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Abstract

Metastatic dissemination employs both the blood and lymphatic vascular systems. Solid

tumors dynamically remodel and generate both vessel types during cancer progression.

Lymphatic vessel invasion and cancer cells in the tumor-draining lymph nodes (LNs) are

prognostic markers for breast cancer metastasis and patient outcome, and tumor-induced

lymphangiogenesis likely influences metastasis. Deregulated tumor tissue fluid homeosta-

sis and immune trafficking associated with tumor lymphangiogenesis may contribute to met-

astatic spreading; however, the precise functional characterization of lymphatic endothelial

cells (LECs) in tumors is challenged by the lack of specific reagents to decipher their rate-

limiting role in metastasis. Therefore, we generated novel transgenic mice (PDPN promoter-

driven Cre recombinase transgene [PDPN-Cre] and PDPN promoter-driven thymidine

kinase transgene [PDPN-tk]) that allow for the identification and genetically controlled deple-

tion of proliferating podoplanin (Pdpn)-expressing LECs. We demonstrate that suppression

of lymphangiogenesis is successfully achieved in lymphangioma lesions induced in the

PDPN-tk mice. In multiple metastatic breast cancer mouse models, we identified distinct

roles for LECs in primary and metastatic tumors. Our findings support the functional contri-

bution of primary tumor lymphangiogenesis in controlling metastasis to axillary LNs and

lung parenchyma. Reduced lymphatic vessel density enhanced primary tumor lymphedema

and increased the frequency of intratumoral macrophages but was not associated with a sig-

nificant impact on primary tumor growth despite a marked reduction in metastatic dissemi-

nation. Our findings identify the rate-limiting contribution of the breast tumor lymphatic

vessels for lung metastasis.
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Author summary

Cancer progression and metastasis of solid tumors can occur in association with the gen-

eration of new lymphatic vessels (lymphangiogenesis). Lymphatic vessel invasion and can-

cer cells in the tumor-draining lymph nodes are used as prognostic markers for breast

cancer metastasis and patient outcome. However, the specific role of newly formed lym-

phatic vessels in breast cancer metastasis to the lung remains unknown. In this study, we

have analyzed this process by generating novel transgenic mice that enabled the identifica-

tion of podoplanin (Pdpn)-expressing lymphatic endothelial cells, as well as the controlled

depletion of these cells during lymphangiogenesis in breast cancer progression. We show

that in multiple metastatic breast cancer mouse models, the specific suppression of lym-

phangiogenesis, without impacting blood vessel formation (angiogenesis), does not limit

primary tumor growth but reduces cancer cell dissemination to the lung and metastatic

disease. We conclude that inhibition of breast tumor lymphangiogenesis decreases lung

metastasis without affecting primary tumor growth.

Introduction

Metastasis is responsible for 90% of deaths of breast cancer patients [1,2]. The contribution of

both cancer cells and stromal cells (such as fibroblasts, endothelial cells, pericytes, and immune

cells) is important for cancer development and metastasis, including in breast cancer [2–5].

The lymphatic system, consisting of lymphatic vessels and lymphoid organs, is an essential reg-

ulator of tissue fluid homeostasis, immune cell trafficking, and immunological surveillance [6–

8]. Lymphatic vessels can be divided into several subtypes: initial lymphatic with incomplete

basement membrane and no pericyte/smooth-muscle-cell coverage; transitional precollecting

lymphatics; and larger collecting lymphatics with a complete basement membrane and smooth

muscle investment. In the context of cancers, these different types of lymphatic vessels can be

actively regulated by tumor-derived growth factors [8,9]. Lymphangiogenesis, the formation

of new lymphatic vessels, has been associated with metastasis of solid tumors to lymph nodes

(LNs) and distant organs [8–13]. Recent studies demonstrate that lymphatic vessels undergo

dynamic remodeling, including lymphangiogenesis and lymphatic enlargement, which facili-

tates tumor metastasis [14–16]. Furthermore, two recent studies further confirmed the dissem-

ination of cancer cells from LN to distant organs through LN blood vessels in tumor-bearing

mice [17,18]. Previous studies using various transgenic mouse models employing vascular

endothelial growth factor C/D (VEGF-C/D) overexpression or VEGF-C/D trap suggested a

potential role for lymphangiogenesis in cancer progression [19–24]. Given that VEGF-C/D

can also target nonlymphatic processes, we aim at establishing new mouse models that can

specifically target lymphangiogenesis via genetic depletion of proliferating lymphatic endothe-

lial cells (LECs).

Lymphatic vessel markers include Prox1 [25], the lymphatic vessel endothelial hyaluronan

receptor-1 (LYVE1) [26], podoplanin (PDPN), and VEGF receptor 3 (VEGFR3) [27]. PDPN, a

43-kDa membrane protein, is present in podocytes [28] and is one of the most widely

employed markers of LECs [29,30]. To functionally evaluate the specific role of lymphatic ves-

sels in cancer progression and metastasis, we generated novel transgenic mice that express the

herpes simplex virus (HSV) thymidine kinase (tk) under the control of the PDPN gene pro-

moter (PDPN-tk mice). Upon ganciclovir (GCV) administration to PDPN-tk mice, PDPN-

positive cells that also express tk will convert GCV into a nucleoside analog that irreversibly

arrests DNA replication, resulting over time in the depletion of proliferating PDPN-expressing
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LECs. Here, we demonstrate that the depletion of proliferating PDPN-expressing LECs signifi-

cantly inhibits lymphangiogenesis in mammary tumors, resulting in decreased distant metas-

tasis without an impact on primary tumor growth.

Results

Generation and characterization of the PDPN-Cre and PDPN-tk mice

The PDPN-tk mouse model (BALB/c background) was generated using a 4-kb PDPN pro-

moter sequence cloned and ligated to HSV viral tk sequence using the topoisomerase I-acti-

vated pCR2.1-TOPO (pCR2.1-TOPO) vector. The PDPN-Cre mouse model was generated

using the same PDPN promoter sequence cloned and ligated to Cre recombinase sequence

(Fig 1A). The final constructs were confirmed by DNA sequencing. To examine the specificity

of the PDPN promoter, we generated the PDPN-Cre; LoxP-Stop-LoxP (LSL)-yellow fluores-

cent protein (YFP) transgenic mice (BALB/c background) to lineage trace the PDPN+ cells.

The YFP expression colocalized with LYVE1- or PDPN-positive lymphatic endothelium in

normal organs (S1 Fig). Additionally, the eyes of PDPN-Cre; LSL-YFP mice exhibited YFP/

green fluorescent protein (GFP) expression (Fig 1B), consistent with previous observation

using Prox1-GFP transgenic mice [31]. Primary LECs were isolated as previously documented

[32] from incomplete Freund’s adjuvant (IFA)-induced benign mouse lymphangioma. Briefly,

LECs were isolated from hyperplastic lymphatic vessels, cultured, and expanded (S2A Fig).

These cells exhibited typical LEC morphology, intrinsic YFP expression, and positive immu-

nostaining for PDPN (Fig 1B) and LYVE1 (S2B Fig). Robust expression of intrinsic YFP was

observed in LECs from IFA-induced lymphangioma in PDPN-Cre; LSL-YFP mice, showing

the YFP-expressing LECs as the dominant cell population (80% of all nucleated cells) within

the lymphangioma tissue (S2C Fig). These results confirmed the recombination efficacy of

PDPN-Cre in LECs.

Our previous study identified that blood-vascular endothelial-cell–specific deletion of β1

integrin (Tie2-Cre; β1 integrin (Int)loxP/loxP mice) resulted in embryonic lethality due to severe

vascular defects [33], while others demonstrated that blood-vascular endothelial-cell–specific

deletion of transforming growth factor (TGF) β type II receptor (cadherin 5 promoter-driven

tamoxifen-inducible Cre recombinase transgene (Cdh5-CreERT2); TGFBRIIloxP/loxP mice)

also resulted in embryonic lethality [34]. In contrast, PDPN-Cre; β1 IntloxP/loxP and

PDPN-Cre; TGFBRIIloxP/loxP mice were born in the expected Mendelian ratio without any

noticeable abnormality/defect (S3A and S3B Fig), supporting the specificity of the PDPN-Cre

transgenic in targeting gene deletion in lymphatic vessels and not blood vessels.

