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Abstract

Head and neck squamous cell carcinomas (HNSCC) often metastasize to locoregional lymph 

nodes, and lymph node involvement represents one of the most important prognostic factors of 

poor clinical outcome. HNSCC are remarkably lymphangiogenic and represent a clear example of 

a cancer that utilizes the lymphatic vasculature for malignant dissemination; however, the 

molecular mechanisms underlying lymphangiogenesis in HNSCC is still poorly understood. Of 

interest, we found that an axon guidance molecule, Semaphorin 3F (SEMA3F), is among the top 

1% underexpressed genes in HNSCC, and that genomic loss of SEMA3F correlates with increased 

metastasis and decreased survival. SEMA3F acts on its co-receptors, plexins and neuropilins, 

among which neuropilin-2 (NRP2) is highly expressed in lymphatic endothelial cells (LECs) but 

not in oral epithelium and most HNSCCs. We show that recombinant SEMA3F promotes LEC 

collapse and potently inhibits lymphangiogenesis in vivo. By reconstituting all possible plexin and 

neuropilin combinations, we found that SEMA3F acts through multiple receptors, but 

predominantly requires NRP2 to signal in LECs. Using orthotopic HNSCC metastasis mouse 

models, we provide direct evidence that SEMA3F re-expression diminishes lymphangiogenesis 

and lymph node metastasis. Furthermore, analysis of a large tissue collection revealed that 

SEMA3F is progressively lost during HNSCC progression, concomitant with increased tumor 

lymphangiogenesis. SEMA3F is localized to 3p21, an early and frequently deleted locus in 

HNSCC and many other prevalent human malignancies. Thus, SEMA3F may represent an 

antilymphangiogenic metastasis suppressor gene widely lost during cancer progression, hence 

serving as a prognostic biomarker and an attractive target for therapeutic intervention to halt 

metastasis.
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INTRODUCTION

One of the defining hallmarks of cancer is ability to form new vasculature to facilitate the 

growth and metastatic spread of cancer cells (1). Metastasis is the leading cause of morbidity 

in patients with a variety of solid tumors, where cancer cells often disseminate through 

blood and lymphatic vessels (1). Thus, the presence of intra- and peritumoral vasculature is 

a critical diagnostic and prognostic biomarker (2). Angiogenesis is required for tumors to 

grow beyond a critical limit and tumor-associated blood vessels have been suggested to 

participate in metastasis (3). Significantly less is known about the role of lymphangiogenesis 

in cancer, although lymphatic invasion is one of the most relevant diagnostic parameters for 

solid tumors (2,4,5). Specifically, melanoma and head and neck squamous cell carcinomas 

(HNSCC) demonstrate intratumoral lymphangiogenesis that is associated with invasion, 

metastasis, and decreased survival (6–8). However, the relative contribution of angiogenesis 

and lymphangiogenesis to cancer progression and metastasis is still not fully understood.

HNSCC is one of the ten most common cancers globally and less than half of patients 

diagnosed with nonlocalized disease will survive beyond five years (9,10). This is partially 

attributed to the propensity of HNSCC to metastasize to locoregional lymph nodes, which is 

the single most significant prognostic indicator and decreases the overall survival rate by 

more than 50% (11–13). Further, approximately 40% of the lymph nodes in the human body 

are located within the head and neck region (14), and HNSCC demonstrates significant 

intratumoral lymphangiogenesis compared to other solid cancers, suggesting that 

lymphangiogenesis may play a pivotal role in HNSCC metastasis and survival. Therefore, 

HNSCC may represent a clinically relevant condition to begin to dissect the specific role of 

lymphangiogenesis in metastasis.

The emergence of deep-sequencing approaches for human disease has led to the 

identification of a multitude of aberrant molecules in cancer that may contribute to its 

pathogenesis. While conducting analyses on altered molecules in the HNSCC genome, we 

observed that SEMA3F is among the top 1% underexpressed genes (15). SEMA3F is a 

member of the class 3 semaphorin family originally characterized in axonal guidance (16). 

In addition, semaphorins have been shown to play multiple roles in normal and pathologic 

angiogenesis by acting on their receptors, plexins and neuropilins (17–20). Interestingly, 

SEMA3F can bind to neuropilin 2 (NRP2), and early studies indicated that SEMA3F 

expression prevents the growth of metastatic melanoma cells that express high levels of 

NRP2 (21). However, the relevance of SEMA3F expression in cancers lacking NRP2 has 

not been investigated. Furthermore, NRP2 is a co-receptor highly expressed on LECs. 

Therefore, these observations prompted us to explore whether SEMA3F loss may contribute 

to HNSCC lymphangiogenesis, and hence impact on cancer progression and metastasis.

