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ZEB1-repressed microRNAs inhibit autocrine signaling that
promotes vascular mimicry of breast cancer cells
EM Langer1, ND Kendsersky1, CJ Daniel1, GM Kuziel1, C Pelz2, KM Murphy3,4, MR Capecchi3,5 and RC Sears1,6

During normal tumor growth and in response to some therapies, tumor cells experience acute or chronic deprivation of nutrients
and oxygen and induce tumor vascularization. While this occurs predominately through sprouting angiogenesis, tumor cells have
also been shown to directly contribute to vessel formation through vascular mimicry (VM) and/or endothelial transdifferentiation.
The extrinsic and intrinsic mechanisms underlying tumor cell adoption of endothelial phenotypes, however, are not well
understood. Here we show that serum withdrawal induces mesenchymal breast cancer cells to undergo VM and that knockdown of
the epithelial-to-mesenchymal transition (EMT) regulator, Zinc finger E-box binding homeobox 1 (ZEB1), or overexpression of the
ZEB1-repressed microRNAs (miRNAs), miR-200c, miR-183, miR-96 and miR-182 inhibits this process. We find that secreted proteins
Fibronectin 1 (FN1) and serine protease inhibitor (serpin) family E member 2 (SERPINE2) are essential for VM in this system. These
secreted factors are upregulated in mesenchymal cells in response to serum withdrawal, and overexpression of VM-inhibiting
miRNAs abrogates this upregulation. Intriguingly, the receptors for these secreted proteins, low-density lipoprotein receptor-related
protein 1 (LRP1) and Integrin beta 1 (ITGB1), are also targets of the VM-inhibiting miRNAs, suggesting that autocrine signaling
stimulating VM is regulated by ZEB1-repressed miRNA clusters. Together, these data provide mechanistic insight into the regulation
of VM and suggest that miRNAs repressed during EMT, in addition to suppressing migratory and stem-like properties of tumor cells,
also inhibit endothelial phenotypes of breast cancer cells adopted in response to a nutrient-deficient microenvironment.
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INTRODUCTION
As solid tumors increase in size, they deplete the local
microenvironment of nutrients and oxygen. Tumor cells canoni-
cally respond to this stress by eliciting the recruitment of
vasculature via sprouting angiogenesis.1 While the nascent tumor
vessels are often disorganized and dysfunctional, they never-
theless resupply the oxygen and nutrients necessary to facilitate
tumor growth, as well as provide a route by which tumor cells can
metastasize.2 Inhibitors of angiogenesis have been developed for
the treatment of tumors, but these have shown only modest
effects on survival in many tumor types, including breast cancer.3

This has been linked, at least in part, to effects of the nutrient- and
oxygen-deficient microenvironment resulting from these treat-
ments on tumor cell phenotypes. For example, increased hypoxia
following anti-angiogenic therapy can drive an epithelial-to-
mesenchymal transition, which induces migratory and stem-like
phenotypes in cancer cells.4–6 More recently, treatment with anti-
angiogenic therapies has also been shown to increase alternative
modes of vascularization, including tumor cell adoption of
endothelial phenotypes through vascular mimicry (VM) and/or
endothelial transdifferentiation.7,8 While such alternative methods
of tumor vascularization have been shown to impact tumor
growth and metastasis,7,9,10 the extrinsic signals that drive and the
intrinsic pathways that regulate these processes are poorly
understood.

Here we utilize a manipulable, in vitromodel of VM to show that
mesenchymal breast cancer cells form endothelial-like networks
when plated on Matrigel (BD Biosciences, San Jose, CA, USA) in the
absence of serum. This VM is accompanied by enrichment, under
network-forming conditions, of gene signatures expressed by
endothelial cells in response to vascular endothelial growth factor
or hypoxia. We find that knockdown of ZEB1 or re-expression of
ZEB1-repressed microRNA (miRNA) clusters, miR-200c.141 or
miR-183.96.182, is sufficient to inhibit VM and further, that
transient expression of miR-200c, -183, -96 and -182, but not
miR-141, blocks VM. We identify FN1 and the COPII secretory
pathway machinery protein SEC23A as targets of miR-200c but not
miR-141 in this system, suggesting a role for the cancer cell
secretome in VM. We show that blocking COPII-mediated
secretion through knockdown of SEC13 is sufficient to inhibit
VM and, finally, we uncover a pathway whereby mesenchymal
breast cancer cells, in response to serum withdrawal, upregulate
secreted proteins FN1 and SERPINE2 (also called protease nexin 1)
that are critical for VM. Specific miRNAs repressed during
epithelial-to-mesenchymal transition can inhibit these secreted
proteins as well as their cellular receptors ITGB1 and LRP1. High
expression of the autocrine signaling factors involved in VM: FN1,
ITGB1, SERPINE2, and LRP1, is found in claudin-low cancer cell
lines and is significantly correlated with decreased survival in
breast cancer patients. Together our data indicate that in addition
to regulating migratory and stem-like properties of tumor cells,
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ZEB1-repressed miRNAs can also inhibit autocrine signaling that
contributes to the ability of cancer cells to undergo VM in
response to a nutrient-deficient microenvironment.

RESULTS
Serum deprivation induces VM in mesenchymal breast cancer cell
lines
VM has been associated with therapeutic resistance and
metastasis in breast cancer.10,11 To examine the intrinsic and
extrinsic requirements for breast cancer cells to undergo VM, we
utilized an in vitro VM assay that assesses cell network formation
on Matrigel.12 As triple-negative (ER−PR−HER2−) breast cancer
(TNBC) has been associated with VM,13,14 we began by testing
conditions under which the TNBC cell line, MDA-MB-231, would
undergo VM. While we did not observe VM when MDA-MB-231
breast cancer cells were plated on top of Matrigel in normal
growth media (10% serum), when these cells were plated in the
absence of serum, the cells spread out across the Matrigel in a
network resembling that seen with endothelial cord formation
(Figure 1a). To determine whether this phenotype was character-
istic of multiple TNBC cell lines, we additionally tested BT-549,
Hs578T, SUM159PT, HCC1395, MDA-MB-453 and MDA-MB-468
cells in the serum-free VM assay. We found that four out of seven
of the breast cancer cell lines, MDA-MB-231, BT-549, Hs578T and
SUM159PT, were able to undergo network formation, while
HCC1395, MDA-MB-453 and MDA-MB-468 cells were not
(Figures 1b and c). The lines that we found to undergo VM
belong to the mesenchymal-like or claudin-low subtype within
TNBC.15,16 We confirmed that the VM-competent lines express
higher levels of epithelial-to-mesenchymal transition transcription
factors, including ZEB1, and that only the MDA-MB-453 and MDA-
MB-468 cell lines express E-cadherin (CDH1; Supplementary
Figure S1A). In addition, flow cytometry analysis showed that
the VM-competent lines MDA-MB-231 and BT-549 had substan-
tially higher percentages of cells with CD44hi/CD24low expression
as compared to MDA-MB-453 and MDA-MB-468 cell lines,
suggesting the presence of a stem-like population associated
with VM (Supplementary Figure S1B).
The ability of the mesenchymal cell lines to form networks on

