
Supplementary Methods 

Supplementary Table S1: Primer sequences for microarray candidate genes 

Gene Primer sequence 

Bmp4 *F 5’-ACGTAGTCCCAAGCATCACC 
R 5’-AATGGCATGGTTGGTTGAGT 

CfH F 5’-CTGAGCCACCAACATGCTTA 
R 5’-GAAATGGCGGTGAATCTCTT 

Emcn F 5’-TGCAACATCCTCTGCATCTC 
R 5’-CTGGGTCTCTCTTCCAGCAT 

Unc5c F 5’-GCCCATAAACTCAACCTGGA 
R 5’-CCAAGGACACCACTGTCTCA 

Gpr39 F 5’-AGAAGCCTTGAGCCGAAACT 
R 5’-AAAGTCCAGACCCTCCCATC 

Nova1 F 5’-TGCCAAGACAGAACCAGTCA 
R 5’-CACAGTAGCACCTCCCTTCC 

Tuba4 F 5’-ATCGATGAGATCCGAAATGG 
R 5’-GCAGAGAGGTGAAGCCAGAG 

* F, forward; R, reverse. 

Antibodies 

Rat anti-mouse monoclonal antibodies were used to detect endoglin/CD105 (clone MJ7/18; 

Chemicon), peripheral node addressin (clone MECA-79; BioLegend), CD16/CD32 (clone 

2.4G2, Becton Dickinson) and intercellular adhesion molecule-1 (ICAM-1, clone YN1/1.7.4; 

Becton Dickinson). BMP-4 and BMP receptor II were detected using goat polyclonal antibodies 

(sc-6896 and sc-5682; Santa Cruz Biotechnology), and BMPR-IA with a rabbit polyclonal 

(AF346; R&D Systems). Mouse anti-HLA A, B, C (clone G46-2.6; Becton Dickinson), rabbit 

anti-podoplanin (HG-19; Sigma-Aldrich), Syrian hamster anti-podoplanin (RDI-103M40X; 

Fitzgerald Industries), rabbit anti-proliferating cell nuclear antigen (PCNA) antibody (ab2426; 

Abcam), rabbit anti-fibroblast specific protein-1 and a BrdU immunostaining kit (clone BU-1; 



GE Healthcare) were also utilized. Immunofluorescence techniques required Alexa Fluor® 488 

and 546 secondary antibodies and Hoechst 33342 (Invitrogen). 

Quantitative reverse-transcription PCR (qRT-PCR) 

After reverse transcription with Superscript™ III kit, triplicate qRT-PCR reactions were 

conducted using UDP SYBR® Green Supermix (Invitrogen; see Supplementary Methods Table 

1 for primer sequences). Relative expression levels (calibrated internally to tubulin α-4) were 

calculated using the “Comparative Quantitation” method in the Rotor-gene 6.0 software (Corbett 

Life Science/Qiagen; ref. 21). 

Morphometric analysis of HEVs  

Tissues were fixed in 4% paraformaldehyde or Bouin’s fixative and paraffin-embedded. Sections 

underwent microwave antigen retrieval in 10 mM citric acid (pH 6.0) before standard 

immunostaining procedures (1). Images were acquired in a standardized manner using an upright 

microscope (90i; Nikon Instruments) with a Nikon DMX 1200C color camera and NIS Elements 

AR software (version 3.06; Nikon) or a Spot Rt3 Slider camera and Spot software (Diagnostic 

Instruments, Inc). Single-channel 12-bit fluorescence images were merged using ImageJ 

software (version 1.43d; developed at the U.S. National Institutes of Health and available on the 

Internet at http://rsb.info.nih.gov/nih-image/). In some cases brightness and color balance were 

adjusted by signal range contraction to improve image clarity for display purposes only; this did 

not affect interpretation of results. 