MATERIALS AND METHODS

The following represent a brief summary of the procedures. Please see the Supplemental 

Material for additional detailed methods.
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Cell Culture

293T-17, HaCat, COS-7, UMSCC2 and UMSCC17B cells were cultured in DMEM + 10% 

fetal bovine serum (FBS). LECs and HMVECs were cultured in EGM2-MV and HUVECs 

were cultured in EGM-2 (Lonza. All cells were cultured at 37°C in 5% CO2. UMSCC2 and 

UMSCC17B stable cell lines were achieved by selection with 1 µg/ml blasticidin. 

Transfection of plasmids and siRNAs can be found in the supplemental methods. All cell 

lines underwent DNA authentication (Genetica DNA Laboratories, Inc.) before the 

described experiments to ensure consistency in cell identity.

TCGA analysis

Data regarding the copy number of PIK3CA and SEMA3F in head and neck cancer was 

downloaded from the cBio Portal for Cancer Genomics (http://www.cbioportal.org/public-

portal/ accessed February 5, 2014).

Immunohistochemistry

Tissue arrays containing normal and oral cancer tissues were purchased from US BioMax 

Inc. Histopathology of tongue sections was performed as previously described (22). FFPE 

slides were stained and for tissue arrays were classified based on the intensity and the 

percentage of positive cells quantified as described (23). Correlations were determined using 

Pearson’s Coefficient.

SEMA3F Purification

Serum-free CM from 293T-17 cells expressing NTAP-SEMA3F construct was collected, 

dialyzed, then isolated using HisTALON cobalt beads (Clontech). ΔFLAG control was 

generated by incubating purified SEMA3F with anti-FLAG conjugated beads (Sigma-

Aldrich) and collecting the unbound supernatant.

Immunobloting

Cells were lysed in RIPA buffer and concentration was determined using Bio-Rad DC 

protein assay. Twenty micrograms total protein was separated by SDS-PAGE and 

transferred to PVDF membrane overnight at 4°C. Membranes were blocked for 1 hour at 

room temperature in 5% milk in TBST and then probed with primary antibodies overnight at 

4°C. Membranes were washed four times in TBST, probed with HRP-conjugated secondary 

antibodies for 1h at RT in 5% milk, washed four times in TBST, and detected using 

chemiluminescent substrate (Millipore).

Immunofluorescence

For LECs and NOKs, cells were fixed with 4% paraformaldehyde and permeabilized with 

0.1% Triton X-100. LECs were stained with phalloidin-GFP (Invitrogen) and counterstained 

with Hoescht 33342 (Invitrogen). NOKs were stained with SEMA3F (Sigma-Aldrich) or 

58K Golgi Protein (Abcam), imaged with anti-rabbit AlexaFluor 488 (Invitrogen) or anti-

goat AlexaFluor 546 (Invitrogen), and counterstained with Hoescht 33342 (Invitrogen). For 

matrigel and orthotopic tumor sections, FFPE slides were prepared and stained using the 

immunohistochemistry protocol described, and then counterstained Hoescht 33342 
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(Invitrogen). The images were taken using an Axio Imager Z1 microscope equipped with an 

ApoTome system.

Cell adhesion and collapse assays

For adhesion assays, LEC were treated and plated on collagen-coated plates. Nonadherent 

cells were removed by washing and adherent cells fixed and stained. For collapse, LECs 

were transfected with LifeAct GFP and treated, or treated, fixed and stained with fluorescent 

phalloidin and nuclear counterstain. Cell area and perimeter were assessed using ImageJ. 

For heterologous assays, transfected COS-7 cells were treated as indicated. For all assays, 

quantification was performed using ImageJ from three independent experiments. Statistical 

significance was determined using one-way ANOVA. For movies, cells were imaged on an 

Olympus IX-81 inverted confocal microscope with images obtained every 30 seconds for a 

total of 3 hours, and analyzed using ZEN software (Carl Zeiss).

In vivo lymphangiogenesis assay and FACS

Basement membrane extract (Trevigen) plugs with growth factors and inhibitors, as 

indicated, were injected subcutaneously into the flank of nude mice. Single cell suspensions 

from plugs were prepared as described (24) and cell populations determined by FACS. 

Statistics were determined using ANOVA from three independent experiments. Cells were 

resuspended in PBS, stained with a LIVE/DEAD fluorescent dye (L-23105; Invitrogen), and 

incubated with CD16/32 (2.4G2; BD Biosciences) to block Fc receptors. For staining, cells 

were incubated with Alexa Fluor 488-conjugated LYVE-1, PE-Cy7-conjugated CD31, 

allophycocyanin (APC)-conjugated TER-119, APC-Cy7-conjugated CD45 and eFluor 450-

conjugated CD102 (eBioscience or BD Biosciences) washed, and analyzed on a 5-laser 

LSRFortessa™ (BD Biosciences). Data were analyzed using FACS Diva (BD Biosciences) 

and FlowJo software (Treestar). Quantification of cell types was performed using PE-

conjugated fluorescent counting beads (Spherotech).