Matrigel was inhibited by serum, as evidenced by a decrease in
total network length exhibited by MDA-MB-231 and BT-549 cells
plated in increasing amounts of serum (Supplementary Figures
S1C–F). As tumor cells have been shown to form mosaic vessels
with normal vasculature,17 we next performed co-culture assays
with four of the breast cancer cell lines labeled with Cell Tracker
Green and human umbilical vein endothelial cells (HUVECs)
labeled with Cell Tracker Orange (Life Technologies, Carlsbad,
CA, USA). These cells were plated together on Matrigel in
EndoGRO media (Millipore, Temecula, CA, USA) containing 2%
serum, a level that allows for cancer cell network formation (as
shown in Supplementary Figures S1C–F), and networks were
assessed 24 h later. VM-competent cell lines MDA-MB-231 and
BT-549 formed mosaic cords with HUVECs on Matrigel, while the
VM-incompetent lines MDA-MB-453 and MDA-MB-468 did not
contribute to cord formation and remained distinct from the
endothelial network (Figure 1d).
To gain mechanistic understanding of how breast cancer cells

respond to growth factor depletion to form endothelial-like
networks, we performed RNA-seq on MDA-MB-231 cells plated on
Matrigel for 24 h in 10 or 0% serum. These data are publicly
available in the National Center for Biotechnology Information
Gene Expression Omnibus database (accession # GSE77179). We
compared gene expression in 0% (network-forming) vs 10% (non-
network-forming) serum (Supplementary Table 1) and used Gene
Set Enrichment Analysis18 to determine gene programs that
changed under network-forming conditions. Under the network-

forming conditions, we found a significant enrichment in the
expression of genes that are upregulated, and a de-enrichment in
genes that are downregulated, in HUVECs upon treatment with
vascular endothelial growth factor19 indicating mimicry of an
angiogenic response (Figure 1e; Supplementary Figure S1G). In
addition, we observed enrichment of upregulated and de-
enrichment of downregulated signatures related to the response
to hypoxia in arterial endothelial cells as well as other cell types
(Figure 1e; Supplementary Figure S1H),20–23 again suggesting
mimicry of angiogenic pathways. Finally, we used Gene Set
Enrichment Analysis to compare our RNA-seq data to the genes
found in our previous work to be induced in embryonic stem cells
that are differentiating into endothelial cells following induction of
Snail (Flk1hi subpopulation).24 The MDA-MB-231 cells that undergo
VM showed a significant enrichment of the Flk1hi differentiating
endothelial cell signature (Figure 1e; Supplementary Figure S1I).
Together, these data show that growth factor deprivation can
induce VM in mesenchymal breast cancer cells and that breast
cancer cells that undergo VM upregulate both angiogenic and
endothelial differentiation pathways during this process.

ZEB1-regulated miRNA clusters block VM
Because the VM phenotype in response to growth factor
deprivation appeared specific to mesenchymal cells, we first
tested whether loss of the mesenchymal phenotype would inhibit
VM. For this, we chose to knockdown ZEB1 as, unlike SNAI1, it was
highly expressed in all of the VM-competent lines (Supplementary
Figure S1A). We transfected MDA-MB-231 cells with pooled small
interfering RNAs (siRNAs) against ZEB1 or a non-targeting control
and confirmed knockdown at the mRNA and protein levels
(Figures 2a and b). We then utilized these cells in the VM assay and
found that knockdown of ZEB1 significantly inhibited network
formation (Figures 2c and d). In our previous study of Snail-driven
endothelial differentiation of embryonic stem cells, we identified
miRNA clusters downregulated in this process, including miR-
-200c.141 and miR-183.96.18225 that both not only target but are
also stably downregulated, by ZEB1.26–29 These miRNA clusters
have also been shown to be among the most repressed miRNAs in
breast cancer stem cells.30,31 Therefore, we sought to determine
whether repression of these miRNA clusters by ZEB1 had a
functional role in VM. First, we confirmed regulation of these
miRNA clusters by ZEB1 and found that these miRNAs were
indeed increased following a decrease in ZEB1 expression
(Figure 2e). Next, we overexpressed miRNAs of each cluster in
the MDA-MB-231 cell line, and confirmed expression by quanti-
tative reverse transcription–PCR (Supplementary Figures S2A and
B). Both combinations of miR-200c+miR-141 and miR-183+miR-96
+miR-182 were able to completely block VM when overexpressed
in mesenchymal breast cancer cells (Figures 2f and g). As
expected, expression of miR-200c+miR-141 drove a mesenchymal
to epithelial transition, evidenced by morphological changes, loss
of ZEB1 and FN1 expression, and upregulation of CDH1
(Figures 2h–k).27–29 Expression of miR-183+miR-96+miR-182 also
significantly decreased expression of ZEB1 and FN1, and
upregulated CDH1, albeit to a lesser extent than miR-200c
+miR-141 (Figures 2i–k). SNAI2 and VIM downregulation was also
observed following expression of miR-183+miR-96+miR-182
(Figure 2i). Morphologically, these cells appeared to lose
membrane protrusions, but did not adhere to their neighboring
cells as observed in the miR-200c+miR-141-expressing cells
(Figure 2h), consistent with the reduced induction of CDH1 by
this cluster.

Select miRNAs inhibit VM
To assess a direct role for each of these miRNAs in VM, we
transfected the five miRNAs in these two clusters individually into
MDA-MB-231 cells, confirmed expression of the miRNAs
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(Supplementary Figure S3A), and then plated the cells in a VM
assay. We found that transient expression of miR-200c, -183, -96 or
-182 was capable of blocking VM, while expression of miR-141 did
not affect network formation (Figures 3a and b). We confirmed
that the loss of network formation was not due to significant
differences in cell survival in 0% serum between the control
miRNA, miR-141 and other VM-disrupting miRNAs (Supplementary
Figure S3B). We tested whether expression of VM-blocking
miRNAs affected adhesion of cells to Matrigel or migration in a
scratch wound assay. We found that expression of all the VM-
blocking miRNAs decreased the rate of adhesion to Matrigel and

expression of miR-200c or miR-183 also significantly decreased
migration (Supplementary Figures S3C and D). This is consistent
with previous reports26,29,32,33 and suggests that the effects of
these miRNA clusters on adhesion and migration could contribute
to their suppression of VM in mesenchymal breast cancer cells.
We next took advantage of the fact that miR-200c and miR-141

have very similar seed sequences and many overlapping
targets, yet display distinct phenotypic influence on VM when
transiently overexpressed. We assessed levels of several known
miR-200c targets,34–36 and found that while both miR-200c and
miR-141 target ZEB1 and drive increased expression of CDH1, only

a

b

c

d e

Figure 1. Serum deprivation induces VM of mesenchymal breast cancer cell lines. (a) Phase images of cells. MDA-MB-231 cells plated on (i)
tissue culture plates in 10% serum, (ii) Matrigel in 10% serum or (iii) Matrigel in 0% serum, and (iv) HUVECs plated on Matrigel in EndoGRO (2%
serum). Scale bars= 400 μm. (b) Phase images of cells plated on Matrigel in 0% serum (VM assay). Scale bars= 1000 μm. (c) Quantification of
total network length was performed using the neurite tracing function within the NeuronGrowth plug-in on ImageJ59 over at least three
independent replicates for each cell line. Error bars represent s.d. (d) Images of co-culture VM assay with HUVECs (red) and breast cancer cells
(green). Phase images (top), fluorescent images (middle) and insets (bottom). Arrowheads indicate mosaic vessels and arrows indicate cancer
cells not incorporated into networks. (e) Table of normalized enrichment scores (NES) and false discovery rate (FDR)-adjusted q-values from
Gene Signature Enrichment Analysis for MDA-MB-231 cells plated on Matrigel in 0% vs 10% serum as compared to indicated gene signatures.
A description of each of these gene signatures is listed in Supplementary Figure S1J.
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miR-200c expression affected the level of the secreted extra-
cellular matrix protein FN1 and the COPII secretory machinery
protein SEC23A (Figures 3c–e). As further confirmation that the
miR-141 mimic was functional, we also found that it targeted
TGFB2 as previously demonstrated27 (Supplementary Figure S3E).
Our data indicated that miR-141 targeting of ZEB1 was not
sufficient to block VM while loss of ZEB1 expression with
siRNA was. Therefore, we also assessed FN1 levels following
siZEB1 transfection and found that while miR-141 expression
did not affect FN1 levels, siZEB1 significantly decreased FN1
expression (Supplementary Figure S3F). This could be explained
by miR-141 having additional targets that function to help
maintain FN1 expression or through the possibility that longer-