Quantitation of HEV morphology was conducted using MetaMorph Premier software (version 

7.6.1; Molecular Devices). The lumen and outer (basal) edge of each HEV were traced manually, 

allowing the software to calculate the area of the lumen, and the width of the vessel wall (“fiber 



breadth” – average distance between luminal and basal aspects of the vessel) and the endothelial 

area of the traced vessel using a set of Integrated Morphometry Analysis parameters. This data 

was then analyzed in consultation with Dr. Graham Hepworth and Dr. Sandy Clarke at the 

Statistical Consulting Centre, The University of Melbourne, using GenStat software (VSN 

International). The lumen area data were skewed in distribution and were log transformed 

according to a formula which best fit the distribution of the data to satisfy the assumption of 

constant variance. For initial comparisons between draining LNs of non-metastatic and 

metastatic tumors (n=6 mice or 16-17 sections; see below) the formula used was log area = 

log10(area + 1000). For the ear injection model (n=9 or 10 mice per treatment), the formula was 

log area = log10((area×3.26)+1000). For the antibody treatment model (n=5 or 6 mice per 

treatment) the formula was log area = log10(area×3.26). The vessel wall width data were 

sufficiently consistent with a normal distribution to be analyzed without transformation. A linear 

mixed model was fitted to take into account the hierarchical nature of the data (vessels nested 

within images, within sections, within animals). Generally animals were treated as independent 

replicates, with the exception of the initial comparison of lumen area between LNs draining 

metastatic and non-metastatic tumors – herein variation between animals was shown to be small, 

so in the final model sections were treated as independent replicates. 

BMP-4 bioactivity assay 

Osteoblastic MC3T3-E1 cells (a kind gift from Dr. Matthew Gillespie, St Vincent’s Institute, 

Melbourne, Australia) were starved overnight in Alpha Minimum Essential Medium with 0.3% 

FCS and 0.3% BSA, then treated with serially diluted recombinant BMP-4 for four days at 37ºC. 

Conditioned medium was mixed 1:1 with 2x assay buffer: 2M diethanolamine pH 9.8, 1 mM 

MgCl2, 20 mM p-nitrophenyl phosphate. Soluble secreted alkaline phosphatase in the 



conditioned media was thus quantitated by conversion of p-nitrophenyl phosphate to nitrophenyl 

phosphate, measured by absorbance at 405 nm (2, 3). This reading was normalized to protein 

content as assessed by the bicinchoninic acid assay according to the manufacturer’s instructions 

(Thermo Fisher Scientific), with absorbance read at 540 nm. 

SDS-PAGE and Western blotting 

All cells and tissues were lysed and homogenized in RIPA buffer consisting of 150 mM NaCl, 

100 mM Tris-HCl pH 8.0, 1% Igepal CA-630 (Nonidet P-40; Sigma-Aldrich), 1% sodium 

deoxycholate, and 0.2% sodium dodecyl sulphate, with 1 mM sodium orthovanodate (Sigma-

Aldrich) and 1x protease inhibitor cocktail (Roche). Proteins were reduced and denatured, 

separated on NuPage® Novex Bis-Tris acrylamide gels, then transferred to polyvinyl difluoride 

(PVDF) membranes according to the manufacturer’s instructions (Invitrogen). After blocking in 

Odyssey blocking buffer (LI-COR Biosciences), membranes were probed with primary 

antibodies, then washed. Finally, membranes were incubated with IRDye® 680 or IRDye® 

800CW-conjugated secondary antibodies and scanned using an Odyssey® infrared imager (LI-

COR Biosciences). An α-tubulin antibody (Abcam) was used to verify equal protein loading. For 

densitometry, the mean gray level of each band was measured using ImageJ. 

Flow cytometry 

For cell-surface marker detection, cells were incubated with antibodies for 20-30 minutes on ice, 

then washed and stained with fluorescently-conjugated secondary antibodies and propidium 

iodide (PI; Sigma-Aldrich). Cells were analyzed using a FACSCalibur flow cytometer (Becton 

Dickinson) and FlowJo software (TreeStar). 