To evaluate the efficacy of the PDPN-tk transgene, PDPN+ LECs separated from lymphan-

gioma tissues of PDPN-tk or wild-type (WT) mice were cultured (S4A Fig) and treated with

increasing concentrations of GCV (Fig 1C). A dose-dependent depletion of LECs (derived

from PDPN-tk mice but not WT mice) was observed, reaching 56% of LEC depletion at an

exposure of 50 μM GCV. In addition, in vivo administration of GCV to PDPN-tk mice (daily

50 mg/kg body weight) inhibited the formation of IFA-induced lymphangioma when com-

pared to control (WT) mice (Fig 1D). As previously documented [32], IFA-induced benign

mouse lymphangioma formed white solid masses on the abdominal surface of the diaphragm

and on the surface (under the Glisson’s capsule) of the liver (Fig 1D). The hyperplastic LECs

forming these masses present with enlarged lumens that are distinct from adipose tissue (S4B

Fig). LEC lumen formation within lymphangioma tissue was specifically impaired in the

PDPN-tk mice when compared to control mice (Fig 1E), indicative of the depletion of hyper-

plastic LECs. A significant and specific decrease in proliferating LECs is recorded in lymphan-

gioma of PDPN-tk mice compared to control mice (Fig 1F and 1G). Notably, lymphangioma
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Fig 1. Characterization of PDPN-tk and PDPN-Cre transgenic mice. (A) Schematics demonstrating the generation

of PDPN-tk mouse strain or PDPN-Cre mouse strain with a 4-kb PDPN promoter sequence ligated to HSV viral tk

sequence or Cre recombinase sequence, respectively, using the pCR2.1-TOPO vector. (B) YFP visualization of the eyes

of PDPN-Cre; LSL-YFP and control mice. The expression of YFP and PDPN was examined in primary LECs isolated

from IFA-induced benign lymphatic endothelial tumor (lymphangioma) in the PDPN-Cre; LSL-YFP mice. Scale bar,

20 μm. (C) Cell viability assay of GCV-treated primary LECs isolated from IFA-induced lymphangioma in PDPN-tk or

WT control mice. (D) The comparison of IFA-induced lymphangioma formation in GCV-treated PDPN-tk mice, as

compared with WT mice or PDPN-tk mice without GCV treatment (n = 6 mice per group). GCV treatment was

conducted as daily intraperitoneal injections of 50 mg/kg body weight of GCV. (E) Histology of the lymphangioma

tissue samples from PDPN-tk and WT mice. (F) Ki67 staining on the lymphangioma tissue samples from PDPN-tk

and WT mice. (G) Immunofluorescence staining of PDPN (red) and Ki67 (green) on the lymphangioma tissues from

PDPN-tk and WT mice. White arrows indicate the nuclei of PDPN and Ki67 double positive cells. Scale bars (E–G),

100 μm. Data are represented as mean ± SEM. Significance is determined using an unpaired two-tailed Student t test

(�p< 0.05, ��p< 0.01, ���p< 0.001). The underlying data can be found in S1 Data. Cre, Cre recombinase transgene;

GCV, ganciclovir; H&E, hematoxylin and eosin; HSV, herpes simplex virus; IFA, incomplete Freund’s adjuvant; Ki67,

cell proliferation antigen Ki-67; LEC, lymphatic endothelial cell; LSL, LoxP-Stop-LoxP; NS, not significant;

pCR2.1-TOPO, topoisomerase I-activated pCR2.1-TOPO vector; PDPN, podoplanin; tk, thymidine kinase; WT, wild

type; YFP, yellow fluorescent protein.

https://doi.org/10.1371/journal.pbio.2005907.g001
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formation was not altered in control mice, including WT mice (with or without GCV treat-

ment) and non-GCV-treated PDPN-tk mice. The depletion of proliferating LECs resulted in a

decrease in the size of lumen structures of lymphangioma, and this was accompanied with a

modest increase in α-smooth muscle actin (αSMA)-expressing myofibroblasts in these benign

lesions (S4C Fig). However, these myofibroblasts did not appear to play a role in IFA-induced

lymphangioma because the formation of these lesions was not impaired in αSMA-tk trans-

genic mice (depletion of proliferating myofibroblasts that exhibit αSMA expression [35], S4D

Fig). These results underscore the specificity of PDPN-tk mice and support that LEC prolifera-

tion, but not myofibroblast proliferation, is essential for the formation of IFA-induced

lymphangioma.

Lymphatic suppression in PDPN-tk mice with GCV treatment

Matrigel plug assay was conducted to determine the functional role of PDPN+ LECs in lym-

phangiogenesis. Growth-factor–reduced matrigel supplemented with VEGF-C induced robust

lymphatic vessel formation as well as blood vessel formation after subcutaneous implantation

(400 μL matrigel per plug; one plug per mouse). In contrast with WT + GCV mice, PDPN-tk

+ GCV mice exhibited reduced lymphangiogenesis (Fig 2A) and LEC proliferation (S5A Fig)

in the matrigel plugs, while the angiogenesis response, measured by cluster of differentiation

(CD) 31 immunolabeling, was unaffected (Fig 2A). Decreased lymphatic vessel density in

matrigel plugs of PDPN-tk mice was also confirmed by immunohistochemical assessment of

lymphatic markers, PDPN (Fig 2B) and LYVE1 (S5B Fig). The PDPN-expressing cells within

the matrigel plugs were predominantly co-immunolabeled with the LEC marker LYVE1 but

did not express the cancer-associated fibroblast marker αSMA (S5C Fig). These results sup-

port that the cell population targeted by the PDPN-tk transgene in the aforementioned matri-

gel plug assays comprises of LECs and not fibroblasts.

Additionally, we examined the LN, intestine, and kidney of WT + GCV mice and

PDPN-tk + GCV mice bearing the VEGF-C enriched matrigel plug. Although specific

depletion of PDPN-expressing LECs was observed in the plug with active lymphangiogen-

esis (Fig 2A), no changes were noted for PDPN immunolabeling in these normal, unaf-

fected tissues (S6A Fig), supporting that our genetic strategy only targets proliferating

PDPN-expressing cells.

Depletion of LECs inhibits lung metastasis but not primary mammary

tumor growth

Tumor lymphangiogenesis was examined in orthotopic 4T1 mammary tumors established in

either PDPN-tk or WT female mice (all treated with GCV). Tumor tissues were scanned for

lymphatic vessels and blood vessels. GCV-treated PDPN-tk mice revealed significantly sup-

pressed lymphangiogenesis in both tumor center and tumor margin/periphery, defined as

100 μm from the tumor edge [36,37], while angiogenesis was not significantly altered (Fig 2C,

S6B Fig, and S7A Fig). Despite a significant suppression of lymphangiogenesis, the growth of

orthotopic 4T1 mammary tumors in GCV-treated PDPN-tk mice was unchanged when com-

pared with GCV-treated WT control mice (Fig 3A). Interestingly, despite the unchanged pri-

mary tumor growth, PDPN-tk-GCV mice with tumors exhibited significantly fewer surface

metastatic lung nodules (Fig 3B) and histologically identified lung metastases (Fig 3C) when

compared to WT mice. No tumor-infiltrated axillary or inguinal LN was observed in PDPN-

tk-GCV mice (0 out of 9 mice), whereas WT mice in the control group occasionally presented

with axillary and/or inguinal LN metastases (2 out of 8 mice) (Fig 3A).

Lymphangiogenesis and metastasis
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Fig 2. Depletion of proliferating LECs inhibits lymphangiogenesis. (A and B) Lymphangiogenesis and/or

angiogenesis in subcutaneously implanted matrigel plugs (growth-factor reduced, supplied with VEGF-C or PBS) from

PDPN-tk or WT mice (n = 5 mice per group). Lymphatic vessel density and blood vessel density was examined by

PDPN and CD31 immunofluorescence staining (A). Overall lymphatic vessels density was also evaluated by IHC

staining for PDPN (B). Scale bars (A-B), 100 μm. (C) Orthotopic 4T1 mammary tumors in PDPN-tk or WT mice

(n = 5 female mice per group) examined for lymphatic vessel density (PDPN staining) and blood vessel density (CD31

staining) in both the margin and intratumoral regions of tumors. Scale bar, 200 μm. GCV treatment was conducted as

daily intraperitoneal injections of 50 mg/kg body weight of GCV. The white arrows point to the PDPN-expressing

lymphatic vessels. These data are also depicted in S6B Fig. Data are represented as mean ± SEM. Significance is

determined using an unpaired two-tailed Student t test (�p< 0.05, ��p< 0.01, ���p< 0.001). The underlying data can

be found in S1 Data. CD, cluster of differentiation; GCV, ganciclovir; IHC, immunohistochemistry; LEC, lymphatic

endothelial cell; NS, not significant; PDPN, podoplanin; tk, thymidine kinase; VEGF-C, vascular endothelial growth

factor C; WT, wild type

https://doi.org/10.1371/journal.pbio.2005907.g002
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We also employed the mouse mammary tumor virus–polyoma middle tumor antigen

(MMTV-PyMT) model, in which spontaneous mammary carcinomas and lung metastasis

develop, to examine the impact of lymphatic/LEC depletion on cancer progression. MMTV-

PyMT mice were bred with PDPN-tk mice to generate the MMTV-PyMT; PDPN-tk mice, as

well as the MMTV-PyMT; WT littermate control mice. Female mice were monitored for

tumor growth. The growth of MMTV-PyMT tumors was not significantly altered in GCV-

treated MMTV-PyMT; PDPN-tk mice when compared to MMTV-PyMT; WT mice (Fig 4A).

Decreased lymphatic vessel density in MMTV-PyMT; PDPN-tk tumors was confirmed by

immunohistochemical staining for LYVE1 (S7B Fig). The MMTV-PyMT; PDPN-tk mice

exhibited increased incidence of cystic tumors, possibly resulting from enhanced lymphedema,

when compared to control mice (Fig 4A and 4B). Previous studies have established that

impaired lymphatic function can result in the accumulation of macromolecular proteins (such

as albumin) because of compromised lymphatic drainage [38–40]. The increased level of

lymphedema in primary tumor tissues of MMTV-PyMT; PDPN-tk mice was confirmed by

albumin immunohistochemistry (Fig 4B). The total number of surface metastatic lung nod-

ules, histologically identified lung metastatic lesions, and axillary LN metastasis was signifi-

cantly reduced in MMTV-PyMT; PDPN-tk mice when compared to MMTV-PyMT; WT mice

(Fig 4C and 4D). Taken together, these results support that suppression of lymphangiogenesis

Fig 3. Lung metastasis from 4T1 mammary tumor is inhibited by suppression of lymphangiogenesis. (A) The

growth of orthotopic 4T1 mammary tumors in GCV-treated PDPN-tk (n = 13) or WT (n = 14) female mice. GCV

label indicates the starting day of GCV treatment. GCV treatment was conducted as daily intraperitoneal injections of

50 mg/kg of GCV. The identification of tumor-invaded axillary and/or inguinal LNs by histology in 4T1; WT (n = 8)

mice or 4T1; PDPN-tk (n = 9) mice. (B and C) The evaluation of surface metastatic lung nodules (B, white arrows) and

histologically identified lung metastases (C, black arrows) in PDPN-tk or WT female mice bearing 4T1. The

underlying data can be found in S1 Data. GCV, ganciclovir; LN, lymph node; PDPN, podoplanin; tk, thymidine kinase;

WT, wild type

https://doi.org/10.1371/journal.pbio.2005907.g003
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in primary mammary tumors did not impact their growth but limited their metastatic dissemi-

nation. Previous studies indicated that PDPN may also be expressed by cancer-associated

fibroblasts [41–43] or macrophages [44]. Our analyses revealed that PDPN-expressing cells

did not coexpress the breast-tumor–associated fibroblast marker αSMA but predominantly

coexpressed the LEC-associated marker VEGFR3 (S7C Fig) and weakly coexpressed or failed

to coexpress the vascular marker CD31 (S7D Fig), consistent with previous observations [19].