term expression of miR-141 is required to drive FN1 loss. Finally,
we cloned the 3′-untranslated region of FN1 into the pMIR-Luc
vector and showed, consistent with previous reports36,37 that
miR-200c and miR-96 directly target FN1 (Supplementary
Figure S3G).
To determine whether these miRNAs also block VM in an

additional cell line, we transiently transfected BT-549 cells with
negative control (NEG) or individual miRNA mimics. Once again,
we found that miR-200c, -183, -96 and -182 were sufficient to
inhibit network formation, while miR-141 was not (Supplementary
Figures S3H and I). We assessed the regulation of the miRNA
targets in this additional cell line and, similar to the MDA-MB-231
cells, the VM-inhibiting miRNAs drove decreased expression of

Figure 2. ZEB1-regulated miRNA clusters block VM. (a) Quantitative reverse transcription–PCR (qRT–PCR) for ZEB1 in MDA-MB-231 cells transfected
with siNT control or siZEB1. Error bars represent s.d. of 3 independent experiments. (b) Western blot analysis (left) and quantitation (right) of ZEB1
in control vs knockdown cells. ACTB is loading control. Error bars represent s.d. from 3 independent experiments. (c) Phase images of VM assay in
control or ZEB1 knockdown cells. Scale bars=1000 μm. (d) Quantification of total network length over 10 independent experiments. Error bars
represent s.d., t-test was performed, ***Po0.001. (e) qRT–PCR for miRNAs in cells transfected for 72 h with siNT or siZEB1. Error bars represent s.d.
of 3 independent experiments. T-tests were performed, **Po0.01; ***Po0.001. (f) Phase images of VM assay with NEG or miRNA mimic
transfected cells. Scale bars=1000 μm. (g) Quantification of total network length. Error bars represent s.d. for 3 independent experiments. T-tests
were performed, *Po0.05. (h) Phase images of MDA-MB-231 cells transfected with miRNAs as shown. Scale bars=100 μm. (i) qRT–PCR following
expression of NEG control or miRNA mimics. Error bars represent s.d. of 3 independent experiments. T-tests were performed for each condition vs
NEG control, ***Po0.001. (j) Western blot analysis in cells transfected with NEG mimic or miRNA mimics. ACTB is loading control. (k) Quantitation
of proteins normalized to ACTB in 3 independent experiments. Error bars represent s.d. T-tests were performed for each protein in cells transfected
with each miRNA cluster vs NEG control, *Po0.05, ***Po0.001.
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ZEB1 and FN1, while miR-141 increased FN1 (Supplementary
Figure S3J). CDH1 expression was again increased following
expression of miR-141 (Supplementary Figure S3J), indicating in
both cell lines that re-expression of CDH1 alone is not sufficient to
block VM.

COPII-mediated secretion is essential for VM
The specific regulation of FN1 by VM-inhibiting miRNAs points
to the importance of FN1 secretion in VM and together with the
differential repression of SEC23A by miR-200c and miR-141 led
us to ask whether COPII-mediated secretion has a critical role in
VM. To test this, we first transfected MDA-MB-231 cells with a
SEC23A-targeted siRNA pool or a non-targeting control pool, but
despite a 75% knockdown in SEC23A protein levels, we found
that siSEC23A cells were still able to undergo VM (Supplementary
Figures S4A–D). This implied that SEC23A is not necessary or
sufficient for VM, consistent with miR-183, -96 and -182 not
affecting its expression but still blocking VM (Figures 3a–c). As
there could be functional compensation by other secretory
pathway proteins such as SEC23B, for example, that has been
shown to partially compensate for loss of SEC23A in
development,38 we directly addressed the role of COPII-
mediated secretion in VM by transfecting MDA-MB-231 and

BT-549 cells with an siRNA pool targeted against SEC13. While
SEC13 is not a target of the VM-blocking miRNAs (Supplementary
Figure S4E), it is a non-redundant factor in the COPII pathway.39

We confirmed knockdown of SEC13 at the mRNA level in both cell
lines (Figure 4a), and found, upon plating these cells in
the VM assay, that cells with decreased expression of SEC13
had a significantly reduced ability to form networks (Figures 4b
and c).
As COPII-mediated secretion appeared essential for VM and as

the secreted protein FN1 was consistently targeted by VM-
inhibiting miRNAs, we examined whether other secreted proteins
that may contribute to VM were affected by these miRNAs.
A recent report implicated secreted protease inhibitors, SerpinE2
and Slpi, as critical for VM in mouse mammary tumor cells10 and
other reports have shown that miR-200c targets CXCL1 and
interleukin 8 in tumor and endothelial cells to regulate tumor
angiogenesis.40 Therefore, we tested whether the ZEB1-regulated
miRNAs affected expression of these factors. We found that
SERPINE2 was downregulated by expression of both miR-200c
+141 and miR-183+96+182 (Figure 4d). SERPINE2 does not appear
to have a canonical seed sequence for any of these miRNAs, so it is
likely an indirect target. In MDA-MB-231 cells, downregulation of
SERPINE2 was mediated by the individual VM-inhibiting miRNAs:
miR-200c; -183; -96; and 182, whereas in BT-549 cells, only miR-183

Figure 3. Select miRNAs inhibit VM. (a) Representative images of VM in MDA-MB-231 cells transfected with miRNA mimics or NEG. Scale
bars= 1000 μm. (b) Quantification of total network length. Error bars represent s.d. for at least five independent experiments. T-tests were
performed to compare each to NEG control, ***Po0.001. (c) Quantitative reverse transcription–PCR following transfection of MDA-MB-231
cells with miRNA mimics. Error bars represent s.d. from three independent experiments. T-tests were performed, **Po0.01, ***Po0.001. (d)
Representative western blot in cells transfected with NEG, miR-200c or miR-141. ACTB is loading control. (e) Quantitation of proteins
normalized to ACTB. Error bars represent s.d. of three independent experiments, t-tests were performed to compare to NEG control,
**Po0.01, ***Po0.001.
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and -96 caused a significant decrease in SERPINE2 expression while
miR-141 increased its expression (Supplementary Figure S4F). The
fact that miR-200c does not affect SERPINE2 in BT-549 cells could
contribute to the more modest effect of miR-200c on VM
inhibition in this line (Supplementary Figures S3H and I). We
found that miR-200c+141 caused an upregulation of, and miR-183
+96+182 had no effect on, SLPI expression (Supplementary
Figure S4G). We found no significant change in Interleukin 8
(Supplementary Figure S4H). CXCL1 levels did appear decreased
with expression of some of these miRNAs (Supplementary
Figure S4H), however, it was equally targeted by miR-200c and
miR-141, which differentially affect VM (Figure 3a). Thus, it is
unlikely that SLPI, CXCL1 or interleukin 8 significantly contribute to
the cell-intrinsic and autocrine signaling regulating VM in this
system.