Annexin V/7-aminoactinomycin-D apoptosis assay 

293-VEGF-D cells were starved overnight in 1% FCS/DMEM, then stimulated for 24 hours in 

triplicate with various concentrations of BMP-4. As a positive control, cells were treated with 10 

mM peroxide (H2O2) for 15 minutes. Cells were trypsinised and collected together with their 

conditioned media. After one wash in cold PBS the samples were stained with 5 µl each of 

FITC-conjugated Annexin V and 7-aminoactinomycin-D (7-AAD) solution in 100 µl Annexin V 

binding buffer from an Annexin V Apoptosis Detection kit (Becton Dickinson). Cells were 

stained for 15 minutes at room temperature then diluted with 400 µl additional Annexin V 

binding buffer and filtered to remove large cell clumps before flow cytometric analysis. 

Isolation of tumor fibroblasts 

293-VEGF-D tumors were digested as described in Materials and Methods, and stained with 

FITC-conjugated anti-HLA A, B, C, APC-conjugated CD45 and biotinylated PECAM-1 

antibodies. After further staining with streptavidin-PE to detect PECAM-1, cells were sorted on a 

FACSAria high-speed cell sorter (Becton Dickinson).  The HLA-ve/CD45-ve/CD31-ve tumor 

stromal population was cultured, and confirmed to be predominately fibroblasts by 

immunostaining for fibroblast-specific protein-1 (FSP-1) (4). 

 
Immunocytochemistry 

For immunocytochemistry, cells were typically fixed for 10 minutes in 4% paraformaldehyde 

(PFA), permeabilized for 2 minutes with 0.2% Triton-X in PBS then blocked in 2% fetal calf 

serum/2% BSA/0.2% Tween-20 in PBS for one hour. Primary antibodies were applied for one 

hour followed by three washes in PBS/0.2% Tween-20 then incubation with fluorescent 

secondary antibodies and Hoechst 33342 for 30 minutes.  



BioImager assays – Ki-67 and propidium iodide staining 

For Ki-67 detection, human neonatal lymphatic ECs (Lonza) or tumor-derived fibroblasts were 

seeded overnight in 96-well BioImaging plates in 2% FCS in EBM-2 medium (Lonza). BMP-4 

or 10 ng/ml VEGF (positive control) diluted serially in the respective assay media was added to 

cells and the plate incubated at 37ºC for 3.5 days. Cells were fixed with 4% PFA then stained 

with an Alexa Fluor® 555-conjugated monoclonal antibody (clone B56, Becton Dickinson) to 

Ki-67. For PI staining of ex-vivo 293-VEGF-D cells, cells were seeded in 2% BSA/EBM-2 and 

stimulated with BMP-4 for 48 hours. PI (1 μg/ml) was added media 10 minutes prior to imaging 

to stain dead cells. 

Imaging and analysis of the stained cells was undertaken using a BD Pathway 435 BioImager 

and AttoVision software version 1.6/435 (Becton Dickinson). Images of nine adjacent 200x 

fields were captured automatically. All Hoechst-stained or PI-stained nuclei were enumerated 

using a segmentation algorithm. A defined threshold for Alexa Fluor® 555 Ki-67 staining 

intensity was set to enumerate nuclei positive for Ki-67. 

3H-Thymidine assay 

293 cells were starved overnight in 96-well plates in 1% FCS/DMEM, then stimulated with 

serial dilutions of BMP-4 in 1% FCS/DMEM for 48 hours. 3H-thymidine (a gift from Denis 

Quilici, Walter and Eliza Hall Institute, Melbourne) at 0.5 µCi/well was added 24 hours before 

the end of the assay. Cells were harvested onto Unifilter plates (Perkin Elmer) using a Filtermate 

cell harvester (Packard Instruments), air-dried for one hour, and 20 µl of Microscint scintillant 

(Perkin Elmer) added to each well of the filter plate. Beta counts were measured using a 

Topcount NXT beta counter (Packard Instruments).  