We also noted that PDPN+ cells did not show colocalization with the macrophage marker

Fig 4. Lung and LN metastasis from MMTV-PyMT mammary tumor is inhibited by suppression of

lymphangiogenesis. (A) The growth of spontaneous mammary tumors in GCV-treated MMTV-PyMT; PDPN-tk

mice (n = 9) or MMTV-PyMT; WT female mice (n = 13). GCV label indicates the starting day of GCV treatment.

Cystic tumors are indicated by white arrows in the representative pictures of excised tumors. (B) H&E and IHC

(albumin or PDPN) stainings of MMTV-PyMT; PDPN-tk or MMTV-PyMT; WT tumors. Number of cystic tumors

per mouse were shown for MMTV-PyMT; PDPN-tk or MMTV-PyMT; WT groups. Albumin accumulation was

quantified from IHC staining images for both groups. (C) The evaluation of surface metastatic lung nodules and

histologically identified lung metastases in MMTV-PyMT; PDPN-tk mice or MMTV-PyMT; WT mice. (D) The

number of tumor-invaded axillary LNs and total number of tumors per mouse in MMTV-PyMT; PDPN-tk mice or

MMTV-PyMT; WT mice. Scale bars (C-G), 100 μm. Data are represented as mean ± SEM. Significance is determined

using an unpaired two-tailed Student t test (�p< 0.05, ��p< 0.01). The underlying data can be found in S1 Data. GCV,

ganciclovir; H&E, hematoxylin and eosin; IHC, immunohistochemistry; LN, lymph node MMTV-PyMT, mouse

mammary tumor virus–polyoma middle tumor antigen; NS, not significant; PDPN, podoplanin; tk, thymidine kinase;

WT, wild type

https://doi.org/10.1371/journal.pbio.2005907.g004
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CD68 in 4T1 tumors (WT mice), although close contact between CD68+ macrophages and

PDPN+/LYVE1+ lymphatic vessels could be occasionally observed (S7E Fig).

Further, The Cancer Genome Atlas (TCGA) data set of 844 patients with invasive breast

carcinoma (RNA sequencing version 2 analysis [RNA Seq V2] normalized gene expression

with RSEM output [RSEM]) revealed a correlation between PDPN mRNA level and LN metas-

tasis, showing higher levels of PDPN mRNA (PDPN mRNA expression normalized to Gapdh)

associated with more LN metastasis (Fig 5A). These results were consistent with previous

reports regarding the correlation between PDPN level (as examined by immunohistochemis-

try) and LN metastasis in breast cancer patients [45,46]. We also found marginally decreased

occurrence of metastasis in distant organs (such as bone and lung) in PDPN-low patients com-

pared to PDPN-high patients (S8A Fig). However, the number of cases with known distant

organ metastasis was too low to offer conclusive evidence regarding the correlation between

PDPN level and occurrence of distant metastases.

Depletion of PDPN+ lymphatics leads to increased intratumoral

macrophages without an impact on B cells and T cells

Given that lymphatic vessels support immune cell trafficking, we next examined the immune

infiltration in lymphatic-depleted tumors compared to control tumors. We employed an estab-

lished flow-cytometry–based analysis (S8B Fig), as previously detailed [35,47]. Upon depletion

of PDPN-expressing LECs, the frequencies of most immune cell subpopulations (CD45+,

CD3+, CD4+, CD8+, CD19+, and natural killer [NK] 1.1+ cells) remained unaltered (Fig 5B

and S8C Fig). In contrast, the percentage of CD11b+ and CD11b+Gr1− macrophage popula-

tion significantly increased in lymphatic-depleted tumors compared to control tumors (Fig

5C). This result is consistent with the reports that suggest that elevated macrophage accumula-

tion is associated with lymphedema [48,49]. The percentage of CD11b+Gr1+-myeloid–derived

suppressor cells (either CD11b+Ly6G+ or CD11b+Ly6C+) or CD11c+ dendritic cells remained

unchanged (Fig 5C). The ratio of CD4+FoxP3+ effector T cells (Teff) to CD4+FoxP3+ regula-

tory T cells (Treg) was not affected (Fig 5D).

Discussion

Lymphangiogenesis, the formation of new lymphatic vessels, is associated with the progression

of solid tumors [8–12]. It is known that lymphatics in the tumors are related to distant metas-

tasis and contribute to immune surveillance and tissue fluid homeostasis. In this study, we per-

formed experiments to determine the functional contribution of lymphatic vessels in lung

metastasis associated with breast cancer. To achieve this goal, we generated two new transgenic

mouse strains that allowed for the selective depletion of proliferating PDPN-positive LECs

(PDPN-tk mice) and for the fate mapping/lineage tracing of PDPN-positive LECs (PDPN-Cre

mice). The inhibition of lymphangiogenesis employing PDPN-tk mice supports that breast-

cancer–associated LN and lung metastasis is in part relying upon dissemination of cancer cells

via lymphatic vessels. Interestingly, two recent studies highlighted that the dissemination route

of cancer cells from LN to distant organs employs LN blood vessels in tumor-bearing mice

[17,18].

In our studies, the vascular density in the mammary tumors was unchanged upon depletion

of PDPN+ cells. Lineage tracing experiments employing the PDPN-Cre mice showed that

PDPN+ cells are associated with lymphatic vessels but not the blood vessels. Interestingly, the

growth of primary mammary tumors was not markedly altered when lymphangiogenesis was

inhibited. These observations are also in alignment with a previous study showing that lym-

phangiogenesis induced by VEGF-C overexpression facilitates tumor metastasis without
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contributing to any growth advantage of primary tumor cells [19]. Various cancer types have

distinct preferences in metastatic routes (such as a hematogenous route or a lymphatic route),

yet the underlying mechanisms of such phenomena are still poorly understood. A recent study

demonstrated the hematogenous route for ovarian cancer metastasis [50] in contrast to a

Fig 5. Tumor immune profile when lymphangiogenesis is suppressed. (A) The correlation between PDPN-relative

mRNA level and LN metastasis in 844 breast cancer patients with available data for both RNA Seq V2 RSEM and

examined LN metastasis count (identified by H&E) from TCGA breast invasive carcinoma data set. PDPN level is

presented as relative mRNA expression normalized to the Gapdh housekeeping gene. A table presenting the number of

LN metastasis positive cases out of total cases is also shown (χ2 analysis). (B) Percentages of CD45+, CD3+, CD4+, and

CD8+ cells in 4T1 orthotopic mammary tumors of PDPN-tk or WT mice (n = 9 mice per group). (C) Percentages of

CD11b+, CD11b+ Gr1− (Ly6C−Ly6G−), and CD11b+Gr1+ cells in 4T1 orthotopic mammary tumors of PDPN-tk or

WT mice (n = 9 mice per group). (D) Percentages of CD11b+Ly6G+, CD11b+Ly6C+, CD11c+ cells, and ratio of

CD4+FoxP3− Teffs to CD4+FoxP3+ (Treg) in 4T1 orthotopic mammary tumors of PDPN-tk or WT mice (n = 9 mice

per group). Data are represented as mean ± SEM. Significance is determined using an unpaired two-tailed Student t
test (�p< 0.05). The underlying data can be found in S1 Data. CD, cluster of differentiation; GCV, ganciclovir; H&E,

hematoxylin and eosin; LN, lymph node; PDPN, podoplanin; RNA Seq V2, RNA Sequencing Version 2 analysis;

RSEM, normalized gene expression with RSEM output; TCGA, The Cancer Genome atlas; Teff, effector T cell; tk,

thymidine kinase; Treg, regulatory T cell; WT, wild type.

https://doi.org/10.1371/journal.pbio.2005907.g005
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peritoneal circulation-facilitated spread as previously proposed. Notably, depletion of lym-

phatic vessels did not alter the vascular density or lead to suppression of tumor growth but re-

sulted in intratumor lymphedema due to potential imbalance in tissue fluid homeostasis. The

new mouse models described herein may prove helpful for future studies related to breast-can-

cer–associated lymphedema, a substantial clinical problem observed in breast cancer patients.

Although our results support that the newly generated PDPN-tk transgenic mice enable the

specific targeting of LECs in various models of lymphangiogenesis, including tumor lymphan-

giogenesis, it remains possible that immunolabeling for PDPN could be observed in other stro-

mal cells in the tumor microenvironment, including cancer-associated fibroblasts, as noted in

human breast cancer tissues [41–43]. The prognostic value of PDPN-expressing mesenchymal

cells in the tumor microenvironment remains to be further studied.

