breast
ncer, and a promising novel therapeutic target for blocking
mphangiogenesis and lymphatic metastasis.
Supplementary data to this article can be found online at https://
i.org/10.1016/j.neo.2019.03.003.
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Figure 7. LOXL2 activates CAFs in breast cancer in vivo. (A) Representative images of immunofluorescence detection of CAFs (red, α-
SMA staining) in MCF7-LV and MCF7-LOXL2 tumors (top). Quantified results of relative α-SMA positive regions were shown (bottom). (B)
Representative images of immunofluorescence detection of CAFs (red, α-SMA staining) in MDA231-LV and MDA231-shLOXL2 tumors
(top). Quantified results of relative α-SMA positive regions were shown (bottom). (C, D) The mRNA levels of SDF-1α and VEGF-C in
fibroblast cells isolated from tumor tissues. n = 6, error bars represent SD. P values, Student's t test, **P b .01; ***P b .001. Scale bar =
100 μm.
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Figure 8. Schematic model of LOXL2 promoting lymphangiogenesis and lymph node metastasis. In tumor microenvironment, LOXL2
induces lymphangiogenesis directly and indirectly. 1) Tumor-derived LOXL2 induces LECs invasion and tube formation directly via
activation of the Akt and Erk signaling pathways; Further, LOXL2 increases VEGFR3 expression through enhancing the pAKT-Snail
pathway. 2) In addition, tumor-derived LOXL2 actives tumor stroma fibroblasts to secrete VEGF-C and SDF-1α through enhancing HIF-1α
expression, then these factors assist lymphangiogenesis in primary tumors. ECM: extracellular matrix. The design of this schematic
model refers to several articles [42,50].

426 LOXL2 promotes tumor lymphangiogenesis and metastasis Wang et al. Neoplasia Vol. 21, No. 4, 2019
5061–01). The breast tissue specimens are anonymous, and detail
formation was demonstrated in Supplementary material.

onsent for Publication
Not applicable.

ompeting Interests
The authors disclose no potential conflicts of interest.

eferences

1] Mehlen P and Puisieux A (2006). Metastasis: a question of life or death. Nat Rev
Cancer 6, 449–458.

2] Paduch R (2016). The role of lymphangiogenesis and angiogenesis in tumor
metastasis. Cell Oncol (Dordr) 39, 397–410.

3] Karaman S and Detmar M (2014). Mechanisms of lymphatic metastasis. J Clin
Invest 124, 922–928.

4] Sleeman JP and Thiele W (2009). Tumor metastasis and the lymphatic
vasculature. Int J Cancer 125, 2747–2756.

5] Stacker SA, Williams SP, Karnezis T, Shayan R, Fox SB, and Achen MG (2014).
Lymphangiogenesis and lymphatic vessel remodelling in cancer. Nat Rev Cancer
14, 159–172.

6] Stacker SA, Baldwin ME, and Achen MG (2002). The role of tumor
lymphangiogenesis in metastatic spread. FASEB J 16, 922–934.

7] Skobe M, Hawighorst T, Jackson DG, Prevo R, Janes L, Velasco P, Riccardi L,
Alitalo K, Claffey K, and Detmar M (2001). Induction of tumor
lymphangiogenesis by VEGF-C promotes breast cancer metastasis. Nat Med
7, 192–198.

8] Joukov V, Pajusola K, Kaipainen A, Chilov D, Lahtinen I, Kukk E, Saksela O,
Kalkkinen N, and Alitalo K (1996). A novel vascular endothelial growth factor,
VEGF-C, is a ligand for the Flt4 (VEGFR-3) and KDR (VEGFR-2) receptor
tyrosine kinases. EMBO J 15, 290–298.

9] Achen MG, Jeltsch M, Kukk E, Makinen T, Vitali A, Wilks AF, Alitalo K, and
Stacker SA (1998). Vascular endothelial growth factor D (VEGF-D) is a ligand
for the tyrosine kinases VEGF receptor 2 (Flk1) and VEGF receptor 3 (Flt4).
Proc Natl Acad Sci U S A 95, 548–553.