As others have reported global effects on secretion with
miR-200c expression,34,41 we next tested whether secretion was
globally suppressed. We did not observe significant changes in the
total protein content in conditioned serum-free media following
expression of miR-200c, miR-200c+miR-141 or miR-183+miR-96
+miR-183 (Supplementary Figure S4I). Western blot analysis,
however, revealed that the level of secreted FN1 was greatly
decreased (Figures 4e and f). Surprisingly, we observed an
increase in SERPINE2 levels in the conditioned media of cells
expressing miR-200c despite the fact that the mRNA expression
was decreased (Figures 4e and f). This led us to ask whether the
expression of cellular receptors to these secreted proteins was also
altered with expression of these miRNAs. LRP1 binds to SERPINE2/
protease complexes to induce ERK signaling and MMP9 expres-
sion, and has been linked to breast cancer metastasis.42 LRP1 has

Figure 4. COPII-mediated secretion is essential for VM. (a) Quantitative reverse transcription–PCR (qRT–PCR) for SEC13 in MDA-MB-231 or
BT-549 cells transfected with siNT or siSEC13. Error bars represent s.d. of three (MDA-MB-231) or two (BT-549) independent experiments.
(b) Representative images of VM in MDA-MB-231 or BT-549 cells transfected with siNT or siSEC13. Scale bars= 1000 μm. (c) Quantification of
total network length in VM assays in MDA-MB-231 or BT-549 cells. Error bars represent s.d. for five or three independent experiments,
respectively. T-tests were performed to compare each to siNT control, ***Po0.001, *Po0.05. (d) qRT–PCR following expression of a NEG or
clustered miRNA mimics. Error bars represent s.d. of three independent experiments. T-tests were performed vs NEG control, ***Po0.001. (h)
Western blot for FN1 and SERPINE2 in conditioned media from MDA-MB-231 cells transfected as shown. (f) Quantification of three (FN1) or
two (SERPINE2) independent replicates of western blots as shown in e. Error bars represent s.d. T-tests were performed for FN1 quantitation
compared to NEG control. **Po0.05; ***Po0.001. (g) qRT–PCR following transfection of MDA-MB-231 cells with miRNA mimics. Error bars
represent s.d. from three independent experiments. T-tests were performed, *Po0.05, **Po0.01, *** Po0.001. (h) Western blot for LRP1
following transfection of MDA-MB-231 cells with miRNA mimics. Shown is a representative image of two independent experiments. GAPDH is
loading control. (i) qRT–PCR following transfection of MDA-MB-231 cells with miRNA mimics. Error bars represent s.d. from three independent
experiments. T-tests were performed, *Po0.05, ***Po0.001.
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Figure 5. Increased expression of FN1 and SERPINE2 is regulated by serum withdrawal and is essential for VM. (a) Quantitative reverse
transcription–PCR (qRT–PCR) in breast cancer cell lines cultured with 10 or 0% serum for 48 h. Error bars represent s.d. of three independent
experiments. T-tests were performed for each line comparing 0 vs 10% conditions, **Po0.01, ***Po0.001. (b, d) Representative images of VM
in control and FN1 (b) or SERPINE2 (d) knockdown cells. Scale bars= 1000 μm. (c, e) Quantification of total network length for VM assays as
shown in b and d. Error bars represent s.d. for at five and four independent experiments, respectively. T-tests were performed to compare
each to siNT control, **Po0.01. (f) Representative images of VM in control and FN1 or SERPINE2 knockdown in BT-549 cells. Scale
bars= 1000 μm. (g) Quantification of total network length. Error bars represent s.d. for three independent experiments. T-tests were
performed to compare each to siNT control, *Po0.05. (h) Representative phase images of cell morphology in siNT or siSERPINE2 cells. Scale
bars= 100 μm. (i) qRT–PCR for FN1 and CDH1 in cells transfected with siNT or siSERPINE2. Error bars represent s.d. of three independent
experiments. T-test was performed, ***Po0.001. (j) qRT–PCR for FN1 and SERPINE2 in cells transfected with NEG or clustered miRNA mimics for
48 h, then cultured with 10 or 0.5% serum for 48 h. Error bars represent s.d. of three independent experiments. T-tests were performed
comparing 0.5 vs 10% in the control or comparing cells transfected with miRNAs vs NEG in matching serum conditions, ***Po0.001. (k)
Western blot for FN1 for cells as in h. ACTB is loading control. (l, m) Quantification of total network length of VM assays from VM-incompetent
cells plated in 0% serum (l) or VM-competent cells plated in 5% serum (m) in the presence or absence of recombinant FN1 and SERPINE2 as
shown. Error bars represent s.d. of two independent experiments.
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also been shown to be a direct target of miR-200.34 Here we
confirmed that its expression was decreased at both the mRNA
and protein levels following expression of either miR-200c or

miR-183 (Figures 4g and h). The FN1 receptor ITGB1 was also
decreased by miR-183, -96 and -182 consistent with previous
reports that it is a direct target of this miRNA cluster26,32
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(Figure 4i). Similar regulation of LRP1 and ITGB1 by these miRNAs
was also observed in BT-549 cells (Supplementary Figure S4J).
Together, these data indicate that COPII-mediated secretion is
essential for VM and suggest that miR-200c and the
miR-183.96.182 cluster may inhibit VM through regulation of
autocrine signaling affecting both secreted factors, including FN1
and SERPINE2, and their receptors.

Increased expression of FN1 and SERPINE2 is regulated by serum
withdrawal and is essential for VM
Upon determining that COPII-mediated secretion was essential for
VM, we circled back to ask whether the extrinsic condition of
serum withdrawal affected the expression of secreted factors to
influence this process. We focused on FN1 and SERPINE2, as their
expression was regulated by VM-inhibiting miRNAs, and assessed
the levels of these factors in four TNBC cell lines in the presence or
absence of serum. We found that FN1 and SERPINE2 were
expressed at higher baseline levels in the VM-competent MDA-
MB-231 and BT-549 lines as compared to MDA-MB-453 and MDA-
MB-468 lines, which do not undergo VM (Figure 5a). In addition,
we found that withdrawal of serum caused a significant increase
in FN1 and SERPINE2 in MDA-MB-231 cells, as well as a significant
increase of SERPINE2 in BT-549 cells (Figure 5a). FN1 was expressed
at a higher level in BT-549 cells regardless of serum levels
(Figure 5a). While expression of FN1 and SERPINE2 increased in the
MDA-MB-468 cell line in response to serum withdrawal, the levels
still did not reach the baseline level observed in the VM-
competent cells (Figure 5a).
To determine whether the increase in FN1 or SERPINE2 was

necessary for VM under these conditions, we transfected MDA-
MB-231 cells with pooled or multiple individual siRNAs against
each of these factors, confirmed knockdown (Supplementary
Figures S5A and B), and plated cells in the VM assay. Knockdown
of either FN1 or SERPINE2 with either the pooled or individual
siRNAs significantly inhibited VM (Figures 5b–e; Supplementary
Figure S5C). In addition, we transfected BT-549 cells with siRNA
pools to FN1 and SERPINE2, confirmed decreased expression of the
mRNAs (Supplementary Figure S5D) and found that knockdown of
either of these factors again inhibited VM in this cell line
(Figures 5f and g). Importantly, there was no significant increase
in cell death when cells were transfected with these siRNAs and
plated in 0% serum conditions (Supplementary Figure S5E).
Interestingly, we found that knockdown of SERPINE2 resulted in
loss of membrane protrusions, decreased expression of FN1 and
increased CDH1 expression (Figures 5h and i), suggesting a cell-
intrinsic or autocrine function of this secreted factor in regulating
the mesenchymal phenotype.
We next tested whether the ZEB1-regulated miRNA clusters