The lymphatic system can regulate immune cell trafficking and tissue fluid homeostasis,

yet our results indicated that suppression of tumor lymphangiogenesis did not significantly

alter tumor immune infiltration. This may reflect a cancer-type–specific observation since it

was reported in melanomas of mice lacking dermal lymphatic vessels that lymphatics were

critical in establishing tumor-associated inflammation and immunity [24]. The percentage of

intratumoral CD11b+Gr1− macrophages, however, was significantly elevated with PDPN+

LEC depletion. This may reflect a host response to compensate decreased lymphangiogenesis,

in particular since macrophages play a role in regulating lymphangiogenesis and releasing

lymphangiogenic factors [51–54]. Increased numbers of CD11b+Gr1− macrophages in

mammary tumors with PDPN+ LEC depletion is also consistent with previous reports on

increased macrophage infiltration as a hallmark of lymphedema [48,49] and could support

a potential role of these cells in metastasis, albeit further study is still needed. Intriguingly,

our results suggest that the decreased metastatic burden associated with suppressed lym-

phangiogenesis may be independent of a lymphocytic polarization in the primary tumor

microenvironment.

Methods

Ethics statement

Mice were euthanized using CO2 inhalation. All mice were maintained under standard hous-

ing conditions at the MD Anderson Cancer Center (MDACC) animal facility and the Beth

Israel Deaconess Medical Center (BIDMC) animal facility, and all animal procedures were

approved by the MDACC Institutional Animal Care and Use Committee and the BIDMC

Institutional Animal Care and Use Committee (IACUC number: 1033).

Mice

The PDPN-tk mouse strain was generated by cloning and ligating the 4-kb PDPN promoter

sequence to HSV viral tk sequence using the pCR2.1-TOPO vector (Invitrogen, Carlsbad, CA,

USA). A similar approach was used to generate the PDPN-Cre mouse strain. Both transgenic

mice were generated by the Transgenic Mouse Core Facility at Harvard Medical School. The

mice were backcrossed (over 20 generations) and maintained on the BALB/c genetic back-

ground. Primers for PDPN-tk genotyping PCR are PDPN-forward 50-ACCGGAGACATAA

ATGCCGA-30 and TK-reverse 50-AGCACCCGCCAGTAAGTC-30. Primers for PDPN-Cre

genotyping PCR are PDPN-forward 50-ACCGGAGACATAAATGCCGA-30 and Cre-reverse

50-CGCCGCATAACCAGTGAAAC-30. αSMA-tk mice were generated and characterized in

our previous study [55]. TGFBRII flox mice were kindly provided by H. Moses, Vanderbilt

University [56]. β1 integrin flox mice were purchased from the Jackson Laboratory (Bar Har-

bor, ME, USA). Investigators were not blinded to group allocation but were blinded for the
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histological assessment of phenotypic outcome. No randomization method was used, and no

animal was excluded from the analysis. The experimental endpoint is defined as when tumor

burden reaches 1,500 mm3 or 1.5 cm in diameter (whichever comes first). For the evaluation

of surface lung nodules in mouse mammary tumor models, all surfaces of all of the lobes were

ascertained for the presence of surface lung nodules. For the microscopic evaluation of lung

metastases in mouse mammary tumor models, we counted the number of nodules observed

on a single H&E-stained cross section of the lungs.

Matrigel plug assay

Matrigel plug assay was conducted to determine the functional role of PDPN+ LECs in lym-

phangiogenesis. Growth-factor–reduced matrigel (Corning, Corning, NY, USA) supple-

mented with VEGF-C (1 μg /400 μL matrigel) was subcutaneously implanted in WT and

PDPN-tk mice (400 μL matrigel per plug; one plug per mouse; n = 5 mice per group).

Immunohistochemistry and immunofluorescence

Primary antibodies are as follows: albumin (A90-134A, Bethyl, 1:100), αSMA (M0851, Dako,

1:100), CD31 (ab28364, Abcam, 1:300), CD68 (M0814, Dako, 1:200), Ki67 (RM-9106, Thermo

Scientific, 1:400), LYVE1 (ab14917, Abcam, 1:200), PDPN (ab11936, Abcam, 1:400), VEGFR3

(RM0003-5F63, Novus Biologicals, 1:100), and YFP/GFP (ab13970, Abcam, 1:200). For all

immunohistochemical stainings, sections were incubated with biotinylated secondary anti-

body and then streptavidin-HRP (Vector Labs, Burlingame, CA, USA). Counterstaining with

hematoxylin was conducted, and DAB positivity was examined in randomly selected visual

fields. For all immunofluorescence stainings, sections were incubated with fluorescent-labeled

secondary antibodies according to the primary antibody usage. For the YFP staining of tissue

samples from PDPN-Cre; LSL-YFP mice, optimized protocols for tissue collection and immu-

nofluorescence staining were used in order to minimize the autofluorescence in the skin and

intestine sections. These optimized protocols include: conducting PBS perfusion before col-

lecting the organs from mice; using Sudan Black B (Sigma-Aldrich, St. Louis, MO, USA) incu-

bation on the sections before the staining [57]; blocking with 4% cold water fish gel before

primary antibody incubation; and decreased secondary antibody concentration. Staining for

αSMA was performed with Mouse-on-Mouse (MOM) kit (Vector Laboratories) following the

manufacturer’s instructions. The images of at least 3 random visual fields for each sample sec-

tion were quantified for positive area using NIH ImageJ analysis software (albumin, CD31,

Ki67, LYVE1, or PDPN). Quantified values for multiple visual fields were averaged to produce

a single value for each animal, which was then averaged again to represent the mean bar for

the group in each graph.

Mouse lymphatic tissue induced by IFA

Either WT or PDPN-tk mice (3 months old, female) were intraperitoneally injected twice (day

1 and day 14) with IFA (200 μL, 1:1 mixed with PBS) to induce the formation of mouse hyper-

plastic lymphatic tissue (lymphangioma), as previously described [32]. The lymphangioma

confluence was quantified as the percentage coverage by lymphangioma area among the total

area of the diaphragm, as quantified by ImageJ software. The average diameter of lumen struc-

tures within lymphangioma tissues was calculated by measuring 10–20 randomly selected

lumens within microscopic (40×) images of H&E-stained tissue slides using ImageJ software.

Mouse lymphangioma tissue, formed by hyperplastic lymphatic vessels on the diaphragm and

liver of mice in response to IFA treatment, was collected on day 21 and digested with 1 mg/mL

collagenase solution (collagenase I:collagenase II = 1:1) at 37˚C for 30 min. Cell suspension
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was filtered and purified for LECs using anti-PDPN antibody (Abcam, ab11936) and Magnetic

Dynabeads (Thermo Fisher Scientific, Waltham, MA, USA). Isolated primary mouse LECs

were cultured in endothelial cell growth medium (Lonza, Basel, Switzerland). For the detection

of YFP-positive LECs in IFA-induced lymphangioma by flow cytometry, mouse lymphan-

gioma tissue was collected, prepared as a single-cell suspension according to the same protocol

above, and examined for YFP fluorescence signal by flow cytometry.

Cell viability assay

For in vitro treatment of GCV, LECs from WT or PDPN-tk mice were isolated using the same

method listed above, cultured, treated with 0, 5, or 50 μM GCV for 48 h, and then examined

for cell viability (measured as the absorbance at 450 nm by a microplate reader) using the Cell

Counting Kit-8 (Dojindo Molecular Technologies, Kumamoto, Japan). Results of cell viability

were expressed as percentage of viable cell counts using the control vehicle-treated group as

the reference.

4T1 orthotopic mammary tumor model

Either WT or PDPN-tk female mice, around 3 months old, were used for orthotopic implantation

of 4T1 mammary epithelial cancer cells. 4T1 Cells were from American Type Culture Collection

(ATCC) and cultured in DMEM with 10% FBS and 100 U/mL penicillin–streptomycin. Cells

were examined monthly to ensure a negative result for mycoplasma test. Mice were anesthetized

with ketamine/xylazine, the skin near the mammary gland was incised, and 4T1 cancer cells were

injected into the mammary glands (in total, 1 × 106 cells per mouse; 5 × 105 cells at each side, for

both left and right sides), as previously described [4]. PDPN-tk and WT control mice were treated

with daily intraperitoneal injections of 50 mg/kg body weight of GCV (InvivoGen, San Diego,

CA, USA), when the sum of the tumor volumes per mouse reached approximately 300 mm3

(approximately 8–9 days post cancer cell inoculation). Tumor volumes were measured every

other day using digital calipers and calculated using the equation length × width2 × 0.52. Mice

were sacrificed when the sum of the tumor volumes reached approximately 1,500 mm3 (approxi-

mately 22–25 days post-cancer cell inoculation).

MMTV-PyMT spontaneous mammary tumor model

MMTV-PyMT transgenic mice from the BALB/c genetic background were provided by Dr.

Jack Lawler (BIDMC and Harvard Medical School, Boston, MA, USA). MMTV-PyMT mice

were bred with PDPN-tk mice to generate the MMTV-PyMT; PDPN-tk mice. Female

MMTV-PyMT; PDPN-tk mice and female MMTV-PyMT; WT littermate control mice were

used for mammary tumor studies. GCV treatment was conducted as daily intraperitoneal

injections of 50 mg/kg body weight of GCV (InvivoGen, San Diego, CA), starting when the

sum tumor volumes per mouse reached approximately 300 mm3. Tumor volumes were mea-

sured twice per week using digital calipers and calculated using the equation length × width2 ×
0.52. Mice were sacrificed when tumor volume reached approximately 1,500 mm3 or 1.5 cm in

diameter (whichever came first). A tumor was counted as a cystic tumor when it formed prom-

inent fluid-filled cyst with a volume greater than 100 mm3. Tumors and other organs, includ-

ing the lungs, were collected as previously described [58].