Migration assay

Cells were treated as indicated for overnight Boyden migration. Membranes were fixed with 

methanol, counterstained with hematoxylin, and imaged on an Axiovert microscope. 

Calculations were based on 18 imaging fields each from three independent experiments. 

Statistical significance was determined using ANOVA.

Proliferation assay

Cancer cell lines were plated to 60% confluence and transferred to serum-free media with 

doxycycline for 20 hours. Cells were incubated an additional 4 hours with 1 µCi 

[methyl-3H]-thymidine (Perkin-Elmer). Proliferation was determined by liquid scintillation 

counting. Statistical significance was determined using ANOVA.

Orthotopic tumor xenografts in SCID/NOD mice

All animal studies were carried out according to NIH-approved protocols (ASP# 10-569), in 

compliance with the NIH Guide for the Care and Use of Laboratory Animals. Female severe 

combined immunodeficient (SCID)/NOD mice (NCI) were housed in appropriate sterile 

Doçi et al. Page 4

Cancer Res. Author manuscript; available in PMC 2016 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



filter-capped cages, and fed and watered ad libitum. Each animal was injected with 105 cells 

in 50 µl of serum-free media in the tongue. Animals in the control group were fed regular 

chow, while animals in the prevention group were fed 6g doxycycline/kg chow one week 

prior to injection and throughout the study. All animals underwent evaluation of the tongue 

for disease onset every three days, and the observed lesions were assessed for length and 

width, and tumor volume was determined as described previously (22). Animals were 

euthanized at the indicated time points and the cervical lymph nodes assessed for evidence 

of metastases by H&E staining.

RESULTS

SEMA3F expression is lost during HNSCC progression

While analyzing gene expression alterations in HNSCC in available datasets, we observed 

that SEMA3F is among the 1% most downregulated genes [−2.09 fold decrease, p=3.6E-20 

(15)] and is localized to 3p21, one of the most commonly deleted loci in HNSCC (25). To 

investigate whether reduced SEMA3F expression is caused by genomic alterations, we 

interrogated the TCGA Head and Neck Cancer databases, using PIK3CA, one the most 

frequently amplified genes in HNSCC that is localized to the long arm of the same 

chromosome (26) as a control (Figure 1A). Nearly 75% of HNSCC patients showed 

heterozygous loss of SEMA3F, suggesting that this semaphorin may represent a potential 

tumor suppressor (Fig. 1A). We assessed the Kaplan-Meier univariate survival of patients 

with heterozygous loss of SEMA3F (Fig. 1B) and the Cox Proportional Hazard multivariate 

survival, taking into consideration lymph node metastasis (Fig 1C). In both analyses, 

SEMA3F was a strong negative indicator of survival and a statistically significant 

independent biomarker (HR= 2.1, p=0.01 and exp(β)=1.95, p = 0.03, respectively). The 

median survival of patients with heterozygous loss was nearly half of patients expressing 

normal levels of SEMA3F (Fig. 1D). Additionally, patients with SEMA3F heterozygous loss 

showed significantly increased percentage of metastatic lymph nodes and lymphovascular 

invasion (Fig.1E and 1F).

SEMA3F loss was reflected at the protein level, as immunohistochemical evaluation of 

SEMA3F using a SEMA3F-specific antibody (Supplementary Fig, 1) revealed progressive 

loss of expression with advancing cancer severity. While normal oral epithelium 

demonstrated high level of SEMA3F expression, this was almost completely abolished in 

advanced cancers (Fig. 1G). Quantification of a large collection of HNSCC tissues revealed 

that nearly 70% of the proliferating basal cells in normal oral epithelium expressed high 

levels of SEMA3F, while over half of HNSCC samples express little to no SEMA3F (Fig. 

1H). Interestingly, this correlated with enhanced tumor vascularity, with markers for blood 

and lymphatic endothelium significantly increased in the absence of SEMA3F (Fig. 1I and 

Supplementary Fig. 2). These data support that decreased expression of SEMA3F correlates 

with poor clinical outcome, increased tumor vascularity, invasion, and metastasis, thus 

suggesting that SEMA3F may function as a tumor and metastasis suppressor in HNSCC.
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SEMA3F is a chemorepulsant for lymphatic endothelial cells

As the SEMA3F co-receptor NRP2 is highly expressed on LECs (27), we asked whether 

SEMA3F has a functional impact on these endothelial cells. We engineered a SEMA3F 

construct that would preserve its extracellular secretion and posttranslational processing 

while allowing for coexpression of N-terminal tandem affinity purification (NTAP) tags 