Supplementary Table 

Supplementary Table S2: Expression of BMP receptors in 293-VEGF-D cells 

  Expression levelsa

Probeset ID Gene 293-VEGF-Db 293-VEGF-D + 
macrophage CM 

225144_at BMPR2 392.2 Pc 301.7 P 
231873_at BMPR2 101.6 P 98 P 
209920_at BMPR2 100.9 P 47.6 P 
204832_s_at BMPR1A 256.4 P 249.5 P 
213578_at BMPR1A 400.3 P 276.4 P 
200720_s_at ACTR1A 752.8 P 512.1 P 
200721_s_at ACTR1A 473.5 P 344.8 P 
240331_at BMPR1B 1.3 A 10.2 A 
210523_at BMPR1B 6.3 A 5.5 A 

a Normalised probeset intensity as determined by GeneChip Operating Software 

b Analysis was conducted on two ex vivo cultures of 293-VEGF-D primary tumour cells, co-

cultured with or without macrophages. CM, conditioned medium 

c P denotes transcript present, A denotes transcript absent as determined by GeneChip Operating 

Software with reference to single mismatch control probes. 

 

Supplementary Figure Legends 

Supplementary Figure S1:  Schematic overview of LN podoplanin+ve EC isolation for 

comparative microarray analysis 

A-C. 293 Xenograft Tumor Model. Metastatic tumor cell lines (overexpressing VEGF-D; A) or 

a control non-metastatic cell line (Apex vector-transfected; B) were injected subcutaneously into 

the left flank of immunodeficient SCID/NOD mice. Draining left axillary LNs were collected 

and pooled. LNs draining metastatic tumors were included for the microarray analysis only if 

macroscopically enlarged. T, tumor; LN, left axillary lymph node; dotted line, path of metastasis. 



D. Cell Isolation and Culture. Freshly-collected LNs were minced finely then digested using 

0.84 U/ml Blendzyme 2 (Roche) and 200 ug/ml DNAse I (Roche) in EBM-2 basal medium 

(Cambrex/Lonza) for 80 minutes at 37°C. After washing, filtering and sorting (see E), cell 

suspensions were seeded into culture in EGM-2 MV growth medium (Cambrex/Lonza). 

E. Magnetic cell sorting (MACS®). Freshly-digested cell suspensions were incubated with 15 

µg/ml anti-HLA A, B, C and 2.5 µg/ml anti-CD16/CD32 antibodies in Hanks’ balanced salt 

solution (HBSS) with 2% fetal calf serum and 2 mM EDTA to bind 293 tumor cells and 

macrophages/granulocytes, respectively. This was followed by incubation with anti-IgG 

magnetic beads (Miltenyi Biotech) and application of the cells to a magnetized column in HBSS 

with 2% bovine serum albumin and 2 mM EDTA to deplete the unwanted tumor cells and 

leukocytes. LNs draining non-metastatic tumors did not require this depletion. Mixed mouse LN 

stromal cells (containing ECs among other stromal cells) were collected in the unbound cell 

fraction and cultured for two passages to increase cell number and viability. Antibodies to 

podoplanin (30 µg/ml) were then used to enrich this stromal fraction for lymphatics and related 

ECs by two rounds of positive immunomagnetic selection. Purity of cell fractions was 

ascertained by flow cytometry and RNA was isolated from podoplanin+ve LN EC fractions 

immediately after this purification. 

F. Microarray analysis. RNA from duplicate pools of podoplanin+ve LN EC was synthesized 

into biotin-labeled cRNA probes, which were hybridized to Affymetrix® Mouse Genome 

Expression arrays. Podoplanin+ve ECs from draining LNs of metastatic or non-metastatic tumors 

were compared to identify differentially-expressed genes.  



G. Target Validation. From a list of genes with statistically significant differential expression, 

target genes for further examination were selected on the basis of fold change in expression and 

potential biological relevance. Differential transcript expression was confirmed with qRT-PCR. 

Localisation and differential expression of protein was verified in situ for selected targets by 

immunohistochemistry. 

Supplementary Figure S2: Expression of podoplanin in LNs 

Sections of LNs draining metastatic and non-metastatic tumors were stained by 

immunofluorescence to localize expression of podoplanin (red) and BMP-4 (green; A). 

