Additional files.

Supplementary table S1. List of gene sets used for analysis.

Supplementary table S2. DESeq2 analysis of MDA-MB-231 cells with FOXC2
knockdown showing endothelial genes and other genes of interest with annotations of
function.

Supplementary table S3. Full DESeq2 analysis output of MDA-MB-231 cells with FOXC2
knockdown.

Supplementary table S4. List of shRNA template sequences used for cloning.
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Figure S1. Related to Figure 1. Visualization of perfused vasculogenic mimicry
channels in vivo with lectin labelling, tissue clearing and 3D imaging.

(A) Maximum intensity projection highlighting the region of interest and the sub-regions used
in the quantification analysis.

(B) Output of the quantification analysis showing the total volume of CD317°%/Lectin°® (host
vessels) and CD31"E¢/Lectin™® (VM vessels). Bars represent mean volume in um?® +/- SEM,
n=2 sub-regions per regions.
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Figure S2. Related to Figure 2. FOXC2 is up-regulated in vasculogenic mimicry-
proficient tumor cells.

(A) Exemplar Matrigel network formation assays of human Claudin-low breast cancer cell lines
MDA-MB-231 and HCC38. Scale bar = 200 um.



A Foxc2 mRNA levels B FOXC2 mRNA levels
4T1-TV™ MDA-MB-231
o 0.5 - o 0.0 -
e~ 004 g’A
T Z sz -1.04
< -0.54 < w
X X
£ 1.0 TS 2.0
4 45 Q4
&> . N2 B
&~ 204 g= 30
- -
-2.5 - P -4.0 -
& oF ¥
& & & S
QO <(° )
& &L
E F
- Parental 4T1
« -
g 120 % ° § 15
-]
Se ' £2 10,
Q 4= 80 L =
© 5 OO0
o 60 * TE 05
50 (-1
£3 o 52 00
= 20 3 [a]
z 0 3 -05Ll———v—
S > & © Vec. Foxc2
& <& )
SO
A N
v \{é
&
H

4T1-T (VM high)

NS s \d;.-L‘ ; e JL‘
AL ST
l\‘t 1 Lo \3)\
o o\,_ =11 ! Y. ¥ 5
. o 2 ) A d‘ b s &

PASP°S/CD31P08
host vessel

PASFPOS/CD31NEe
putative VM
vessel

(9]

Log, fold change mRNA
levels (vs (shREN)

H446 786-0
(RENAL)

(scLC)

Us7-MG
(GBM)

SCLC patient CTC-derived

xenograft (CDX) culture CDX17

shFOXC2 #5

FOXC2 mRNA D
cDX17
1 -
0 -
2
-1 4 s
2 %
o
-3 =
>
_4 e
S ®
&
P o-\-
K3
&
shREN

shFOXC2 #1

shFOXC2 #3

acLDL flourescence

shRNA expression




Figure S3. Related to Figure 3. FOXC2 is required for VM and the endothelial-like
properties of VM-proficient tumor cells.

(A) Foxc2 mRNA levels in 4T1-T"M cells expressing two different shRNAs against Foxc2. Bars
represent log, fold change (+/- SEM) vs control shREN. n = 3 technical replicates.

(B) FOXC2 mRNA levels in MDA-MB-231 cells expressing two different shRNAs against
FOXC2. Bars represent log> fold change (+/- SEM) vs control shREN. n = 3 technical
replicates.

(C) FOXC2 mRNA levels in adherent CDX17" cells expressing a control shRNA or an shRNA
against FOXC2. Bars represent log, fold change (+/- SEM) vs control shREN. n = 2 technical
replicates.

(D) Suppression of FOXC2 impedes Matrigel network formation in short term cultures of SCLC
CDX cells. Representative matri-gel tube assays with or without FOXC2 knockdown in the

adherent cells cultured from CDX17". Scale bar = 500 um.

(E) Quantification of acLDL uptake in the indicated cell lines. HUVEC are human umbilical
vein endothelial cells. Bars represent mean number of acLDL positive cells per field (+/- SEM),
n =3, * p <0.05, student’s t-test.

(F) acLDL uptake in parental 4T1s over-expressing FLAG-tagged Foxc2 or empty vector (vec.)
assayed by flow cytometry. Bars represent log, fold change acLDL positive cells vs vector
transduced cells (+/- SEM), n=2 biological replicates.