Flow-cytometry–based immunotyping analysis

For the characterization of immune infiltration, tumors (from 3-month-old WT or PDPN-tk

mice harboring 4T1 orthotopic mammary tumors and treated with GCV) were examined by

Lymphangiogenesis and metastasis

PLOS Biology | https://doi.org/10.1371/journal.pbio.2005907 December 28, 2018 13 / 20

https://doi.org/10.1371/journal.pbio.2005907


flow-cytometry–based immunotyping methodology (BD LSRFortessa X-20 Cytometer; BD

Biosciences, San Jose, CA, USA). Tumors were weighed, minced with gentleMACS Dissociator

(Miltenyi Biotec, Bergisch Gladbach, Germany), and digested in 2 mL solution containing 1

mg/mL Liberase TL (Roche, Indianapolis, IN, USA) and 0.2 mg/mL DNase I in RPMI media

at 37˚C for 30 min. The tissue lysates were filtered through a 100-μm mesh before immunos-

taining [35,47]. The subsequent single-cell suspension was stained with fixable viability dye

eFluor 780, anti-CD45.2 Pacific Blue, anti-CD3 PE-Cy7, anti-CD3 Alexa Fluor 700, anti-

FoxP3 Alexa Fluor 700, anti-CD11c eFluor 615, and anti-NK1.1 PE (eBioscience, San Diego,

CA, USA); anti-CD4 Qdot 605 (Life Technologies, Gaithersburg, MD, USA); anti-CD8 Bril-

liant Violet 650, anti-CD11b Brilliant Violet 570, anti-CD19 Qdot655, and anti-F4/80 FITC

(BioLegend, San Diego, CA, USA); and anti-Ly6C APC and anti-Ly6G PE-Cy7 (BD Biosci-

ences). The percentage positive cells were analyzed by FlowJo 10.1. Unstained, live/dead stain

only, and single-stained beads (eBioscience) served as compensation controls. Singlets were

gated using forward-scatter (FSC) height (FSC-H) and FSC area (FSC-A) event characteristics.

Data were derived from multiple experiments with 9 mice per group.

TCGA data set analysis

The mRNA data (RNA Seq V2 RSEM) and clinical data of 844 patients with invasive breast

carcinoma from the TCGA data set were obtained using the cBioPortal for Cancer Genomics

(http://www.cbioportal.org/) [59]. χ2 analyses, using SPSS statistical software, were performed

comparing LN metastatic frequency between PDPN-High and PDPN-Low groups of patients.

The metastasis occurrence at distant organs of these patients was also analyzed based on the

detailed clinical information from TCGA data set.

Statistics

Statistical analyses of flow cytometry and immunostaining quantifications were performed

with unpaired, two-tailed t test, one-way ANOVA with Tukey’s multiple comparison test, or

Fisher’s exact test with GraphPad Prism (GraphPad Software, San Diego, CA, USA). A p
value < 0.05 was considered statistically significant. Error bars represent SEM when multiple

visual fields were averaged to produce a single value for each animal, which was then averaged

again to represent the mean bar for the group in each graph.

Supporting information

S1 Fig. YFP expression driven by PDPN-Cre in PDPN-Cre; LSL-YFP mice. Images showing

the LYVE1 or PDPN immunofluorescence staining (red) together with YFP staining (green)

in skin and intestine of PDPN-Cre; LSL-YFP mice or Cre-negative; LSL-YFP control mice.

Arrows indicate the colocalization between YFP and immunostaining of lymphatics (PDPN or

LYVE1). Scale bars, 25 μm. Cre, Cre recombinase transgene; LSL, LoxP-Stop-LoxP; LYVE1,

lymphatic vessel endothelial hyaluronan receptor-1; PDPN, podoplanin; YFP, yellow fluores-

cent protein.

(TIF)

S2 Fig. Isolation of mouse LECs from mouse lymphangioma induced by IFA. (A) Schematic

showing the procedure of inducing mouse lymphangioma by IFA intraperitoneal injection.

(B) The expression of YFP and LYVE1 in primary LECs isolated from IFA-induced lymphan-

gioma in the PDPN-Cre; LSL-YFP mice. Scale bar, 20 μm. (C) IFA-induced mouse lymphan-

gioma was isolated from PDPN-Cre; LSL-YFP mice and examined for YFP-expressing LECs

by flow cytometry. In P1: RBCs. In P2: YFP− (non-RBC) cells. In P3: YFP+ (non-RBC) cells.
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Cre, Cre recombinase transgene; IFA, incomplete Freund’s adjuvant; LEC, lymphatic endothe-

lial cell; LSL, LoxP-Stop-LoxP; LYVE1, lymphatic vessel endothelial hyaluronan receptor-1;

PDPN, podoplanin; RBC, red blood cell; YFP, yellow fluorescent protein.

(TIF)

S3 Fig. The generation of PDPN-Cre; β1 IntloxP/loxP and PDPN-Cre; TGFBRIIloxP/loxP mice.

(A) Breeding scheme and outcome of crossing PDPN-Cre; β1 IntloxP/+ and β1 IntloxP/loxP mice to

generate PDPN-Cre; β1 IntloxP/loxP mice. (B) Breeding scheme and outcome of crossing

PDPN-Cre; TGFBRIIloxP/+ and TGFBRIIloxP/loxP mice to generate PDPN-Cre; TGFBRIIloxP/loxP

mice. Cre, Cre recombinase transgene; Int, integrin; PDPN, podoplanin; TGFBRII, transforming

growth factor beta receptor II.

(TIF)

S4 Fig. Further characterization of mouse lymphangioma induced by IFA. (A) Schematic

showing the procedure for the isolation and establishment of mouse primary LEC culture

from IFA-induced lymphangioma. (B) The representative images comparing the histology of

IFA-induced lymphangioma tissue at the surface of liver and the adipose tissue adjacent to

mammary tumor (MMTV-PyMT). Scale bars, 100 μm. (C) Immunofluorescence staining of

PDPN (red) and αSMA (white) on the IFA-induced lymphangioma tissues from PDPN-tk and

WT mice. Scale bars, 100 μm. (D) The IFA-induced lymphangioma formation was not affected

in GCV-treated αSMA-tk mice as compared with GCV-treated WT mice (n = 5 mice per

group). Data are represented as mean ± SEM. Significance is determined using an unpaired

two-tailed Student t test. The underlying data can be found in S1 Data. αSMA, α-smooth mus-

cle actin; GCV, ganciclovir; IFA, incomplete Freund’s adjuvant; LEC, lymphatic endothelial

cell; MMTV-PyMT, mouse mammary tumor virus–polyoma middle tumor antigen; NS, not

significant; PDPN, podoplanin; tk, thymidine kinase; WT, wild type.

(TIF)

S5 Fig. Lymphangiogenesis and/or angiogenesis in subcutaneous matrigel plugs. (A–C)

Lymphangiogenesis and/or angiogenesis in subcutaneously implanted matrigel plugs (growth-

factor reduced, supplied with VEGF-C or PBS) from PDPN-tk or WT mice (n = 5 mice per

group). The proliferation status of LECs was examined by Ki67 and PDPN immunofluores-

cence staining (A). Overall lymphatic vessel density was also evaluated by IHC staining for

LYVE1 (B). Scale bars (A–B), 100 μm. The cell populations within the matrigel plugs were fur-

ther examined by PDPN, VEGFR3, and αSMA immunofluorescence staining (C). Scale bars

(C), 25 μm. Data are represented as mean ± SEM. Significance is determined using an

unpaired two-tailed Student t test (�p< 0.05, ���p< 0.001). The underlying data can be found

in S1 Data. αSMA, α-smooth muscle actin; IHC, immunohistochemistry; Ki67, cell prolifera-

tion antigen Ki-67; LEC, lymphatic endothelial cell; LYVE1, lymphatic vessel endothelial hya-

luronan receptor-1; PDPN, podoplanin; tk, thymidine kinase; VEGF-C, vascular endothelial

growth factor C; VEGFR3, vascular endothelial growth factor receptor 3; WT, wild type.

(TIF)

S6 Fig. Lymphangiogenesis and/or angiogenesis in multiple tissue types of WT and PDPN-

tk mice. (A) Images showing the PDPN immunofluorescence staining (red) in the kidney,

intestine, and LN of GCV-treated WT and PDPN-tk mice. Scale bars, 100 μm. (B) Orthotopic

4T1 mammary tumors in PDPN-tk or WT mice (n = 5 female mice per group) examined for

lymphatic vessel density (PDPN staining) and blood vessel density (CD31 staining). These

data are also shown in Fig 2C. Scale bar, 100 μm. CD, cluster of differentiation; GCV, ganciclo-

vir; LN, lymph node; PDPN, podoplanin; tk, thymidine kinase; WT, wild type.