affected expression of these secreted factors in response to serum
withdrawal. We transfected MDA-MB-231 cells with a control
mimic, miR-200c+miR-141 or miR-183+miR-96+miR-182, and then

assessed levels of FN1 and SERPINE2 in response to serum
withdrawal. As in Figure 5a, we again observed that both FN1 and
SERPINE2 were increased upon serum withdrawal, and importantly
we found that expression of miR-200c+miR-141 or miR-183
+miR-96+miR-183 was able to decrease expression of both FN1
and SERPINE2, such that even upon serum withdrawal, cells
expressing these miRNA clusters did not express these factors at
levels equivalent to the control at baseline (Figure 5j). This was
confirmed for FN1 protein levels by western blot analysis
(Figure 5k). Finally, we tested whether FN1 and SERPINE2 were
sufficient to induce VM by adding recombinant proteins to the
VM-incompetent cell lines MDA-MB-453 and MDA-MB-468 when
these cells were plated on Matrigel. We found that the addition of
these two secreted proteins was not sufficient to drive these cell
lines to undergo VM (Figure 5l). However, addition of these
recombinant proteins was sufficient to induce VM in 5% serum in
the VM-competent cell lines MDA-MB-231 and BT-549 (Figure 5m),
where 5% serum normally blocks this phenotype (Supplementary
Figures S1C–F). This is consistent with our model of increased
secretion of these factors in serum-free conditions contributing to
this process as well as with decreased expression of these factors
and their receptors in the VM-incompetent cell lines (Figure 5a;
Supplementary Figure S5F).

Expression of miR-200c reduces VM in vivo
To determine whether expression of miR-200c alters VM in vivo,
we first generated clonal stable MDA-MB-231 cell lines over-
expressing miR-200c or a control vector using a piggyBac system.
We confirmed overexpression of miR-200c in this line
(Supplementary Figure S6A) and also confirmed mRNA expression
changes, including decreased expression of ZEB1, FN1 and
SERPINE2 along with increased expression of CDH1 (Figure 6a),
similar to what we had observed with transient overexpression
(Figure 3c; Supplementary Figure S4F). We then verified that
stable expression of miR-200c inhibited the ability of these
cells to undergo VM (Figures 6b and c). To determine whether
overexpression of miR-200c affected the vascularity of in vivo
tumors, we orthotopically implanted these cells into the mammary
fat pad of immunocompromised severe combined immunodefi-
ciency (SCID) mice (N= 6 tumors each for control and miR-200c-
expressing lines) and allowed the tumors to grow for 6 weeks. We
assessed tumor growth over time, and found that the miR-200c-
expressing cells grew slightly slower than the control cells in vivo
(Figure 6d). Six weeks after implantation, tumors were
isolated from all mice. We confirmed at the protein level that
miR-200c-expressing tumors had increased expression of CDH1
and decreased expression of ZEB1 and FN1 (Figure 6e;
Supplementary Figure S6B). SERPINE2 levels, however, were not
decreased in the miR-200c-expressing tumor lysates (Figure 6e;
Supplementary Figure S6B), which could be due either to stromal
cell expression of SERPINE2 within the tumor microenvironment

Figure 6. Expression of miR-200c reduces VM in vivo. (a) Quantitative reverse transcription–PCR in stable clonal lines for genes as shown.
(b) Representative images of VM in control and miR-200c-expressing stable lines. Scale bars= 1000 μm. (c) Quantification of total network
length from b. Error bars represent s.d. for three independent experiments. T-tests were performed to compare to control, **Po0.01.
(d) Tumor burden over time for orthotopic xenografts of control and miR-200c-expressing clonal cell lines (n= 6 tumors each). T-test was
performed on area under the curve for each tumor, ***Po0.001. (e) Quantification of western blot analysis (blots are shown in Supplementary
Figure S6B) for proteins shown normalized to GAPDH for each of the six control and six miR-200c-expressing tumors. T-tests to compare to
control levels were performed, *Po0.05; **Po0.01. (f) × 1.5 images of hematoxylin and eosin sections of two representative control and
miR-200c-expressing tumors. (g) Quantitation of percent necrotic area for all tumors. Error bars represent s.d., t-test was performed,
***Po0.001. (h) Representative images of CD31 IHC with PAS staining on sections of control and miR-200c-expressing tumors. Scale
bars= 100 μm. Arrowheads indicate CD31-positive vessels (red), CD31-negative vascular lacunae (green) or mosaic vessels (yellow). Insets from
boxed regions shown below. (i–k) Quantitation of total PAS+ vascular lacunae (i), PAS+/CD31+ vessels (j) or PAS+/CD31− or mosaic vascular
lacunae (k) as measured in 16 randomly selected fields from 3 non-adjacent sections of each tumor. Shown is the average number of vascular
lacunae per tissue section (total counted on 16 fields) for each of the six tumors in each set. T-test was performed, *Po0.05; **Po0.01.
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with both control and miR-200c-overexpressing cell lines or to
increased expression in the tumor cells under in vivo vs in vitro
conditions. We next assessed the tumor histology by hematoxylin
and eosin and found a striking increase in necrotic area in the
miR-200c-expressing tumors, suggesting an overall decrease in
vascularization (Figures 6f and g). It is possible that the decreased
vascularity resulting in decreased delivery of oxygen and nutrients
contributed to the elevated baseline levels of SERPINE2 in these
tumors, similar to the in vitro removal of serum (Figure 5k). Finally,
we assessed whether the tumor cells were contributing to
vascular lacunae in the tumor tissue. We performed immunohis-
tochemistry (IHC) for CD31 in combination with periodic acid
schiff (PAS) staining to assess both PAS+/CD31+ endothelial
vessels as well as PAS+/CD31− vessel-like lacunae indicating VM
(Figure 6h). We found that the total number of PAS+ lacunae was
significantly decreased in the miR-200c-expressing tumors
(Figure 6i). During this analysis, we also observed vascular lacunae

that were mosaic in nature such that CD31+ and CD31− cells
coexisted within a single PAS+ structure (Figure 6h, yellow
arrowheads). To determine whether human tumor cells could
contribute to vascular lacunae containing CD31+ and
CD31− cells, we performed immunofluorescence for CD31 and
a human-specific anti-mitochondria antibody. This analysis
revealed that CD31-negative tumor cells could coexist with mouse
endothelial cells in mosaic vessels (Supplementary Figure S6C). We
then assessed our IHC images to determine the number of PAS+
channels that were endothelial vessels (CD31+) or VM containing
lacunae (including CD31− and mosaic vessels) and found a
significantly decreased number of both types of vessel structures
in the miR-200c-expressing tumors (Figures 6j and k). The average
number of each type of vessel structure counted in individual
tumors is provided in a table in Supplementary Figure S6D. In
addition, we found that some tumor cells contributing to vessels
could also express CD31 (Supplementary Figure S6C). This is

Figure 7. Autocrine signaling factors FN1, ITGB1, SERPINE2 and LRP1 predict poor survival in early-stage breast cancer. (a) Plots comparing
FN1, ITGB1, SERPINE2 and LRP1 levels in RNA-seq data from subtyped breast cancer cell lines. A one-way analysis of variance with Tukey’s test
was performed, *Po0.5, ***Po0.001. (b–f) Survival curves from cBioPortal showing survival of patients with stage I, II or III breast cancer with
the following genes altered. Log-rank test P-values are shown. (b) Tumors that had a low level (defined by heterozygous loss or homozygous
deletion) of MIR200C along with high expression (defined by a gain, amplification or fold expression 42) of FN1 and SERPINE2 (red) compared
to those that did not (blue). (c) Tumors that had a low level of MIR183 along with high expression of FN1 and SERPINE2 (red) compared to those
that did not (blue). (d) Tumors that had a high level of FN1, ITGB1, SERPINE2 and LRP1 (red) compared to those that did not (blue). (e) Tumors
that had a high level of FN1 and ITGB1 (red) compared to those that did not (blue). (f) Tumors that had a high level of SERPINE2 and LRP1 (red)
compared to those that did not (blue).
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consistent with previous reports of tumor cells displaying plasticity
toward an endothelial phenotype and expressing endothelial
markers.8,9,43,44