(G) Representative images of acLDL uptake assays in human cell lines. Green indicates
Alexa-488 flourescence i.e. acLDL positive cells, and red indicates tdTomato expression i.e.
virally transduced cells. Scale bar = 200 um.

(H) Annotated example of CD31/PAS staining of 4T1-T tumors. Black lines indicate PAS
positive CD31 positive host vessels, Red lines indicate PAS positive CD31 negative putative
VM vessels. They are scored according to the following criteria, (1) Vessel-like morphology,
(2) PAS positivity, (3) lack of CD31 staining. Any vessels with weak or ambiguous CD31
staining are not quantified. Scale bar = 100 um.
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Figure S4. Related to Figure 4. FOXC2 promotes expression of endothelial genes in
tumor cells of aggressive breast cancer subtypes.

(A) FOXC2 induces a distinct transcriptional program from that of traditional EMT transcription
factors SNAIL, TWIST and SLUG. Correlation matrix of gene expression changes induced by
over-expression of the indicated transcription factor in HMLE/R cells.

(B) Select Gene Ontology (GO) terms of genes down-regulated by FOXC2 knock down in
MDA-MB-231"M cells. Green (Process), Orange (Component). Shown is the -logo of the BH-
corrected FDR enrichment p value, dashed line indicates FDR p value of 0.05.

(C) FOXC2 knockdown in MDA-MB-231 does not significantly alter a mesenchymal gene
signature. GSEA using a log: fold change ranked list of gene expression changes with FOXC2
knockdown in MDA-MB-231 human Claudin-low breast cancer cells and Mesenchymal Gene
Set#12. ES = enrichment score, NES = normalized enrichment score.

(D) FOXC2 knockdown in MDA-MB-231 does not consistently alter mesenchymal marker
genes. Relative mRNA levels of mesenchymal markers CDH2 (N-Cadherin) and FN1
(Fibronectin) in MDA-MB-231 cells. Bars represent mean log. fold change (+/- SEM) vs control
(shREN) extracted from DESeq2 analysis of our RNA-Seq data. **** p < 0.0001, DESeq2
adjusted p value, n=3 biological replicates.

(E) Heatmap representing the log. fold change of our core FOXC2-target genes (FOXC2-
target Gene Set#3) with FOXC2 knockdown in MDA-MB-231"M cells, FOXC2 over-expression
in HMLER cells, mouse VM clones 4T1-E™ and 4T1-T'™ vs all clones, lung metastases-
derived cell lines vs primary tumor derived cell lines from the 4T1 model and VM-proficient
human cell lines vs all other solid tumor cell lines. The signature was derived as follows: We
overlaid genes that were significantly up-regulated in HMLER cells with FOXC2 over-
expression and significantly down-regulated with FOXC2 knockdown in MDA-MB-231 cells
and then required that they show a log, fold change >0.5 in the following comparisons:
lung_vs_primary (mouse 4T1) and VM_vs_All (CCLE human) and were highly significantly
(FDR < 1 x 10”®°) up-regulated in VM 4T1 clones vs all other clones. We then ranked genes
meeting those criteria by their log. fold change in the 4T1 (VM vs all other clones) comparison
and took the top 5 as our high confidence VM FOXC2-target genes.

(F) Protein expression levels of Endo Gene Set1 in human breast cancer cell lines, from the
CCLE proteomics data, stratified by molecular subtype. Data expressed as box plots
according to the Tukey convention. Mean expression of the signature was calculated for each
cell line, n represents an individual cell line. *p < 0.05, Wilcoxon rank-sum.

(G) FOXC2 antibody staining of PDTX tumor sections from the indicated models. Images were
analyzed using the HALO software to derive an H-Score per model. Scale bar = 50um.

(H) Correlation of FOXC2 antibody H-Score vs human expression of FOXC2-target Gene
Set#3 across 7 PDTX models stained in G. n represents an individual model. Pearson
correlation r* = 0.902, ** p<0.0011, n=7.

(I) Correlation of FOXC2 antibody H-Score vs human expression of Endo Gene Set#1 across
7 PDTX models stained in G. n represents an individual model. Pearson correlation r? = 0.932,
*** p<0.0004, n=7.

(J) Correlation of FOXC2 antibody H-Score vs mouse expression of Endo Gene Set#1 across
7 PDTX models stained in G. n represents an individual model. Pearson correlation r? = 0.256,
p =0.247, n=7.