(TIF)
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S7 Fig. Further characterization of lymphangiogenesis in mouse mammary tumors from

WT and PDPN-tk mice. (A and B) Representative images of LYVE1 immunohistochemical

staining in 4T1 orthotopic mammary tumors (A) or MMTV-PyMT spontaneous mammary

tumors (B) from PDPN-tk or WT female mice (n = 5 per group). Scale bars, 100 μm. Data are

represented as mean ± SEM. Significance is determined using an unpaired two-tailed Student

t test (�p< 0.05). (C) Representative images of 4T1 and MMTV-PyMT mammary tumors

(WT mice) stained for PDPN, VEGFR3, and αSMA. Scale bars, 25 μm. (D) Representative

images of 4T1 mammary tumors (WT mice) stained for PDPN, CD31, and αSMA. Scale bars,

25 μm. (E) Representative images of 4T1 mammary tumors stained for PDPN, LYVE1, and

CD68. Scale bars, 25 μm. The underlying data can be found in S1 Data. αSMA, α-smooth mus-

cle actin; CD, cluster of differentiation; LYVE1, lymphatic vessel endothelial hyaluronan

receptor-1; MMTV-PyMT, mouse mammary tumor virus–polyoma middle tumor antigen;

PDPN, podoplanin; tk, thymidine kinase; VEGFR3, vascular endothelial growth factor recep-

tor 3; WT, wild type.

(TIF)

S8 Fig. Additional data for the TCGA data set analysis and immune infiltration profile.

(A) The correlation between PDPN relative mRNA level and distant organ metastasis in 844

breast cancer patients with available data from TCGA breast invasive carcinoma data set. (B)

Representative flow cytometry gating strategies used to analyze mammary tumor immune

infiltration profile for T cell panel and myeloid cell panel, respectively. (C) Percentages of

CD19+ and NK1.1+ cells in 4T1 orthotopic mammary tumors of PDPN-tk or WT mice (n = 9

per group). The underlying data can be found in S1 Data. CD, cluster of differentiation; NK,

natural killer; PDPN, podoplanin; TCGA, The Cancer Genome Atlas; WT, wild type.

(TIF)

S1 Data. Source data used for quantification in this study.

(XLSX)

Acknowledgments

We thank Dr. James Allison, H. Nischal, and L. Morgan for the help with the flow cytometry-

based immunotyping assay and M. Duncan for his help in generating the transgenic mice.

Author Contributions

Conceptualization: Yang Chen, Valerie S. LeBleu, Raghu Kalluri.

Data curation: Yang Chen.

Formal analysis: Yang Chen.

Investigation: Yang Chen, Doruk Keskin, Hikaru Sugimoto, Patricia E. Phillips, Lauren

Bizarro.

Methodology: Yang Chen, Patricia E. Phillips.

Resources: Arlene Sharpe, Raghu Kalluri.

Supervision: Yang Chen, Doruk Keskin, Keizo Kanasaki, Arlene Sharpe, Valerie S. LeBleu,

Raghu Kalluri.

Validation: Yang Chen.

Lymphangiogenesis and metastasis

PLOS Biology | https://doi.org/10.1371/journal.pbio.2005907 December 28, 2018 16 / 20

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2005907.s007
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2005907.s008
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2005907.s009
https://doi.org/10.1371/journal.pbio.2005907


Writing – original draft: Yang Chen.

Writing – review & editing: Yang Chen, Keizo Kanasaki, Lauren Bizarro, Valerie S. LeBleu,

Raghu Kalluri.

References
1. Weigelt B, Peterse JL, van ’t Veer LJ. Breast cancer metastasis: markers and models. Nature reviews

Cancer. 2005; 5(8):591–602. https://doi.org/10.1038/nrc1670 PMID: 16056258

2. Joyce JA, Pollard JW. Microenvironmental regulation of metastasis. Nature reviews Cancer. 2009; 9

(4):239–52. https://doi.org/10.1038/nrc2618 PMID: 19279573

3. Qian BZ, Zhang H, Li J, He T, Yeo EJ, Soong DY, et al. FLT1 signaling in metastasis-associated macro-

phages activates an inflammatory signature that promotes breast cancer metastasis. The Journal of

experimental medicine. 2015; 212(9):1433–48. https://doi.org/10.1084/jem.20141555 PMID: 26261265

4. Cooke VG, LeBleu VS, Keskin D, Khan Z, O’Connell JT, Teng Y, et al. Pericyte depletion results in hyp-

oxia-associated epithelial-to-mesenchymal transition and metastasis mediated by met signaling path-

way. Cancer cell. 2012; 21(1):66–81. https://doi.org/10.1016/j.ccr.2011.11.024 PMID: 22264789

5. O’Connell JT, Sugimoto H, Cooke VG, MacDonald BA, Mehta AI, LeBleu VS, et al. VEGF-A and Tenas-

cin-C produced by S100A4+ stromal cells are important for metastatic colonization. Proceedings of the

National Academy of Sciences of the United States of America. 2011; 108(38):16002–7. https://doi.org/

10.1073/pnas.1109493108 PMID: 21911392

6. Oliver G. Lymphatic vasculature development. Nature reviews Immunology. 2004; 4(1):35–45. https://

doi.org/10.1038/nri1258 PMID: 14704766

7. Wiig H, Keskin D, Kalluri R. Interaction between the extracellular matrix and lymphatics: consequences

for lymphangiogenesis and lymphatic function. Matrix biology: journal of the International Society for

Matrix Biology. 2010; 29(8):645–56.

8. Stacker SA, Williams SP, Karnezis T, Shayan R, Fox SB, Achen MG. Lymphangiogenesis and lym-

phatic vessel remodelling in cancer. Nature reviews Cancer. 2014; 14(3):159–72. https://doi.org/10.

1038/nrc3677 PMID: 24561443

9. Alitalo K. The lymphatic vasculature in disease. Nature medicine. 2011; 17(11):1371–80. https://doi.

org/10.1038/nm.2545 PMID: 22064427

10. Saharinen P, Tammela T, Karkkainen MJ, Alitalo K. Lymphatic vasculature: development, molecular

regulation and role in tumor metastasis and inflammation. Trends in immunology. 2004; 25(7):387–95.

https://doi.org/10.1016/j.it.2004.05.003 PMID: 15207507

11. Karpanen T, Alitalo K. Molecular biology and pathology of lymphangiogenesis. Annual review of pathol-

ogy. 2008; 3:367–97. https://doi.org/10.1146/annurev.pathmechdis.3.121806.151515 PMID: 18039141

12. Alitalo A, Detmar M. Interaction of tumor cells and lymphatic vessels in cancer progression. Oncogene.

2012; 31(42):4499–508. https://doi.org/10.1038/onc.2011.602 PMID: 22179834

13. Wissmann C, Detmar M. Pathways targeting tumor lymphangiogenesis. Clinical cancer research: an

official journal of the American Association for Cancer Research. 2006; 12(23):6865–8.

14. Karnezis T, Shayan R, Caesar C, Roufail S, Harris NC, Ardipradja K, et al. VEGF-D promotes tumor

metastasis by regulating prostaglandins produced by the collecting lymphatic endothelium. Cancer cell.

2012; 21(2):181–95. https://doi.org/10.1016/j.ccr.2011.12.026 PMID: 22340592

15. Gogineni A, Caunt M, Crow A, Lee CV, Fuh G, van Bruggen N, et al. Inhibition of VEGF-C modulates

distal lymphatic remodeling and secondary metastasis. PLoS ONE. 2013; 8(7):e68755. https://doi.org/

10.1371/journal.pone.0068755 PMID: 23874750

16. Lyons TR, Borges VF, Betts CB, Guo Q, Kapoor P, Martinson HA, et al. Cyclooxygenase-2-dependent

lymphangiogenesis promotes nodal metastasis of postpartum breast cancer. The Journal of clinical

investigation. 2014; 124(9):3901–12. https://doi.org/10.1172/JCI73777 PMID: 25133426

17. Brown M, Assen FP, Leithner A, Abe J, Schachner H, Asfour G, et al. Lymph node blood vessels pro-

vide exit routes for metastatic tumor cell dissemination in mice. Science. 2018; 359(6382):1408–11.

https://doi.org/10.1126/science.aal3662 PMID: 29567714

18. Pereira ER, Kedrin D, Seano G, Gautier O, Meijer EFJ, Jones D, et al. Lymph node metastases can

invade local blood vessels, exit the node, and colonize distant organs in mice. Science. 2018; 359

(6382):1403–7. https://doi.org/10.1126/science.aal3622 PMID: 29567713

19. Skobe M, Hawighorst T, Jackson DG, Prevo R, Janes L, Velasco P, et al. Induction of tumor lymphan-

giogenesis by VEGF-C promotes breast cancer metastasis. Nature medicine. 2001; 7(2):192–8. https://

doi.org/10.1038/84643 PMID: 11175850

Lymphangiogenesis and metastasis

PLOS Biology | https://doi.org/10.1371/journal.pbio.2005907 December 28, 2018 17 / 20

https://doi.org/10.1038/nrc1670
http://www.ncbi.nlm.nih.gov/pubmed/16056258
https://doi.org/10.1038/nrc2618
http://www.ncbi.nlm.nih.gov/pubmed/19279573
https://doi.org/10.1084/jem.20141555
http://www.ncbi.nlm.nih.gov/pubmed/26261265
https://doi.org/10.1016/j.ccr.2011.11.024
http://www.ncbi.nlm.nih.gov/pubmed/22264789
https://doi.org/10.1073/pnas.1109493108
https://doi.org/10.1073/pnas.1109493108
http://www.ncbi.nlm.nih.gov/pubmed/21911392
https://doi.org/10.1038/nri1258
https://doi.org/10.1038/nri1258
http://www.ncbi.nlm.nih.gov/pubmed/14704766
https://doi.org/10.1038/nrc3677
https://doi.org/10.1038/nrc3677
http://www.ncbi.nlm.nih.gov/pubmed/24561443
https://doi.org/10.1038/nm.2545
https://doi.org/10.1038/nm.2545
http://www.ncbi.nlm.nih.gov/pubmed/22064427
https://doi.org/10.1016/j.it.2004.05.003
http://www.ncbi.nlm.nih.gov/pubmed/15207507
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151515
http://www.ncbi.nlm.nih.gov/pubmed/18039141
https://doi.org/10.1038/onc.2011.602
http://www.ncbi.nlm.nih.gov/pubmed/22179834
https://doi.org/10.1016/j.ccr.2011.12.026
http://www.ncbi.nlm.nih.gov/pubmed/22340592
https://doi.org/10.1371/journal.pone.0068755
https://doi.org/10.1371/journal.pone.0068755
http://www.ncbi.nlm.nih.gov/pubmed/23874750
https://doi.org/10.1172/JCI73777
http://www.ncbi.nlm.nih.gov/pubmed/25133426
https://doi.org/10.1126/science.aal3662
http://www.ncbi.nlm.nih.gov/pubmed/29567714
https://doi.org/10.1126/science.aal3622
http://www.ncbi.nlm.nih.gov/pubmed/29567713
https://doi.org/10.1038/84643
https://doi.org/10.1038/84643
http://www.ncbi.nlm.nih.gov/pubmed/11175850
https://doi.org/10.1371/journal.pbio.2005907