Autocrine signaling factors FN1, ITGB1, SERPINE2 and LRP1 predict
poor survival in early-stage breast cancer
Finally, as FN1, SERPINE2, LRP1 and ITGB1 were expressed at
higher levels in the mesenchymal cell lines that we tested, we
sought to determine whether this was true across a broader panel
of cell lines. We assessed the levels of FN1, ITGB1, SERPINE2 and
LRP1 in previously published RNA-seq data from a cohort of breast
cancer cell lines.45 FN1 and LRP1 were found to be significantly
higher in claudin-low as compared to luminal subtype cell lines,
while SERPINE2 and ITGB1 levels were significantly higher in both
claudin-low and basal-like cell lines as compared to luminal
subtype cell lines (Figure 7a; Supplementary Figure S7). Next, we
used cBioPortal46,47 to analyze overall patient survival for groups
with high or low expression of these factors in The Cancer
Genome Atlas data set.48 We found that in stage I, II and III breast
cancer, tumors with low expression (heterozygous loss or
homozygous deletion) of MIR200C or MIR183, along with a gain,
amplification or increased (42-fold) expression (‘high’ expression)
of FN1 and SERPINE2 had significantly decreased patient survival
with a log-rank test P-value of 0.011 and 0.0362, respectively
(Figures 7b and c). Increased expression of all of the autocrine
pathway genes that we found regulated by these VM-inhibiting
miRNAs, FN1, ITGB1, SERPINE2 and LRP1, together also had
significantly decreased patient survival with a log-rank test P-
value of 0.00133 (Figure 7d). Consistent with our data showing
similar regulation of FN1 and SERPINE2, we found that there was a
significant tendency for co-occurrence of high FN1 and high
SERPINE2 in these tumors with a log odds ratio of 43 (Po0.001).
Separating these genes into sets of high FN1 and ITGB1 or high
SERPINE2 and LRP1, we found that high expression of either
combination could predict decreased survival, with the SERPINE2
and LRP1 combination having the greatest effect with a log-rank
test P-value of 6.368e-4 (median months survival for SERPINE2 and
LRP1 high = 113.7 and for SERPINE2 and LRP1 low= 212.09;
Figures 7e and f). Together, these data suggest that FN1 and
SERPINE2 are upregulated in cancer cells in response to a nutrient-
deficient environment, that expression of these factors and their
cellular receptors can be kept low by ZEB1-regulated miRNAs, and
that high expression of these factors in tumors correlates with
decreased overall survival.

DISCUSSION
Tumor cells exposed to a hypoxic microenvironment have been
shown to respond not only by inducing sprouting angiogenesis
but also by directly contributing to tumor vasculature through VM
and/or transdifferentiation to an endothelial phenotype. Here we
utilized a three-dimensional culture system to study VM and
demonstrated that nutrient deprivation induces VM in mesench-
ymal breast cancer cells. This was accompanied by increased
expression of angiogenic and endothelial differentiation gene
signatures. Recent evidence suggests that the ability of tumor cells
to mimic endothelial phenotypes benefits tumor growth and
metastatic progression.7,9,10 Understanding the precise mechan-
isms underlying this process, therefore, will be important to
developing effective therapeutics that inhibit vascularization as
well as metastasis. We examined multiple TNBC cell lines for their
ability to undergo VM in response to serum withdrawal and found
that mesenchymal, claudin-low like cells undergo this transition,
consistent with these cells having increased vascular endothelial
growth factor/hypoxia gene signature expression and endothelial
as well as stem-like properties.49,50 As the capacity to undergo VM
appears to be influenced by cell-intrinsic pathways, we identified

specific ZEB1-repressed miRNAs, including miR-200c, miR-183,
miR-96 and miR-182 that are critical negative regulators of the
ability of breast cancer cells to acquire endothelial phenotypes. It
is interesting to note that while both of the co-regulated miRNAs
miR-200c and miR-141 induce upregulation of E-cadherin, only
miR-200c blocks VM. This suggests that it is not the epithelial
phenotype itself that is sufficient to block VM, but rather it is likely
to be the effect of another target of miR-200c in this system. We
also showed that miR-200c can inhibit vascular phenotypes of
breast cancer cells in vivo, consistent with another recent report.44

In our effort to understand the molecular regulation of VM, we
uncovered a critical role for COPII-mediated secretion in this
process and further showed that the secreted proteins FN1 and
SERPINE2 have an important role in this response of mesenchymal
breast cancer cells to nutrient deficiency. We found that serum
withdrawal induces an upregulation of both FN1 and SERPINE2 in
mesenchymal breast cancer cells and that expression of the VM-
inhibiting miRNAs could inhibit the upregulation of these factors
as well as expression of their cellular receptors, ITGB1 and LRP1.
FN1 has previously been linked to endothelial function, as its
autocrine expression and assembly into a matrix has been shown
to be critical for endothelial phenotypes, including new vessel
formation.51,52 Our work suggests that tumor cells that undergo
VM also require expression of FN1, as its loss suppressed VM and
its addition could facilitate network formation. SERPINE2, as a
serine protease inhibitor, is known to inhibit the activity of many
proteases, including thrombin, urokinase, plasmin and trypsin.
While increased protease activity has been associated with
extracellular matrix degradation and subsequent tumor invasion,
SERPINE2 has also been found to be upregulated in many cancer
types and has been associated with metastasis.53–55 In pancreatic
cancer, overexpression of SERPINE2 was linked to increased
extracellular matrix production in tumors,56 and in lung fibroblasts
during idiopathic pulmonary fibrosis, SERPINE2 was found to
increase FN1 expression.57 In this context, our work indicating that
SERPINE2 and FN1 are required for breast cancer VM suggests that
they may cooperate to support extracellular matrix development
or maturation that allows for endothelial-like vascular network
formation.
SerpinE2 was recently described as a critical factor in mouse

mammary tumor VM and shown to be expressed in the metastatic
tumor cells within a heterogeneous tumor.10 The anticoagulant
function of SerpinE2 was linked to increased vessel leakiness
leading to increased circulation and eventual metastasis of breast
cancer cells.10 While this function of SerpinE2 likely contributes to
metastatic capacity, it does not address how the expression of
SERPINE2 specifically regulates the cell-autonomous expression of
endothelial phenotypes. Here we observed that the loss of
SERPINE2 in breast cancer cells affects cell morphology, resulting
in loss of membrane protrusions and, consistent with this,
SERPINE2 knockdown cells also have decreased FN1 and increased
CDH1 expression. It is possible that in addition to a role
remodeling the extracellular matrix, SERPINE2 has a role in cell-
intrinsic phenotypes to promote metastatic behavior, including
VM. A previous report demonstrated that SERPINE2, when bound
to a protease, interacts with the LRP1 receptor for internalization,
resulting in upregulation of ERK activity.42 LRP1 has also been
shown to be a target of miR-200c,34 and we show here that its
expression is regulated by VM-inhibiting miRNAs in our system. In
light of these results, we hypothesize that SERPINE2 signals in an
autocrine manner through LRP1 to contribute to cellular signaling
pathways supporting VM-related phenotypes.
Together, our results suggest that mesenchymal cancer cells,

with low expression of ZEB1-regulated miRNA clusters, respond to
a nutrient-deficient microenvironment by adopting endothelial
phenotypes. We show that nutrient deficiency leads to an
upregulation of FN1 and SERPINE2, and that these factors are
critical for VM. Finally, we show that the autocrine signaling factors
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that we identified to be regulated by ZEB1-repressed miRNAs and
to functionally contribute to VM are also correlated with
decreased patient survival. These new mechanistic insights could
contribute to new strategies to prevent the tumor cell plasticity
toward endothelial phenotypes that supports tumor vasculariza-
tion and metastasis.