0] Jeltsch M, Kaipainen A, Joukov V, Meng X, Lakso M, Rauvala H, Swartz M,
Fukumura D, Jain RK, and Alitalo K (1997). Hyperplasia of lymphatic vessels in
VEGF-C transgenic mice. Science 276, 1423–1425.

1] Hirakawa S, Kodama S, Kunstfeld R, Kajiya K, Brown LF, and Detmar M
(2005). VEGF-A induces tumor and sentinel lymph node lymphangiogenesis
and promotes lymphatic metastasis. J Exp Med 201, 1089–1099.

2] Zhuo W, Jia L, Song N, Lu XA, Ding Y, Wang X, Song X, Fu Y, and Luo Y
(2012). The CXCL12-CXCR4 chemokine pathway: a novel axis regulates
lymphangiogenesis. Clin Cancer Res 18, 5387–5398.

3] Lucero HA and Kagan HM (2006). Lysyl oxidase: an oxidative enzyme and
effector of cell function. Cell Mol Life Sci 63, 2304–2316.

4] Moon HJ, Finney J, Ronnebaum T, and Mure M (2014). Human lysyl oxidase-
like 2. Bioorg Chem 57, 231–241.

5] Akiri G, Sabo E, Dafni H, Vadasz Z, Kartvelishvily Y, GanN, Kessler O, Cohen T,
Resnick M, and NeemanM, et al (2003). Lysyl oxidase-related protein-1 promotes
tumor fibrosis and tumor progression in vivo. Cancer Res 63, 1657–1666.

6] Peng L, Ran YL, Hu H, Yu L, Liu Q, Zhou Z, Sun YM, Sun LC, Pan J, and Sun
LX, et al (2009). Secreted LOXL2 is a novel therapeutic target that promotes
gastric cancer metastasis via the Src/FAK pathway. Carcinogenesis 30,
1660–1669.

7] Fong SF, Dietzsch E, Fong KS, Hollosi P, Asuncion L, He Q, Parker MI, and
Csiszar K (2007). Lysyl oxidase-like 2 expression is increased in colon and
esophageal tumors and associated with less differentiated colon tumors. Genes
Chromosomes Cancer 46, 644–655.

8] Peinado H, Moreno-Bueno G, Hardisson D, Perez-Gomez E, Santos V,
Mendiola M, de Diego JI, Nistal M, Quintanilla M, and Portillo F, et al (2008).

http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0005
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0005
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0010
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0010
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0015
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0015
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0020
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0020
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0025
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0025
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0025
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0030
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0030
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0035
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0035
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0035
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0035
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0040
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0040
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0040
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0040
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0045
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0045
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0045
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0045
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0050
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0050
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0050
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0055
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0055
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0055
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0060
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0060
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0060
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0065
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0065
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0070
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0070
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0075
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0075
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0075
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0080
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0080
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0080
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0080
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0085
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0085
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0085
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0085
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0090
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0090


[1

[2

[2

[2

[2

[2

[2

[2

[2

[2

[2

[3

[3

[3

[3

[3

[3

[3

[3

[3

[3

[4

[4

[4

[4

[4

[4

[4

[4

[4

[4

[5

[5

[5

Neoplasia Vol. 21, No. 4, 2019 LOXL2 promotes tumor lymphangiogenesis and metastasis Wang et al. 427
Lysyl oxidase-like 2 as a new poor prognosis marker of squamous cell carcinomas.
Cancer Res 68, 4541–4550.

9] Park PG, Jo SJ, Kim MJ, Kim HJ, Lee JH, Park CK, Kim H, Lee KY, Kim H,
and Park JH, et al (2017). Role of LOXL2 in the epithelial-mesenchymal
transition and colorectal cancer metastasis. Oncotarget 8, 80325–80335.

0] Peinado H, Del Carmen Iglesias-de la Cruz M, Olmeda D, Csiszar K, Fong KS,
Vega S, Nieto MA, Cano A, and Portillo F (2005). A molecular role for lysyl
oxidase-like 2 enzyme in snail regulation and tumor progression. EMBO J 24,
3446–3458.