20. He Y, Rajantie I, Pajusola K, Jeltsch M, Holopainen T, Yla-Herttuala S, et al. Vascular endothelial cell

growth factor receptor 3-mediated activation of lymphatic endothelium is crucial for tumor cell entry and

spread via lymphatic vessels. Cancer research. 2005; 65(11):4739–46. https://doi.org/10.1158/0008-

5472.CAN-04-4576 PMID: 15930292

21. Lin J, Lalani AS, Harding TC, Gonzalez M, Wu WW, Luan B, et al. Inhibition of lymphogenous metasta-

sis using adeno-associated virus-mediated gene transfer of a soluble VEGFR-3 decoy receptor. Cancer

research. 2005; 65(15):6901–9. https://doi.org/10.1158/0008-5472.CAN-05-0408 PMID: 16061674

22. Eklund L, Bry M, Alitalo K. Mouse models for studying angiogenesis and lymphangiogenesis in cancer.

Molecular oncology. 2013; 7(2):259–82. https://doi.org/10.1016/j.molonc.2013.02.007 PMID:

23522958

23. Zheng W, Aspelund A, Alitalo K. Lymphangiogenic factors, mechanisms, and applications. The Journal

of clinical investigation. 2014; 124(3):878–87. https://doi.org/10.1172/JCI71603 PMID: 24590272

24. Lund AW, Wagner M, Fankhauser M, Steinskog ES, Broggi MA, Spranger S, et al. Lymphatic vessels

regulate immune microenvironments in human and murine melanoma. The Journal of clinical investiga-

tion. 2016; 126(9):3389–402. https://doi.org/10.1172/JCI79434 PMID: 27525437

25. Wigle JT, Oliver G. Prox1 function is required for the development of the murine lymphatic system. Cell.

1999; 98(6):769–78. PMID: 10499794

26. Banerji S, Ni J, Wang SX, Clasper S, Su J, Tammi R, et al. LYVE-1, a new homologue of the CD44 gly-

coprotein, is a lymph-specific receptor for hyaluronan. The Journal of cell biology. 1999; 144(4):789–

801. PMID: 10037799

27. Veikkola T, Lohela M, Ikenberg K, Makinen T, Korff T, Saaristo A, et al. Intrinsic versus microenviron-

mental regulation of lymphatic endothelial cell phenotype and function. FASEB J. 2003; 17(14):2006–

13. https://doi.org/10.1096/fj.03-0179com PMID: 14597670

28. Breiteneder-Geleff S, Matsui K, Soleiman A, Meraner P, Poczewski H, Kalt R, et al. Podoplanin, novel

43-kd membrane protein of glomerular epithelial cells, is down-regulated in puromycin nephrosis. The

American journal of pathology. 1997; 151(4):1141–52. PMID: 9327748

29. Breiteneder-Geleff S, Soleiman A, Kowalski H, Horvat R, Amann G, Kriehuber E, et al. Angiosarcomas

express mixed endothelial phenotypes of blood and lymphatic capillaries: podoplanin as a specific

marker for lymphatic endothelium. The American journal of pathology. 1999; 154(2):385–94. https://doi.

org/10.1016/S0002-9440(10)65285-6 PMID: 10027397

30. Schacht V, Ramirez MI, Hong YK, Hirakawa S, Feng D, Harvey N, et al. T1alpha/podoplanin deficiency

disrupts normal lymphatic vasculature formation and causes lymphedema. The EMBO journal. 2003;

22(14):3546–56. https://doi.org/10.1093/emboj/cdg342 PMID: 12853470

31. Choi I, Chung HK, Ramu S, Lee HN, Kim KE, Lee S, et al. Visualization of lymphatic vessels by Prox1-

promoter directed GFP reporter in a bacterial artificial chromosome-based transgenic mouse. Blood.

2011; 117(1):362–5. https://doi.org/10.1182/blood-2010-07-298562 PMID: 20962325

32. Mancardi S, Stanta G, Dusetti N, Bestagno M, Jussila L, Zweyer M, et al. Lymphatic endothelial tumors

induced by intraperitoneal injection of incomplete Freund’s adjuvant. Experimental cell research. 1999;

246(2):368–75. https://doi.org/10.1006/excr.1998.4270 PMID: 9925752

33. Tanjore H, Zeisberg EM, Gerami-Naini B, Kalluri R. Beta1 integrin expression on endothelial cells is

required for angiogenesis but not for vasculogenesis. Developmental dynamics: an official publication

of the American Association of Anatomists. 2008; 237(1):75–82.

34. Robson A, Allinson KR, Anderson RH, Henderson DJ, Arthur HM. The TGFbeta type II receptor plays a

critical role in the endothelial cells during cardiac development. Developmental dynamics: an official

publication of the American Association of Anatomists. 2010; 239(9):2435–42.

35. Ozdemir BC, Pentcheva-Hoang T, Carstens JL, Zheng X, Wu CC, Simpson TR, et al. Depletion of carci-

noma-associated fibroblasts and fibrosis induces immunosuppression and accelerates pancreas can-

cer with reduced survival. Cancer cell. 2014; 25(6):719–34. https://doi.org/10.1016/j.ccr.2014.04.005

PMID: 24856586

36. Leu AJ, Berk DA, Lymboussaki A, Alitalo K, Jain RK. Absence of functional lymphatics within a murine

sarcoma: A molecular and functional evaluation. Cancer research. 2000; 60(16):4324–7. PMID:

10969769

37. Padera TP, Kadambi A, di Tomaso E, Carreira CM, Brown EB, Boucher Y, et al. Lymphatic metastasis

in the absence of functional intratumor lymphatics. Science. 2002; 296(5574):1883–6. https://doi.org/

10.1126/science.1071420 PMID: 11976409

38. Aukland K, Reed RK. Interstitial-lymphatic mechanisms in the control of extracellular fluid volume. Phy-

siol Rev. 1993; 73(1):1–78. https://doi.org/10.1152/physrev.1993.73.1.1 PMID: 8419962

Lymphangiogenesis and metastasis

PLOS Biology | https://doi.org/10.1371/journal.pbio.2005907 December 28, 2018 18 / 20

https://doi.org/10.1158/0008-5472.CAN-04-4576
https://doi.org/10.1158/0008-5472.CAN-04-4576
http://www.ncbi.nlm.nih.gov/pubmed/15930292
https://doi.org/10.1158/0008-5472.CAN-05-0408
http://www.ncbi.nlm.nih.gov/pubmed/16061674
https://doi.org/10.1016/j.molonc.2013.02.007
http://www.ncbi.nlm.nih.gov/pubmed/23522958
https://doi.org/10.1172/JCI71603
http://www.ncbi.nlm.nih.gov/pubmed/24590272
https://doi.org/10.1172/JCI79434
http://www.ncbi.nlm.nih.gov/pubmed/27525437
http://www.ncbi.nlm.nih.gov/pubmed/10499794
http://www.ncbi.nlm.nih.gov/pubmed/10037799
https://doi.org/10.1096/fj.03-0179com
http://www.ncbi.nlm.nih.gov/pubmed/14597670
http://www.ncbi.nlm.nih.gov/pubmed/9327748
https://doi.org/10.1016/S0002-9440(10)65285-6
https://doi.org/10.1016/S0002-9440(10)65285-6
http://www.ncbi.nlm.nih.gov/pubmed/10027397
https://doi.org/10.1093/emboj/cdg342
http://www.ncbi.nlm.nih.gov/pubmed/12853470
https://doi.org/10.1182/blood-2010-07-298562
http://www.ncbi.nlm.nih.gov/pubmed/20962325
https://doi.org/10.1006/excr.1998.4270
http://www.ncbi.nlm.nih.gov/pubmed/9925752
https://doi.org/10.1016/j.ccr.2014.04.005
http://www.ncbi.nlm.nih.gov/pubmed/24856586
http://www.ncbi.nlm.nih.gov/pubmed/10969769
https://doi.org/10.1126/science.1071420
https://doi.org/10.1126/science.1071420
http://www.ncbi.nlm.nih.gov/pubmed/11976409
https://doi.org/10.1152/physrev.1993.73.1.1
http://www.ncbi.nlm.nih.gov/pubmed/8419962
https://doi.org/10.1371/journal.pbio.2005907


39. Meinecke AK, Nagy N, Lago GD, Kirmse S, Klose R, Schrodter K, et al. Aberrant mural cell recruitment

to lymphatic vessels and impaired lymphatic drainage in a murine model of pulmonary fibrosis. Blood.