MATERIALS AND METHODS
Cell culture and transfection
MDA-MB-231, BT-549, Hs578T, MDA-MB-468, MDA-MB-453, HCC1395 and
HEK293 cells were purchased from American Type Culture Collection
(Manassas, VA, USA); SUM159PT were obtained from Dr Joe Gray (Oregon
Health & Science University; OHSU); and HUVECs were purchased from
EMD-Millipore (Billerica, MA, USA). All cell lines were validated by short
tandem repeat profiling and confirmed to be free of mycoplasma
contamination. MDA-MB-231, Hs578T, MDA-MB-468, MDA-MB-453 and
HEK293 cells were grown in high-glucose Dulbecco’s modified Eagle’s
medium (Gibco, Thermo Fisher, Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS; Atlanta Biologicals, Flowery Branch, GA, USA).
BT-549 and HCC1395 cells were grown in RPMI (Gibco) supplemented with
10% FBS. SUM159PT were grown in Hams-F12 media (Gibco) supplemen-
ted with 5% FBS, 10 mM HEPES, 4 μg/ml insulin and 0.5 μg/ml hydro-
cortisone. HUVECs were grown in complete EndoGRO medium (Millipore).
MiRIDIAN miRNA mimics as well as ON-TARGETplus SMARTpool and ON-

TARGETplus individual siRNAs (listed in Supplementary Table 2) were
purchased from GE Dharmacon (Lafayette, CO, USA), and transfected using
Lipofectamine 2000 or Lipofectamine 3000 (Life Technologies) according
to the manufacturer’s protocol at a final concentration of 25 nM. BT-549
cells were transfected with LF2000 on 2 consecutive days to increase
transfection efficiency. Phase images of cells were taken on an EVOS-FL
scope (Thermo Fisher).

Quantitative reverse transcription–PCR
RNA was isolated using Trizol (Life Technologies) according to the
manufacturer’s instructions. For mRNA analysis, RNA was treated with
DNAse I (Roche, Basel, Switzerland) and purified over a Qiagen (Hilden,
Germany) RNeasy column. First strand synthesis was performed using a
High Capacity cDNA Reverse Transcription kit (Life Technologies).
Quantitative PCR was performed using SYBR green (Life Technologies)
on a Step One Real Time PCR system with Step One software (Life
Technologies). All primer sequences are provided in Supplementary Table
3. TBP was used for normalization. For miRNA analysis, RNA was used in
Taqman quantitative reverse transcription–PCR assays according to the
manufacturer’s protocol (Life Technologies). U6 snRNA was used for
normalization.

Stable cell lines
The genomic region containing hsa-miR-200c.141 was cloned from
genomic DNA of MDA-MB-453 cells into the pGEM-Teasy vector system
(Promega, Madison, WI, USA). Primers are listed in Supplementary Table 3.
The cloned region was sequenced and then digested with EcoRI and PvuII.
This 931 bp band was further digested with SalI to generate a 589 bp band
containing only miR-200c. This band and the NotI-digested piggybac
vector, PB-CAG-GFP-iNeo, were blunted with Klenow (New England
Biolabs, Ipswich, MA, USA) and ligated to generate PB-CAG-GFP-hsa-
miR200c-iNeo plasmid with miR-200c cloned downstream of green
fluorescent protein (GFP) but before the polyA sequence. MDA-MB-231
cells were transfected with a 1:3 ratio of the pCAG-PBase transposase
plasmid58 to the PB-CAG-GFP-hsa-miR200c-iNeo or control plasmid with
Lipofectamine 2000. Clonal cell lines were selected in 2 mg/ml G418 and
expression of miRNAs and targets were confirmed with quantitative
reverse transcription–PCR.

VM assay
Cells were trypsinized, counted, washed to remove serum, and plated onto
a thick (40 μl) layer of growth factor reduced Matrigel (BD Biosciences) in a
96-well plate. Cells were resuspended in 150 μl of serum-free Dulbecco’s
modified Eagle’s medium for a total of 1.5 × 104 cells/well. Wells were
imaged 18–24 h later at × 4 on EVOS-FL scope for the presence or absence
of networks. Total network length was calculated with the neurite tracing

function in the NeuronGrowth plug-in in ImageJ.59 For co-culture assays,
breast cancer cells and HUVECs were incubated for 30 min before
trypsinization in serum-free media containing 1 μM Cell Tracker Green
CMFDA or Cell Tracker Orange CMRA (Life Technologies), respectively. Cells
were then plated on Matrigel in EndoGRO media (2% FBS) at a
concentration of 1 × 104 HUVECs+0.5 × 104 cancer cells/well. Recombinant
FN1 (1918-FN-02M, R&D Systems, Minneapolis, MN, USA) and SERPINE2
(2980-PI-010, R&D Systems) were added to VM assays at concentrations of
1 and 10 μg/ml, respectively. All VM experiments were repeated in multiple
independent experiments as indicated in figure legends. Representative
images are shown.

Flow cytometry
Cells were stained with APC α-CD44 (G44-26, BD Pharmingen, Franklin
Lakes, NJ, USA) and PE α-CD24 (ML5, BD Pharmingen) at 1:10 dilutions in
FACS Buffer (1% bovine serum albumin in phosphate-buffered saline). Flow
cytometry was performed on a Canto II (BD Biosciences) with FACS Diva
software (BD Biosciences) and data were analyzed using FlowJo software
(FlowJo LLC, Ashland, OR, USA). Experiments were repeated in three
independent biological experiments, and representative results are shown.

RNA-seq and Gene Set Enrichment Analysis analysis
For RNA-seq, cells plated 24 h on Matrigel were dissociated with Dispase
(BD Biosciences), total RNA was isolated with Trizol and sequencing
libraries constructed using a TruSeq RNAseq kit (Illumina, San Diego, CA,
USA). Briefly, poly(A)+ RNA was isolated from 1μg of total RNA (per sample)
using oligo-dT-coated magnetic beads. The recovered RNA was then
chemically fragmented. First strand cDNA was generated using random
hexamers as primers for reverse transcriptase. Following second strand
synthesis, the ends of the double-stranded fragments were repaired and
then a single ‘A’ nucleotide was added to each end. Illumina adaptors were
ligated to the cDNAs. Limited-round (11-cycle) PCR was used to amplify the
material to yield the final libraries. Library concentration was determined
using real-time PCR with primers complementary to the Illumina adaptors.
Sample libraries were diluted and applied to an Illumina single-read flow
cell at a concentration appropriate to generate about 180 million reads per
lane. All libraries were prepared with indexing barcodes to permit
multiplexing in a single lane. The 100-cycle single-read sequencing was
used to generate base call files. Illumina’s CASAVA package was used to
assemble the reads into standard fastq formatted data.
RNA-seq analysis was performed as described previously.60 Briefly, data