(Fig. 2A). SEMA3F was expressed, fully processed, and the secreted form of the protein 

was capable of purification using histidine affinity resin (Fig. 2A). Class 3 semaphorins 

function through a mechanism that involves negative regulation of integrin adhesion to the 

extracellular matrix, thereby modulating the attachment of endothelial cells to extracellular 

matrices through cytoskeletal remodeling (28). Secreted SEMA3F was functionally active in 

HUVEC adhesion assays, and this effect is specific as FLAG-depleted SEMA3F 

conditioned media (CM) but not IgG-depeleted CM was no longer able to inhibit attachment 

(Fig. 2B). Furthermore, SEMA3F caused a dose-dependent decrease of LEC attachment 

which was abolished by FLAG-mediated depletion (Fig. 2C). SEMA3F also induced a 

nearly 80% collapse of the LEC actin cytoskeleton, while decreasing cell perimeter by less 

than 3% (Fig. 2D). Using either purified SEMA3F or FLAG-depleted control, we 

documented the cellular collapse using live-cell imaging in LECs expressing fluorescent 

actin (Supplementary Movies 1 and 2). SEMA3F induced significant retraction of the LEC 

cytoskeleton, while little change in actin was observed in the FLAG-depleted control (Fig. 

2E). Together, this indicates that SEMA3F can be purified in a biologically active form that 

is capable of negatively regulating the function of LECs.

SEMA3F inhibits LEC function in vivo

We next asked whether SEMA3F can function as antilymphangiogenic factor in vivo. 

Matrigel combined with different growth factors were implanted in flanks of nude mice and 

invaded cells were identified and quantified by FACS. As proangiogenic growth factors 

such as vascular endothelial growth factor (VEGF) -A and –C use neuropilins as co-

receptors (16), sphingosine-1-phosphate (S1P) and basic fibroblast growth factor (bFGF) 

were substituted to circumvent any potential competition with SEMA3F. A stepwise gating 

strategy was employed to identify specific types of vascular-associated cells and endothelial 

cells while excluding immune-reactive cells like macrophages (Supplementary Fig. 3). 

Using matrigel alone as a negative control and S1P and bFGF as a positive control, we 

tested the ability of purified SEMA3F to block chemoattractant-mediated endothelial cell 

recruitment in a dose-dependent, quantitative in vivo setting (Fig. 3).

Gross evaluation and H&E staining matrigel plugs demonstrated strong infiltration of 

vasculature in the positive control that was attenuated by SEMA3F addition (Fig. 3A, upper 

and middle panels). Immunofluorescence against vascular (CD31) and lymphatic (LYVE-1) 

vessels demonstrate a SEMA3F dose-dependent decrease in S1P- and bFGF-induced vessel 

recruitment (Fig. 3A, lower panels). SEMA3F caused approximately 70% decrease in the 

abundance of red blood cells, long-regarded as the standard for angiogenesis implantation 

assays (Fig. 3B) (29). Similarly, we saw 60–70% decreased abundance of total CD31+ 

CD102+ endothelial cells (Fig. 3C) and vascular endothelial cells expressing little to no 

LYVE-1 (LYVE-1low), consistent with an antiangiogenic function previously reported for 

SEMA3F (21,30,31) (Fig. 3D). Remarkably, SEMA3F prevented the recruitment of LECs 
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(defined as LYVE-1hi), with a 70–85% reduction in the abundance of LECs with respect to 

control plugs (Fig. 3E). Thus, SEMA3F has potent antiangiogenic activity and an even more 

robust antilymphangiogenic function.

NRP and Plexin A coreceptor complexes are sufficient for SEMA3F signaling

NRP2 and Plexin A family members are capable of binding to SEMA3F (32,33), but the 

relative contribution of each member of this family to SEMA3F-mediated signaling is 

unknown. Primary human umbilical vein endothelial cells (HUVEC), human microvascular 

endothelial cells (HMVEC), and LEC express NRP1, NRP2, and Plexin A family members 

to varying degrees, while COS-7 cells do not express any of these receptors endogenously, 

thus serving as a heterologous system to investigate SEMA3F signaling (Fig. 4A). Each of 

the NRP and Plexin A family members were expressed in COS-7 cells to test their relative 

contribution to SEMA3F signaling alone and in coreceptor complexes (Fig. 4B). As a 

control, we also tested the effect of SEMA3A, as this semaphorin signals primarily through 

NRP1-Plexin A1 and NRP1-Plexin A3 (34).