1] Moon HJ, Finney J, Xu L, Moore D, Welch DR, and Mure M (2013). MCF-7
cells expressing nuclear associated lysyl oxidase-like 2 (LOXL2) exhibit an
epithelial-to-mesenchymal transition (EMT) phenotype and are highly invasive
in vitro. J Biol Chem 288, 30000–30008.

2] Moreno-Bueno G, Salvador F, Martin A, Floristan A, Cuevas EP, Santos V,
Montes A, Morales S, Castilla MA, and Rojo-Sebastian A, et al (2011). Lysyl
oxidase-like 2 (LOXL2), a new regulator of cell polarity required for metastatic
dissemination of basal-like breast carcinomas. EMBO Mol Med 3, 528–544.

3] Wong CC, Tse AP, Huang YP, Zhu YT, Chiu DK, Lai RK, Au SL, Kai AK, Lee
JM, and Wei LL, et al (2014). Lysyl oxidase-like 2 is critical to tumor
microenvironment and metastatic niche formation in hepatocellular carcinoma.
Hepatology 60, 1645–1658.

4] Weidenfeld K, Schif-Zuck S, Abu-Tayeh H, Kang K, Kessler O, Weissmann M,
Neufeld G, and Barkan D (2016). Dormant tumor cells expressing LOXL2
acquire a stem-like phenotype mediating their transition to proliferative growth.
Oncotarget 7, 71362–71377.

5] Christiansen A and Detmar M (2011). Lymphangiogenesis and cancer. Genes
Cancer 2, 1146–1158.

6] Jung ST, Kim MS, Seo JY, Kim HC, and Kim Y (2003). Purification of
enzymatically active human lysyl oxidase and lysyl oxidase-like protein from
Escherichia coli inclusion bodies. Protein Expr Purif 31, 240–246.

7] Rodriguez HM, Vaysberg M, Mikels A, McCauley S, Velayo AC, Garcia C, and
Smith V (2010). Modulation of lysyl oxidase-like 2 enzymatic activity by an
allosteric antibody inhibitor. J Biol Chem 285, 20964–20974.

8] Huang Y, Shi H, Zhou H, Song X, Yuan S, and Luo Y (2006). The angiogenic
function of nucleolin is mediated by vascular endothelial growth factor and
nonmuscle myosin. Blood 107, 3564–3571.

9] Wang QS, He R, Yang F, Kang LJ, Li XQ, Fu L, Sun B, and Feng YM (2018).
FOXF2 deficiency permits basal-like breast cancer cells to form lymphangiogenic
mimicry by enhancing the response of VEGF-C/VEGFR3 signaling pathway.
Cancer Lett 420, 116–126.

0] Barker HE, Chang J, Cox TR, Lang G, Bird D, Nicolau M, Evans HR, Gartland
A, and Erler JT (2011). LOXL2-mediated matrix remodeling in metastasis and
mammary gland involution. Cancer Res 71, 1561–1572.

1] Barker HE, Bird D, Lang G, and Erler JT (2013). Tumor-secreted LOXL2
activates fibroblasts through FAK signaling. Mol Cancer Res 11, 1425–1436.

2] Mueller L, Goumas FA, Himpel S, Brilloff S, Rogiers X, and Broering DC
(2007). Imatinib mesylate inhibits proliferation and modulates cytokine
expression of human cancer-associated stromal fibroblasts from colorectal
metastases. Cancer Lett 250, 329–338.

3] Nagasaki T, Hara M, Nakanishi H, Takahashi H, Sato M, and Takeyama H
(2014). Interleukin-6 released by colon cancer-associated fibroblasts is critical
for tumour angiogenesis: anti-interleukin-6 receptor antibody suppressed
angiogenesis and inhibited tumour-stroma interaction. Br J Cancer 110,
469–478.