Expression of these two proteins did not appear to overlap. Immunohistochemistry on serial 

sections also indicated a non-overlapping expression pattern for podoplanin and the HEV marker 

MECA-79 (B). This implies that HEV ECs contained in the initial cell extraction from LNs may 

have acquired podoplanin expression in culture (5) and were thus subsequently enriched by the 

podoplanin-positive purification prior to microarray analysis. Some weak podoplanin expression 

is also noted in LN stroma (S; B); however the prevalence of endothelial marker expression and 

absence of desmin in the microarray results indicated that the much stronger expression of 

podoplanin on lymphatic endothelium (L, yellow arrows), and probably that induced on the 

closely-related HEVs in culture, may have been sufficient to enrich ECs over other stromal cells.  

Supplementary Figure S3: Validation of BMP-4 bioactivity in vitro, and maintenance of 

endogenous BMP-4 expression pattern during in vivo treatment 

A, MC3T3-E1 cells were stimulated for four days with serial dilutions of BMP-4. Soluble 

secreted alkaline phosphatase in the conditioned medium was quantitated via conversion of p-

nitrophenyl phosphate to a colored substrate (A405), and normalized to protein content measured 

by the bicinchoninic acid assay (A540). Shown is a representative assay of reconstituted BMP-4. 



Data are mean ± s.d. of 4 replicates. B, vessel wall width of HEVs was not different between 

control and BMP-4-treated mice; however BMP-4high HEVs had significantly thicker walls than 

BMP-4low HEVs under both conditions. Data are mean ± s.e. ***p<0.001. 

Supplementary Figure S4: In vitro responses of tumor cell types to BMP-4 

A, Fibroblasts derived from 293-VEGF-D tumors were immunostained for BMP receptors 

BMPR-IA and BMPR-II. The isotype control confirms staining specificity, while FSP-1 staining 

verifies the fibroblastic identity of the cells. Scale bar is 50 µm. B, 293-VEGF-D tumor cells 

were stimulated with serial dilutions of BMP-4 for 48 hours and DNA synthesis measured by 

uptake of 3H Thymidine. C, tumor-derived fibroblasts were stimulated with BMP-4 for 3.5 days 

and the number of Hoechst-stained nuclei enumerated. Note that for 20 ng/ml and 500 ng/ml 

BMP_4, p<0.052. D, afer 3.5 days of stimulation with BMP-4, human lymphatic ECs were 

stained with Hoechst to detect all nuclei and a Ki-67 antibody to identify proliferating cells. 10 

ng/ml VEGF-A was used as a positive control. Data are mean ± standard deviation, n=3. 

*p<0.05, **p<0.01. 

Supplementary Figure S5: Full-length Western Blot for BMPR-II 

Lysates of cultured tumor cell lines or tumors were analysed for BMPR-II expression (~75 kDa) 

by Western blot. Mouse heart and LN served as positive and negative controls respectively for 

BMPR-II expression. 

Supplementary Figure S6: Proposed interaction of BMP-4, VEGF-A and VEGF-D in 

regulating HEV proliferation 

BMP-4 can upregulate expression and phosphorylation of VEGFR-2 in ECs, and can also 

stimulate VEGF-A expression by other cell types such as LN stromal fibroblasts, which 



endogenously express some VEGF-A (blue arrows). The autocrine and paracrine actions of 

BMP-4, expressed by BMP-4high HEVs, could therefore potentiate a VEGF-A/VEGFR-2 

signaling loop maintaining robust proliferation of BMP-4high HEVs in a non-metastatic context 

(blue and green arrows). High concentrations of tumor-secreted VEGF-D (red arrows), a less 

potent mitogen than VEGF-A, may interrupt this loop by competing for VEGFR-2 binding (red 

circle), thus reducing the proliferation rate of BMP-4high HEVs in a metastatic tumor context. In 

contrast, BMP-4low HEVs might be more sensitized to proliferate in response to tumor-derived 

angiogenic factors such as VEGF-D, as they do not participate in an endogenous VEGF-

A/VEGFR-2 loop. 
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