Neither NRPs nor Plexins alone were sufficient for SEMA3F or SEMA3A signaling (Fig.4C 

and 4D). SEMA3A was most effective in cells expressing NRP1 and Plexin A1, as 

predicted. SEMA3F potently induced the collapse of COS-7 cells that expressed NRP2 and 

Plexin A3, although cells expressing NRP2 and Plexin A1 also collapsed when compared to 

controls. Interestingly, a modest collapse was observed in SEMA3F-treated cells that 

expressed NRP1 and Plexin A3, and to a lesser degree in those that expressed NRP1 and 

Plexin A1. Some broader effect of SEMA3A was also observed, as NRP2-Plexin A1 

complexes and NRP1-Plexin A4 complexes showed collapse. Plexin D1, a receptor for 

SEMA3E, did not appear to play a role in SEMA3F function (Supplementary Fig. 4). Based 

on these results, we summarized the relative contribution of different receptor combinations 

to SEMA3F-induced cytoskeletal collapse (Fig. 4E). Finally, we performed live cell imaging 

of the collapse in COS-7 cells transfected with NRP2 control or NRP2 and Plexin A3 treated 

with SEMA3F (Supplementary Movies 3–4). Control cells demonstrated no changes in the 

actin cytoskeleton, while expression of NRP2 and Plexin A3 was sufficient to induce a rapid 

collapse phenotype with significant alterations in the actin cytoskeleton (Fig. 4F).

NRP2 is predominantly required for SEMA3F signaling

To determine whether both endogenous NRP1 and NRP2 are necessary for SEMA3F 

signaling, we abolished expression of these receptors using siRNAs in LECs. Little to no 

NRP expression remained in siRNA-targeted cells, with no apparent cross-specificity 

between the knockdown sequences (Fig. 5A). Loss of NRP1 expression only modestly 

attenuated the collapse of the cells upon SEMA3F treatment; however, significantly less 

collapse was observed in SEMA3F-treated LEC that do not express NRP2 (Fig. 5B). In a 

dose-response collapse (Fig. 5C) and attachment (Fig. 5D) assay, loss of NRP1 slightly 

inhibited the effectiveness of low doses of SEMA3F. In both assays, however, NRP2 

knockdown had a pronounced effect, suggesting that NRP2 is the dominant SEMA3F 

receptor in LECs. This was further documented by log-dose response analysis (Fig. 5E). 

While loss of NRP1 increased the IC50 of SEMA3F slightly compared to control, NRP2-

deficient cells required nearly ten times more SEMA3F to achieve the same effect. Taken 
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together, these findings suggest that while NRP1 may play a role in transmitting SEMA3F 

signal in the absence of NRP2, NRP2 is predominately required for SEMA3F biological 

responses in LECs.

A subset of HNSCC cells express NRP2, and respond to the anti-tumor activity of SEMA3F

Normal oral keratinocytes and most HNSCC cancer cells do not express NRP1 or NRP2. 

However, a subset of HNSCC cell lines acquired expression of NRP2 (Fig. 6A). Aligned 

with this observation, increased NRP2 mRNA expression correlates with loss of SEMA3F 

(p = 0.003), poor prognosis, and decreased survival (Supplementary Figure 5). To test the 

effect of SEMA3F in HNSCC cells with or without NRP2, we chose two representative 

highly tumorigenic and metastatic HNSCC cell lines (22), UMSCC17B, which do not 

express NRPs, and UMSCC2, with high level expression of NRP2. As an experimental 

approach, we used a doxycycline-inducible system and confirmed that doxycycline addition 

induced SEMA3F expression without changing the expression of NRP1 or NRP2 in these 

cells (Fig. 6B). In both cell types, expression of the rtTA3 tetracycline-dependent 

transactivating complex alone had no effect on proliferation (Fig.6C and 6D). SEMA3F 

expression inhibited proliferation of UMSCC2 cells significantly; however, this effect was 

abrogated upon NRP2 knockdown (Fig. 6C). Conversely, in UMSCC17B cells induction of 

SEMA3F did not alter proliferation (Fig. 6D). As a gain of function strategy, transient 

expression of NRP2 in UMSCC17B rendered them sensitive to the growth inhibitory 

activity of SEMA3F (Fig. 6D).

Induction of SEMA3F in UMSCC2 cells also blocked endogenous and directed migration 

(Fig. 6E). Interestingly, siRNA-mediated loss of NRP2 decreased the endogenous migration 

of these cells compared to control siRNA, although there was no difference between vehicle 

and doxycyline-treated groups (Fig. 6E). Ectopic expression of NRP2 in UMSCC17B cells 

was sufficient to enhance cell migration over vector control, and induction of SEMA3F did 

not alter endogenous UMSCC17B migration unless NRP2 was introduced to these cells 

(Fig. 6F). Taken together, this supports that HNSCC cells expressing NRP2 may exhibit 

increased migratory capacity, but that loss of SEMA3F may need to precede gain of NRP2 

expression.