(K) Correlation of FOXC2-target Gene Set#3 and Endo Gene Set#1 across breast cancer
patients’ tumors from the METABRIC cohort, n represents an individual patient. Pearson
correlation r? = 0.4703 **** p < 1x107"°, n=1980.

(L) FOXC2-target genes are enriched in aggressive “mesenchymal” subtypes of human
colorectal, glioblastoma, and ovarian tumors. Analysis of FOXC2-target Gene Set#3 in
colorectal cancer patients from the Marisa et al® colorectal cancer dataset, stratified by
consensus molecular subtype (CMS). Glioblastoma patients from the TCGA dataset, stratified
by subtype and Ovarian cancer patients from the TCGA dataset, stratified by subtype. Data
expressed as box plots according to the Tukey convention. Mean expression of the signature
was calculated for each patient, n represents an individual patient, **** p < 0.0001, Wilcoxon
rank-sum.

(M) Association of FOXC2-target genes with endothelial gene expression across tumor types.
GSEA summary statistics for cell lines or tumors. For each tumor type correlations of each
gene with the mean expression of FOXC2-target Gene Set#1 was calculated across cell lines
or across patients of that tumor type and used as a ranking metric for GSEA. Shown are the
data for Endo Gene Set#1. NES = normalized enrichment score. CMS4 CRC = the CMS4
subtype of colorectal cancer, OVCAR = ovarian cancer, LUAD = lung adenocarcinoma, GBM
= glioblastoma, KIRC = kidney renal carcinoma.

(N) Relapse-free survival of CMS4 colorectal cancer patients, from the Marisa et al., dataset,
stratified by FOXC2-target Gene Set#3 expression. Disease-free survival of “mesenchymal’
ovarian cancer patients, from the TCGA dataset, stratified by FOXC2-target Gene Set#3
expression. Disease-free survival of renal carcinoma patients, from the TCGA dataset,
stratified by FOXC2-target Gene Set#3 expression. In all cases FOXC2-target high patients
were those in the top 3™ of expression for that signature and the low group were the remaining
2/3™. HR = hazard ratio. * p < 0.05, ** p < 0.01, *** p < 0.001, log-rank test.
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Figure S5. Related to Figure 5. Severe hypoxia promotes quasi-endothelial
differentiation of tumor cells.

(A) Dot plot representing the percentage of cells expressing, and mean expression of, CellTag
in Seurat clusters from the whole scRNA-Seq dataset. Clusters 0, 1 and 6 showed greater
than 20% of cells expressing CellTag and were designated tumor cells for further clustering.

(B) Violin plots from single cell RNA-Seq data from 4T1-T tumors of select “classical”’
endothelial genes that are expressed in a subset of 4T1-T tumor cells. Cell types were
determined based on canonical markers and then grouped by broad cell type.

(C) Matrigel network formation assays of parental 4T1 cells or those same cells exposed to
severe hypoxia (0.1% O-) for 24 hrs followed by 24 hrs recovery at atmospheric Oz levels prior
to replating for tube assays. Scale bar = 500 um.

(D) Quantification of data from C. Bars represent mean log. fold change (+/- SEM) in branching
length vs parental 4T1 at atmospheric O levels. n = 3. * < 0.05, student’s t-test.

(E) Survival of parental 4T1 cells expressing shREN, shFoxc2 #4, or shFOXC2 #6 under
severe hypoxia (0.1% O-) for 72 hrs followed by measuring viability by CellTiterGlo. Bars
represent percent survival (+/- SEM) at 0.1% O2 vs shREN normalized to viability at
atmospheric Oz, n = 3 biological replicates. * p < 0.05, **** p < 0.0001, student’s t-test.

(F) Elbow plot showing enrichment of various hypoxia-related gene sets from the msigDB
“C2_all_V7.2” collection in genes down regulated in MDA-MB-231 cells with FOXC2
knockdown.

(G) Expression of the Fardin_Hypoxia_11 (genes consistently upregulated by hypoxia across
11 neuroblastoma cell lines) gene set upon FOXC2 knockdown in MDA-MB-231"M cells. Data
expressed as box plots according to the Tukey convention. Random genes = gene set size-
matched randomly selected genes. **** p < 0.0001, Wilcoxon rank-sum.