2012; 119(24):5931–42. https://doi.org/10.1182/blood-2011-12-396895 PMID: 22547584

40. Triacca V, Guc E, Kilarski WW, Pisano M, Swartz MA. Transcellular Pathways in Lymphatic Endothelial

Cells Regulate Changes in Solute Transport by Fluid Stress. Circ Res. 2017; 120(9):1440–52. https://

doi.org/10.1161/CIRCRESAHA.116.309828 PMID: 28130294

41. Pula B, Jethon A, Piotrowska A, Gomulkiewicz A, Owczarek T, Calik J, et al. Podoplanin expression by

cancer-associated fibroblasts predicts poor outcome in invasive ductal breast carcinoma. Histopathol-

ogy. 2011; 59(6):1249–60. https://doi.org/10.1111/j.1365-2559.2011.04060.x PMID: 22175904

42. Schoppmann SF, Berghoff A, Dinhof C, Jakesz R, Gnant M, Dubsky P, et al. Podoplanin-expressing

cancer-associated fibroblasts are associated with poor prognosis in invasive breast cancer. Breast Can-

cer Res Treat. 2012; 134(1):237–44. https://doi.org/10.1007/s10549-012-1984-x PMID: 22350732

43. Pula B, Witkiewicz W, Dziegiel P, Podhorska-Okolow M. Significance of podoplanin expression in can-

cer-associated fibroblasts: a comprehensive review. International journal of oncology. 2013; 42

(6):1849–57. https://doi.org/10.3892/ijo.2013.1887 PMID: 23588876

44. Kerrigan AM, Navarro-Nunez L, Pyz E, Finney BA, Willment JA, Watson SP, et al. Podoplanin-express-

ing inflammatory macrophages activate murine platelets via CLEC-2. J Thromb Haemost. 2012; 10

(3):484–6. https://doi.org/10.1111/j.1538-7836.2011.04614.x PMID: 22212362

45. Braun M, Flucke U, Debald M, Walgenbach-Bruenagel G, Walgenbach KJ, Holler T, et al. Detection of

lymphovascular invasion in early breast cancer by D2-40 (podoplanin): a clinically useful predictor for

axillary lymph node metastases. Breast Cancer Res Treat. 2008; 112(3):503–11. https://doi.org/10.

1007/s10549-007-9875-2 PMID: 18165897

46. Wahal SP, Goel MM, Mehrotra R. Lymphatic vessel assessment by podoplanin (D2-40) immunohis-

tochemistry in breast cancer. J Cancer Res Ther. 2015; 11(4):798–804. https://doi.org/10.4103/0973-

1482.146123 PMID: 26881521

47. Lovisa S, LeBleu VS, Tampe B, Sugimoto H, Vadnagara K, Carstens JL, et al. Epithelial-to-mesenchy-

mal transition induces cell cycle arrest and parenchymal damage in renal fibrosis. Nature medicine.

2015; 21(9):998–1009. https://doi.org/10.1038/nm.3902 PMID: 26236991

48. Piller NB. Macrophage and tissue changes in the developmental phases of secondary lymphoedema

and during conservative therapy with benzopyrone. Archives of histology and cytology. 1990; 53

Suppl:209–18.

49. Ghanta S, Cuzzone DA, Torrisi JS, Albano NJ, Joseph WJ, Savetsky IL, et al. Regulation of inflamma-

tion and fibrosis by macrophages in lymphedema. American journal of physiology Heart and circulatory

physiology. 2015; 308(9):H1065–77. https://doi.org/10.1152/ajpheart.00598.2014 PMID: 25724493

50. Pradeep S, Kim SW, Wu SY, Nishimura M, Chaluvally-Raghavan P, Miyake T, et al. Hematogenous

metastasis of ovarian cancer: rethinking mode of spread. Cancer cell. 2014; 26(1):77–91. https://doi.

org/10.1016/j.ccr.2014.05.002 PMID: 25026212

51. Schoppmann SF, Birner P, Stockl J, Kalt R, Ullrich R, Caucig C, et al. Tumor-associated macrophages

express lymphatic endothelial growth factors and are related to peritumoral lymphangiogenesis. The

American journal of pathology. 2002; 161(3):947–56. https://doi.org/10.1016/S0002-9440(10)64255-1

PMID: 12213723

52. Kerjaschki D. The crucial role of macrophages in lymphangiogenesis. The Journal of clinical investiga-

tion. 2005; 115(9):2316–9. https://doi.org/10.1172/JCI26354 PMID: 16138185

53. Schoppmann SF, Fenzl A, Nagy K, Unger S, Bayer G, Geleff S, et al. VEGF-C expressing tumor-asso-

ciated macrophages in lymph node positive breast cancer: impact on lymphangiogenesis and survival.

Surgery. 2006; 139(6):839–46. https://doi.org/10.1016/j.surg.2005.12.008 PMID: 16782443

54. Jeon BH, Jang C, Han J, Kataru RP, Piao L, Jung K, et al. Profound but dysfunctional lymphangiogen-

esis via vascular endothelial growth factor ligands from CD11b+ macrophages in advanced ovarian

cancer. Cancer research. 2008; 68(4):1100–9. https://doi.org/10.1158/0008-5472.CAN-07-2572 PMID:

18281485

55. LeBleu VS, Taduri G, O’Connell J, Teng Y, Cooke VG, Woda C, et al. Origin and function of myofibro-

blasts in kidney fibrosis. Nature medicine. 2013; 19(8):1047–53. https://doi.org/10.1038/nm.3218

PMID: 23817022

56. Chytil A, Magnuson MA, Wright CV, Moses HL. Conditional inactivation of the TGF-beta type II receptor

using Cre:Lox. Genesis. 2002; 32(2):73–5. PMID: 11857781

57. Viegas MS, Martins TC, Seco F, do Carmo A. An improved and cost-effective methodology for the

reduction of autofluorescence in direct immunofluorescence studies on formalin-fixed paraffin-embed-

ded tissues. Eur J Histochem. 2007; 51(1):59–66. PMID: 17548270

Lymphangiogenesis and metastasis

PLOS Biology | https://doi.org/10.1371/journal.pbio.2005907 December 28, 2018 19 / 20

https://doi.org/10.1182/blood-2011-12-396895
http://www.ncbi.nlm.nih.gov/pubmed/22547584
https://doi.org/10.1161/CIRCRESAHA.116.309828
https://doi.org/10.1161/CIRCRESAHA.116.309828
http://www.ncbi.nlm.nih.gov/pubmed/28130294
https://doi.org/10.1111/j.1365-2559.2011.04060.x
http://www.ncbi.nlm.nih.gov/pubmed/22175904
https://doi.org/10.1007/s10549-012-1984-x
http://www.ncbi.nlm.nih.gov/pubmed/22350732
https://doi.org/10.3892/ijo.2013.1887
http://www.ncbi.nlm.nih.gov/pubmed/23588876
https://doi.org/10.1111/j.1538-7836.2011.04614.x
http://www.ncbi.nlm.nih.gov/pubmed/22212362
https://doi.org/10.1007/s10549-007-9875-2
https://doi.org/10.1007/s10549-007-9875-2
http://www.ncbi.nlm.nih.gov/pubmed/18165897
https://doi.org/10.4103/0973-1482.146123
https://doi.org/10.4103/0973-1482.146123
http://www.ncbi.nlm.nih.gov/pubmed/26881521
https://doi.org/10.1038/nm.3902
http://www.ncbi.nlm.nih.gov/pubmed/26236991
https://doi.org/10.1152/ajpheart.00598.2014
http://www.ncbi.nlm.nih.gov/pubmed/25724493
https://doi.org/10.1016/j.ccr.2014.05.002
https://doi.org/10.1016/j.ccr.2014.05.002
http://www.ncbi.nlm.nih.gov/pubmed/25026212
https://doi.org/10.1016/S0002-9440(10)64255-1
http://www.ncbi.nlm.nih.gov/pubmed/12213723
https://doi.org/10.1172/JCI26354
http://www.ncbi.nlm.nih.gov/pubmed/16138185
https://doi.org/10.1016/j.surg.2005.12.008
http://www.ncbi.nlm.nih.gov/pubmed/16782443
https://doi.org/10.1158/0008-5472.CAN-07-2572
http://www.ncbi.nlm.nih.gov/pubmed/18281485
https://doi.org/10.1038/nm.3218
http://www.ncbi.nlm.nih.gov/pubmed/23817022
http://www.ncbi.nlm.nih.gov/pubmed/11857781
http://www.ncbi.nlm.nih.gov/pubmed/17548270
https://doi.org/10.1371/journal.pbio.2005907


58. Hamano Y, Zeisberg M, Sugimoto H, Lively JC, Maeshima Y, Yang C, et al. Physiological levels of tum-

statin, a fragment of collagen IV alpha3 chain, are generated by MMP-9 proteolysis and suppress angio-

genesis via alphaV beta3 integrin. Cancer cell. 2003; 3(6):589–601. PMID: 12842087

59. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio cancer genomics portal:

an open platform for exploring multidimensional cancer genomics data. Cancer Discov. 2012; 2(5):401–

4. https://doi.org/10.1158/2159-8290.CD-12-0095 PMID: 22588877

Lymphangiogenesis and metastasis

PLOS Biology | https://doi.org/10.1371/journal.pbio.2005907 December 28, 2018 20 / 20

http://www.ncbi.nlm.nih.gov/pubmed/12842087
https://doi.org/10.1158/2159-8290.CD-12-0095
http://www.ncbi.nlm.nih.gov/pubmed/22588877
https://doi.org/10.1371/journal.pbio.2005907