SEMA3F functions as a potent HNSCC metastasis suppressor

SEMA3F inhibited the biologic activity of LECs and intratumoral lymphangiogenesis is 

highly prevalent in HNSCC, suggesting that SEMA3F may suppress metastasis in vivo 

through paracrine mechanisms. To test this hypothesis in the context of NRP2 expression or 

absence, we injected UMSCC2-rtTA3-SEMA3F and UMSCC17B-rtTA3-SEMA3F cells 

into the tongues of mice and assessed tumor growth, metastasis, and intratumoral 

vascularity. Consistent with our observations in vitro, doxycycline induction of rtTA3 alone 

had no effect on tumor growth (Supplementary Fig 6). SEMA3F induction inhibited tumor 

growth in the UMSCC2-injected animals (Fig. 7A) and this correlated with a statistically 

significant decrease in cervical lymph node metastasis (Fig. 7C). Interestingly, SEMA3F 

induction in UMSCC17B tumors, which do not express NRP2, had no effect on tumor size 

(Fig. 7B). However, a similar decrease in lymph node metastasis was observed (Fig. 7D). 

This suggested that the paracrine signaling of SEMA3F to the tumor stroma may be 
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sufficient for suppression of metastasis, while exerting an additional autoinhibitory effect on 

tumor growth in HNSCC cells that acquired expression of NRP2.

Tongue sections were evaluated by immunohistochemistry for CD31 and LYVE1 and the 

intratumoral microvessel density (MVD) was quantified. In both the UMSCC2 and 

UMSCC17B tumors, induction of SEMA3F significantly decreased intratumoral 

lymphangiogenesis and modestly decreased CD31+ vasculature, albeit not to a statistically 

significant degree (Fig.7E and 7F). As a control, MVD outside the tumor was quantified and 

was not affected for either CD31 or LYVE1 (Fig.7E and 7F). Immunofluorescence staining 

revealed a high rate of cancer cells infiltrating into lymphatic vessels in control animals that 

were not observed in SEMA3F-induced cohorts (Fig.7G and 7H, white arrows). These 

results demonstrate that SEMA3F exerts a potent antilymphangiogenic and metastasis 

suppressor function in HNSCC, and that SEMA3F may also inhibit growth of a subset of 

HNSCC expressing NRP2.

DISCUSSION

The tumor microenvironment is regulated through a complex autocrine and paracrine 

signaling network that is often hijacked and exploited by cancer cells to facilitate their 

survival, growth and dissemination. In HNSCC the interplay of these factors is shifted to 

promote intratumoral lymphangiogenesis and metastasis, which contribute to poor prognosis 

and outcome (6,8). Our findings suggest that SEMA3F is a key antilymphangiogenic 

molecule that may function at the core of these cell regulatory networks during HNSCC 

progression. Indeed, loss of SEMA3F is a frequent event in HNSCC, which correlates with 

increased tumor vascularity and metastasis. We show that SEMA3F can directly affect LEC 

function in vitro and in vivo through specific receptor complexes. In COS-7 reconstitution 

assays, NRP2 and Plexin A3 were sufficient to mediate SEMA3F biological responses, 

while NRP2-Plexin A1, NRP1-Plexin A3, and NPR1-Plexin A1 complexes can also 

transduce SEMA3F signals, albeit with decreasing efficiency. NRP2 is the major co-receptor 

for SEMA3F in LECs, although NRP1 can transmit SEMA3F signals to a lesser extent. 

Overall, our in vitro and in vivo studies indicate that SEMA3F is potent anti-

lymphangiogenic molecule. Thus, SEMA3F loss may represent an early event in HNSCC, 

enabling intratumoral lymphangiogenesis that may contribute to the high prevalence of 

HNSCC cases presenting with locoregional lymph node invasion, heralding a poor clinical 

outcome.

NRP2 is a multiligand co-receptor that can both promote and inhibit the development of 

venous and lymphatic vasculature, in the stroma and on some tumor cells themselves (35–

37). In endothelial cells, NRP2 associates with Plexin A family members and VEGFR2 and 

VEGFR3, and these complexes have been implicated in their pro-angiogenic and –

lymphangiogenic signaling (38,39). Certain malignant epithelial cells express NRP2 without 

concomitant expression of VEGF receptors (40). The observation that NRP2 but not VEGF 

receptors are expressed in a subset of HNSCC cells raises the possibility that in these cells 

NRP2 may act as a co-receptor for plexins or other partners, acting as a gain-of-function 

alteration during cancer development and progression. Indeed, exogenous NRP2 expression 

in HNSCC cells enhanced their endogenous migration while loss of upregulated NRP2 in 
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HNSCC cells decreased their endogenous migration. This allows us to hypothesize that 

cancer cells may be selected for their NRP2 expression due to an increased growth or 

migratory potential, but that SEMA3F loss may need to precede NRP2 gain in HNSCC (Fig 

7I).