(H) FOXC2-target genes and endothelial genes are induced in H460 cells in a HIF-dependent
manner. Analysis of data from GSE42791 of H460 cells exposed to hypoxia (1% O-) or
hypoxia plus the HIF inhibitor BAY-872243 for FOXC2-target Gene Set#2 (375 genes), Endo
Gene Set#1 (230 genes) and the mSigDB gene sets Elvidge HIF1a_HIF2a_Targets _Dn (99
genes) and Fardin_Hypoxia_11 (32 genes). A Z-score was calculated per gene across
conditions and all genes for a given signature are plotted as box plots according to the Tukey
convention. **** p < 0.0001, Wilcoxon rank-sum.

(I) Alternative quantification of CD31/PAS staining shown in Figure 5D. Bar plots showing
number of VM vessels (CD31 negative/PAS positive) and host vessels (CD31 positive/PAS
positive) with or without B20 treatment (Left panel). Right panel shows the ratio of VM to host
vessels. Bars represent mean number of channels (+/- SEM) per field, n = 4 fields per
condition from two different animals, ** p < 0.01, **** p < 0.0001, student’s t-test.

(J) Dot plot representing the percentage of cells expressing, and mean expression of,
endothelial markers Pecam1 (aka CD31) and Cdh5 (aka VE-Cadherin) and the tumor marker
CellTag in Seurat clusters from the whole parental 4T1 Axitinib scRNA-Seq dataset. Cluster
9 cells show strong expression of Pecam1 and Cdh5 so were designated as endothelial cells.



Clusters 0 and 3 showed greater than 20% of cells expressing CellTag and were designated
tumor cells for further clustering.

(K) Confirmation that Axitinib induces hypoxia in parental 4T1 CellTag tumors. Pseudo-bulk
analysis of tumour cells (Clusters 0 and 3) plus or minus Axitinib for the Fardin_Hypoxia_11
signature. ** p < 0.01, Wilcoxon rank-sum.

(L) Select GO term enrichment of genes significantly down regulated in endothelial cells
(Cluster 9) demonstrate suppression of angiogenesis and endothelial cell proliferation in
response to Axitinib.
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Figure S6. Related to Figure 6. FOXC2-driven VM promotes resistance to anti-
angiogenic therapy.

(A) VM network formation is indifferent to inhibition of the VEGF receptor. Quantification of
Matrigel network formation assays of HUVEC endothelial cells and 4T1-T"M cells treated with
Sunitinib, a multi-RTK inhibitor that targets VEGFR2. Data are represented as mean log. fold
change (+/- SEM) in branching length relative to vehicle treated cells.

(B) Lack of enrichment of AAT resistance gene sets (for gene set details see supplementary
table 1) with over-expression of EMT TFs in HMLE cells. Shown is the logio FDR p value
derived from GSEA signed according to whether genes are depleted (negative values) or
enriched (positive values). Dashed line represents FDR p value of 0.05 in either direction.

(C) Anti-angiogenic therapy resistance genes from Bevacizumab resistant GBM xenografts
(Bev Resistance Gene Set#2) are upregulated in acLDL high 4T1-T'™ cells and endo high
4T1-T tumor cells. Analysis of RNA-seq data generated from 4T1-T'™ sorted based on their
uptake of acLDL or of scRNA-seq data generated from CellTag 4T1-T'™ tumors for enrichment
of Bev Resistance Gene Set#2.

(D) FOXC2-target genes correlate with AAT resistance genes across tumor types. GSEA
summary statistics for cell lines or tumors. For each tumor type correlation of each gene with
the mean expression FOXC2-target Gene Set#3 was calculated across cell lines or patients
within that tumor type. These correlation coefficients were used as a ranking metric for GSEA.
Shown are the results for the gene set consisting of genes that are upregulated in breast
cancer patients that fail to respond to Bevacizumab (Bev Resistance Gene Set#1, left panel)
or genes that are upregulated upon Bevacizumab resistance in a U87-MG Glioblastoma
xeongraft model (right panel, Bev Resistance Gene Set#2, GSE37956). NES = normalized
enrichment score. **** p < 0.0001, GSEA-derived FDR. CMS4 CRC = the CMS subtype of
colorectal cancer, LUAD = lung adenocarcinoma, OVCAR = ovarian cancer, GBM =
Glioblastoma, KIRC = kidney renal carcinoma.

(E) Suppression of Foxc2 increases survival in response to AAT in the 4T1 model. Survival
curves of mice implanted with control (shREN) or Foxc2 shRNA expressing 4T1-T'"™ tumors
cells +/- B20 treatment, *** p < 0.001, log-rank test. Time represents the time, in days, from
implantation to point of 20% body weight loss or 250 mm? tumor volume.
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