4] Orimo A, Gupta PB, Sgroi DC, Arenzana-Seisdedos F, Delaunay T, Naeem R,
Carey VJ, Richardson AL, and Weinberg RA (2005). Stromal fibroblasts present
in invasive human breast carcinomas promote tumor growth and angiogenesis
through elevated SDF-1/CXCL12 secretion. Cell 121, 335–348.
5] Coso S, Zeng Y, Sooraj D, and Williams ED (2011). Conserved signaling
through vascular endothelial growth (VEGF) receptor family members in murine
lymphatic endothelial cells. Exp Cell Res 317, 2397–2407.

6] Lee JG, Jung E, and Heur M (2018). Fibroblast growth factor 2 induces
proliferation and fibrosis via SNAI1-mediated activation of CDK2 and ZEB1 in
corneal endothelium. J Biol Chem 293, 3758–3769.

7] Wang SH, Chang JS, Hsiao JR, Yen YC, Jiang SS, Liu SH, Chen YL, Shen YY,
Chang JY, and Chen YW (2017). Tumour cell-derived WNT5B modulates in
vitro lymphangiogenesis via induction of partial endothelial-mesenchymal
transition of lymphatic endothelial cells. Oncogene 36, 1503–1515.

8] Kalluri R and Zeisberg M (2006). Fibroblasts in cancer. Nat Rev Cancer 6,
392–401.

9] Buchsbaum RJ and Oh SY (2016). Breast Cancer-Associated Fibroblasts: Where
We Are and Where We Need to Go. Cancers (Basel) 8.

0] Schindl M, Schoppmann SF, Samonigg H, Hausmaninger H, KwasnyW, Gnant
M, Jakesz R, Kubista E, Birner P, and Oberhuber G, et al (2002). Overexpression
of hypoxia-inducible factor 1alpha is associated with an unfavorable prognosis in
lymph node-positive breast cancer. Clin Cancer Res 8, 1831–1837.

1] Ran S, Volk L, Hall K, and Flister MJ (2010). Lymphangiogenesis and lymphatic
metastasis in breast cancer. Pathophysiology 17, 229–251.

2] Tobler NE and Detmar M (2006). Tumor and lymph node lymphangiogenesis–
impact on cancer metastasis. J Leukoc Biol 80, 691–696.

3] Pereira ER, Kedrin D, Seano G, Gautier O, Meijer EFJ, Jones D, Chin SM,
Kitahara S, Bouta EM, and Chang J, et al (2018). Lymph node metastases can
invade local blood vessels, exit the node, and colonize distant organs in mice.
Science 359, 1403–1407.

4] Brown M, Assen FP, Leithner A, Abe J, Schachner H, Asfour G, Bago-Horvath
Z, Stein JV, Uhrin P, and Sixt M, et al (2018). Lymph node blood vessels provide
exit routes for metastatic tumor cell dissemination in mice. Science 359,
1408–1411.

5] Chang J, Lucas MC, Leonte LE, Garcia-Montolio M, Singh LB, Findlay AD,
Deodhar M, Foot JS, Jarolimek W, and Timpson P, et al (2017). Pre-clinical
evaluation of small molecule LOXL2 inhibitors in breast cancer. Oncotarget 8,
26066–26078.

6] Salvador F, Martin A, Lopez-Menendez C, Moreno-Bueno G, Santos V,
Vazquez-Naharro A, Santamaria PG, Morales S, Dubus PR, and Muinelo-
Romay L, et al (2017). Lysyl Oxidase-like Protein LOXL2 Promotes Lung
Metastasis of Breast Cancer. Cancer Res 77, 5846–5859.

7] Zaffryar-Eilot S, Marshall D, Voloshin T, Bar-Zion A, Spangler R, Kessler O,
Ghermazien H, Brekhman V, Suss-Toby E, and Adam D, et al (2013). Lysyl
oxidase-like-2 promotes tumour angiogenesis and is a potential therapeutic target
in angiogenic tumours. Carcinogenesis 34, 2370–2379.

8] de Jong OG, van der Waals LM, Kools FRW, Verhaar MC, and van Balkom
BWM (2018). Lysyl oxidase-like 2 is a regulator of angiogenesis through
modulation of endothelial-to-mesenchymal transition. J Cell Physiol .