Lymphatic metastasis is mainly attributed to increased expression and signaling of pro-

angiogenic factors (2,5,41–43). However, expression and secretion of these growth factors 

alone may not be sufficient for tumor-associated lymphangiogenesis and cancer 

dissemination. For example, in some cancers VEGF-C or VEGF-D expression levels do not 

correlate with lymph node metastasis (44,45), suggesting that other factors may counteract 

the high level expression of pro-lymphangiogenic cytokines and attenuate their signaling 

capacity and prognostic value in vivo. Based on our present results, one possible explanation 

is that SEMA3F could repel LECs and thus dominate the activity of VEGF-A and VEGF-C, 

rendering their expression alone insufficient for lymphangiogenesis and metastasis. This 

hypothesis is supported by our findings that induction of SEMA3F alone in orthotopic 

HNSCC cells significantly inhibits intratumoral lymphangiogenesis and metastasis, even in 

HNSCC cells that do not express NRP2. Thus, loss of SEMA3F expression in HNSCC may 

simultaneously enhance VEGF-mediated signaling on endothelial cells and alleviate 

repressive semaphorin functions resulting in increased lymphangiogenesis.

Our observation may have a broad impact in multiple highly prevalent human malignancies. 

In an integrative multiplatform analysis, 3p deletion was identified as a key genomic 

signature shared by a squamous-like subtype of solid cancers (46). Further, chromosomal 

loss at 3p21, which is expected to result in the genomic deletion of SEMA3F, has been 

observed for lung, breast, and kidney cancers in addition to HNSCC (47–50). 

Immunohistochemistry on HNSCC tumors reveals a complete absence of SEMA3F 

expression in most advanced cases, suggesting that epigenetic regulation or transcriptional 

dowregulation may contribute to reduced SEMA3F expression of the remaining SEMA3F 

allele in cancers with SEMA3F heterozygous loss. We can conclude that SEMA3F is a 

potent chemorepellent molecule for lymphatic and vascular endothelial cells, which acts 

through NRP2-Plexin A and to a lesser extent NRP1-Plexin A signaling complexes. Loss of 

SEMA3F is an early event in HNSCC and likely many other highly prevalent human 

malignancies. This information can in turn be exploited for therapeutic purposes, as most 

HNSCC lesions may retain one intact SEMA3F allele. This suggests that reactivation of 

SEMA3F expression or ectopic SEMA3F delivery may offer the opportunity to halt 

intratumoral lymphangiogenesis and suppress metastasis regardless of the NRP2 expression 

status of the HNSCC lesion. We can conclude that SEMA3F-NRP2 represents a novel 

regulatory axis during HNSCC development, progression, and metastasis, thus providing 

new prognostic markers and therapeutic options in this highly aggressive disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. SEMA3F expression is lost during head and neck cancer progression
A) SEMA3F (3p21.1–3p21.2) and PIK3CA (3q26.2-2q26.3) are located on Chromosome 3 

and their genomic copy number in head and neck cancer patients according to TCGA was 

calculated. Clinical outcome for patients with normal (CN=2) or SEMA3F heterozygous loss 

(CN=1) were interrogated and Kaplan-Meier (B) and Cox Proportional Hazard survival 

curves (C), median survival (D) evidence of metastatic disease (E), and lymphovascular 

invasion (F) were determined. G) Immunohistochemistry of SEMA3F in primary tumor 

sections of normal oral epithelium and cancer. H) Quantification of SEMA3F staining in a 
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tissue array including normal oral epithelium, Stage I, II, III and IV cancers cases. Tissues 

were evaluated for intensity and percentage of positive cells, with 0 being absent staining 

and 4+ being intense staining in all cells. I) The same array was also stained for podoplanin 

(lymphatic vessels) and CD31 (blood vessels) and correlation to SEMA3F expression was 

calculated using Pearson’s Coefficient. Statistical significance compared to normal was 

determined by Student’s t-test, **p<0.01, ***p<0.001.
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Fig. 2. SEMA3F is a chemorepulsant that negatively impacts the function of lymphatic 
endothelial cells
A) Coomassie staining and Western blot of serum-free CM from cells transfected with 

NTAP-SEMA3F. B) Attachment of HUVEC cells CM from NTAP-SEMA3F cell 

supernatants alone or after FLAG or IgG immunoprecipitation depletion. C) Attachment of 

LECs in the presence of increasing amounts of purified SEMA3F or supernatant after FLAG 

depletion. D) Immunofluorescent staining of actin (green) and nuclei (blue) in LEC treated 

with 100 ng/ml SEMA3F for 6 hours. Quantification of cell area and perimeter were 

determined using ImageJ using twenty-five independent fields. Statistical significance was 
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determined using one-way ANOVA, *p<0.05, **p<0.01, ***p<0.001. E) Still images 

captured during live-cell imaging of LEC transfected with LifeAct GFP and treated with 1 

µg/ml SEMA3F or ΔFLAG.
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Fig. 3. SEMA3F inhibits in vivo lymphangiogenesis
A) Matrigel plugs containing the indicated factors were examined for gross histology (top 

row), H&E (middle row), and immunofluorescence for CD31 (red) and LYVE1 (green) 

(bottom row). FACS analysis of the number of total red blood cells (B), total CD102+CD31+ 

endothelial cells (C), LYVE-1low vascular endothelial cells (D), and LYVE-1hi lymphatic 

endothelial cells (E) are shown. Values were expressed as a percentage of the stimulated 

vehicle control from three independent experiments. Statistical significance was determined 

using one-way ANOVA, *p<0.05, **p<0.01, ***p<0.001.
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Fig. 4. NRP and Plexin A co-receptors coordinate SEMA3F function
A) Western blot demonstrating expression of the NRP, Plexin, and VEGFR family members 

in a panel of immortalized and primary epithelial and endothelial cells. B) Western blot 

demonstrated specific expression of each NRP and Plexin A family member in COS-7 cells. 

C) COS-7 cells stably expressing GFP were transfected and treated as indicated. Collapse 

was quantified using ImageJ relative to vehicle control based on 25 imaging fields each 

from quadruplicate wells in three independent experiments. Statistical significance was 

determined using one-way ANOVA, *p<0.05, **p<0.01, ***p<0.001. D) Representative 
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images of cells transfected with different receptor combinations and treated with vehicle, 

SEMA3F, or SEMA3A. E) Table summarizing the relative contributions of the different 

receptor combinations tested. F) Confocal images of COS-7 cells transfected with LifeAct-

GFP, NRP2, and/or Plexin A3 and treated with SEMA3F or ΔFLAG. Images were taken one 

hour and three hours after treatment with SEMA3F.
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Fig. 5. NRP2 is predominantly required for SEMA3F function in LEC
A) Western blot of endogenous NRP1 and NRP2 in LEC in the presence of control (siCtrl), 

NRP1, or NRP2 siRNA. B) Fluorescent imaging of LEC transfected with the indicated 

siRNA and then treated with vehicle or 100 ng/ml SEMA3F. Parental and siCtrl-transfected 

LEC treated with increasing doses of SEMA3F and evaluated for collapse (C), or attachment 

(D) For both collapse and attachment assays, values are reported relative to vehicle control 

and quantification was done by ImageJ, based on 25 imaging fields each from quadruplicate 

wells in three independent experiments. E) IC50 of SEMA3F was calculated from the dose 
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curve generated in (C) and (D). Statistical significance was determined using one-way 

ANOVA, *p<0.05, **p<0.01, ***p<0.001.
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Fig. 6. NRP2 expression varies in HNSCC and mediates tumor cell responsiveness to SEMA3F
A) Western blot for the expression of receptors in normal oral keratinocytes (NOKSI) and 

panel of HNSCC cell lines. B) Western blot showing expression of inducible SEMA3F and 

knockdown or reintroduction of NRP2 expression in UMSCC2 and UMSCC17B cells, 

respectively. Proliferation assay of UMSCC2-rtTA3-SEMA3F (C) or UMSCC17B-rtTA3-

SEMA3F (D) after SEMA3F induction. Cells were treated with control siRNA or NRP2 

siRNA (C) or empty vector or NRP2 (D). Migration assay of UMSCC2-rtTA3-SEMA3F (E) 

or UMSCC17B-rtTA3-SEMA3F (F) cells with no stimulation (Vehicle) or towards 20% 
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FBS. Cells were treated with control siRNA or NRP2 siRNA (E) or empty vector or NRP2 

(F). Proliferation and migration were reported as a percentage of control. Statistical 

significance was determined using one-way ANOVA, *p<0.05, **p<0.01, ***p<0.001.
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Fig. 7. SEMA3F functions as a tumor and metastasis suppressor in vivo
Tumor growth of UMSCC2-rtTA3-SEMA3F (A) and UMSCC17B-rtTA3-SEMA3F (B) 

after SEMA3F induction via doxy chow. Cervical lymph node metastasis was evaluated as 

the percentage of metastatic lymph nodes in control and doxy-fed animals for UMSCC2-

rtTA3-SEMA3F (C) and UMSCC17B-rtTA3-SEMA3F (D). Microvessel density for 

lymphatic (LYVE-1) and blood (CD31) vessels was evaluated in the tumor and muscle of 

tongues for UMSCC2-rtTA3-SEMA3F (E) and UMSCC17B-rtTA3-SEMA3F (F). 

Microvessel density was reported relative to the average density in vessels/µm. Statistical 
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significance was determined using Student’s t-test, *p<0.05, **p<0.01, ***p<0.001. 

Immunofluorescent staining of tumors from control and doxy-fed animals for UMSCC2-

rtTA3-SEMA3F (G) and UMSCC17B-rtTA3-SEMA3F (H) revealed a higher density and 

size of vessels in control animals. Lymphovascular invasion by cancer cells is indicated by 

white arrowheads. I) Proposed mechanism for the role of SEMA3F loss in HNSCC. See text 

for details.
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