9] Bignon M, Pichol-Thievend C, Hardouin J, Malbouyres M, Brechot N,
Nasciutti L, Barret A, Teillon J, Guillon E, and Etienne E, et al (2011). Lysyl
oxidase-like protein-2 regulates sprouting angiogenesis and type IV collagen
assembly in the endothelial basement membrane. Blood 118, 3979–3989.

0] Park JA, Kim DY, Kim YM, Lee IK, and Kwon YG (2015). Endothelial Snail
Regulates Capillary Branching Morphogenesis via Vascular Endothelial Growth
Factor Receptor 3 Expression. PLoS Genet 11e1005324.

1] Luo H, Tu G, Liu Z, and Liu M (2015). Cancer-associated fibroblasts: a
multifaceted driver of breast cancer progression. Cancer Lett 361, 155–163.

2] Wong CC, Gilkes DM, Zhang H, Chen J, Wei H, Chaturvedi P, Fraley SI,
Wong CM, Khoo US, and Ng IO, et al (2011). Hypoxia-inducible factor 1 is a
master regulator of breast cancer metastatic niche formation. Proc Natl Acad Sci U
S A 108, 16369–16374.

http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0090
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0090
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0095
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0095
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0095
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0100
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0100
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0100
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0100
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0105
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0105
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0105
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0105
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0110
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0110
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0110
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0110
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0115
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0115
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0115
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0115
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0120
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0120
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0120
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0120
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0125
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0125
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0130
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0130
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0130
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0135
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0135
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0135
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0140
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0140
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0140
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0145
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0145
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0145
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0145
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0150
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0150
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0150
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0155
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0155
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0160
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0160
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0160
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0160
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0165
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0165
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0165
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0165
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0165
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0170
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0170
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0170
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0170
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0175
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0175
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0175
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0180
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0180
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0180
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0185
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0185
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0185
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0185
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0190
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0190
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0195
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0195
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0200
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0200
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0200
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0200
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0205
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0205
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0210
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0210
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0215
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0215
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0215
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0215
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0220
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0220
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0220
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0220
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0225
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0225
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0225
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0225
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0230
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0230
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0230
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0230
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0235
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0235
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0235
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0235
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0240
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0240
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0240
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0245
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0245
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0245
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0245
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0250
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0250
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0250
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0255
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0255
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0260
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0260
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0260
http://refhub.elsevier.com/S1476-5586(18)30632-8/rf0260

	Lysyl Oxidase-Like Protein 2 Promotes Tumor Lymphangiogenesis and Lymph Node Metastasis in Breast Cancer
	Introduction
	Methods
	Breast Cancer Tissue Microarray
	Cell Culture, Lentivirus Infection
	Reagents and Antibodies
	Small Interfering RNA (siRNA) Transfection
	Protein and RNA analysis
	ELISA Assay
	Cell Invasion Assay
	Tube Formation Assay
	Matrigel Plug Assay
	Immunofluorescence and Immunohistochemistry Assay
	Orthotopic Breast Cancer Model
	Isolation and Culture of Fibroblasts
	Statistical Analysis

	Results
	Elevated Expression of LOXL2 is Associated with Lymphangiogenesis in Malignant Breast Cancer Tissues
	LOXL2 Promotes the Invasion and Tube Formation of LECs
	LOXL2 Promotes Lymphangiogenic Activity via Activation of the Akt-Snail and Erk Pathways
	LOXL2 Stimulates Lymphangiogenic Activities Through Educating Fibroblasts
	LOXL2 Promotes the Expression and Secretion of Pro-Lymphangiogenic Factors in Fibroblasts Through HIF-1α
	LOXL2 Promotes Breast Cancer Lymphangiogenesis and Lymph Node Metastasis In Vivo

	Discussion
	Conclusions
	Declarations
	Acknowledgements
	Funding
	Availability of Data and Materials
	Authors' Contributions
	Ethics Approval and Consent to Participate
	Consent for Publication
	Competing Interests

	References