were aligned using Bowtie version 1.0.0 (http://bowtie.cbcb.umd.edu) to
human genome version hg19, and custom R scripts and software were
used to count tags that aligned to the exons of University of California,
Santa Cruz RefSeq gene models. The χ2-statistic was calculated for each
gene model and the Benjamini–Hochberg false discovery rate adjustment
was applied. RNA-seq data can be accessed at the Gene Expression
Omnibus, accession # GSE77179. Each sample was normalized based on
the total reads that aligned to exons to calculate fold change and
expression difference between classes. For comparison to mouse genes
upregulated in Flk1hi differentiating embryonic stem cells after expression
of Snail, microarray data from GSE26524 was used to identify genes
upregulated in Flk1hi cells sorted from differentiating embryonic stem cells
in DKK1+dox condition (dox-induced Snail expression) compared to the
genes expressed with DKK1 treatment alone. Genes were sorted by fold
change, adjusted to represent human gene symbols, duplicated genes
removed and the top 350 genes, all at least 4.5-fold enriched, were
included in the comparison. This list is included as Supplementary Table 4.
This gene signature, as well as others in the Molecular Signatures Database
as indicated, was compared to the RNA-seq data of breast cancer cells
plated on Matrigel in the presence of 10 or 0% serum using the Gene Set
Enrichment Analysis software.18

Western blots
Cells were lysed in AB lysis buffer and western blot analysis was performed.
Blots were visualized and bands quantified on an Odyssey imaging system
(LI-COR Biosciences, Lincoln, NE, USA) as described.61 Primary antibodies
used were ZEB1 (H-102, Santa Cruz Biotechnology, Santa Cruz, CA, USA,
used at a 1:200 dilution), SEC23A (NBP1-32773, Novus Biologicals, Littleton,
CO, USA, used at a 1:5000 dilution), CDH1 (36/E-cadherin, BD Biosciences,
used at a 1:5000 dilution), FN1 (C-20, Santa Cruz Biotechnology, used at a
1:100 or 1:200 dilution), SERPINE2 (8C4.1, Millipore, used at 1:1000), LRP1
(EPR3724, Abcam, Cambridge, UK, used at 1:5000), GAPDH (6C5, Thermo
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Fisher, used at 1:10 000) and ACTB (AC-15, Sigma-Aldrich, St. Louis, MO,
USA, used at a 1:10 000 dilution). Secondary antibodies were anti-Rabbit
(Alexa Fluor 680), anti-Rabbit (Alexa Fluor 800), anti-Goat (Alexa Fluor 680),
anti-Mouse (Alexa Fluor 680) or anti-Mouse (Alexa Fluor 800) (Molecular
Probes, Eugene, OR, USA), used at a 1:10 000 dilution.

Adhesion and migration assays
Adhesion assays were performed on 96-well plates coated with 2.5 μg/well
Matrigel and blocked with heat-inactivated 1% bovine serum albumin for
30 min at 37 °C. MDA-MB-231 cells transfected for 48 h with miRNA mimics
were counted and plated in serum-free media at 3 × 104 cells/well for
45 min, washed once with serum-free media, fixed in 2% paraformalde-
hyde, stained with 0.5% crystal violet in 20% MeOH and then washed with
ddH2O. Stain was eluted in methanol and absorbance at 600 nm for each
well was determined. For migration assays, MDA-MB-231 cells transfected
for 48 h with miRNA mimics were counted and plated onto image lock 96-
well plates (Essen Biosciences, Ann Arbor, MI, USA) at a density of 40 000
cells/well. Scratch wounds were generated with an IncuCyte WoundMaker
(Essen Biosciences) and images acquired on IncuCyte Zoom (Essen
Biosciences) every 4 h. IncuCyte software was used to mask the original
wound area and measure confluence of cells within that area over 3 days.
Area under the curve was calculated for at least three independent
experiments, and t-tests of these values performed to determine
significance.

Death assay
MDA-MB-231 cells transfected for 48 h with miRNA mimics were counted,
and 10 000 cells/well were plated into 96-well plates in serum-free media.
After 24 h, CellTox Green Dye (Promega G873B, used at 1:2000) was added
to detect dead cells and images were acquired using an IncuCyte Zoom.
Total cell count per well was then determined by adding Nuclear-ID Red
DNA stain (Enzo Life Sciences, Farmingdale, NY, USA, ENZ-52406, used at
1:1000) and again acquiring images on an IncuCyte Zoom. Percent dead
cells was calculated as the ratio of CellTox Green-positive to Nuclear-ID Red
DNA-positive cells.

Conditioned media analysis
MDA-MB-231 cells were plated in six-well plates at 1 × 105 cells/well, and
were transfected with miRNA mimics the next day. Forty-eight hours after
transfection, cells were washed four times with serum-free media and then
grown for an additional 24 h in 1.5 ml serum-free Dulbecco’s modified
Eagle’s medium. Media was then collected and spun at 500× g to remove
cellular debris. Conditioned media was then concentrated over Amicon
Ultra centrifugal filers (Ultracel-10K, Millipore) and run on a 4–12% gradient
SDS–polyacrylamide gel electrophoresis gel. Coomassie staining was
performed as described.62,63 Briefly, gels were fixed for 1 h in 12% (w/v)
TCA, stained overnight in 0.12% (w/v) CBB G-250 in 10% (w/v) ammonium
sulfate, 10% (v/v) phosphoric acid and 20% (v/v) methanol, and then
washed for 1.5 h with destaining solution (25% methanol). Alternatively,
proteins were transferred for western blot analysis of FN1 or SERPINE2 as
described above.

Luciferase assay
The 3′-untranslated region of human FN1 was cloned from genomic DNA
of MDA-MB-453 cells into the pGEM-Teasy vector (Promega) using primers
as indicated in Supplementary Table 3 and the sequence was verified. This
region was then subcloned into the pMIR-REPORT Luciferase vector
(Applied Biosystems, Thermo Fisher). HEK293 cells were co-transfected
with this construct, pCMV-β-Gal and individual miRNA mimics (or negative
control) using Lipofectamine 2000. Luciferase activity was assessed with
Promega luciferase assay kit and a Berthold (Bundoora, VIC, Australia)
luminometer and adjusted for β-Gal.

Xenografts and tumor analysis
All animal studies were performed in accordance with the research
guidelines for the use of laboratory animals adopted by the OHSU IACUC.
On the basis of prior knowledge from these or similar experimental
systems, six tumors per group were chosen to satisfy 95% confidence
intervals. Balb/c SCID female mice (CBySmn.CB17-Prkdcscid/J, Jackson
Laboratory, Bar Harbor, ME, USA) were orthotopically injected in 50%
Matrigel into the fourth inguinal mammary fat pad at 7 weeks of age with

4 × 105 MDA-MB 231 cells with stable overexpression of GFP or miR-200c.
Tumor burden was determined three times per week through caliper
measurements (volume= (W2 × L)/2). Forty-one days post xenograft the
mice were perfused with 20 ml PBS with 0.05% heparin, and tumors were
collected. Small tumor pieces were flash-frozen and protein extracted by
mincing with a Tissue-Tearor (model 985370-395, Biospec Products,
Bartletsville, OK, USA) in AB lysis buffer. Westerns were performed as
described above. The majority of the tumor was fixed in neutral buffered
formalin, paraffin-embedded and sectioned, and hematoxylin and eosin
stained by the OHSU Histopathology Shared Resource.
IHC was performed by the OHSU Histopathology Shared Resource on a

Ventana Benchmark XT (Roche). Antigen retrieval was performed with
Ventana Cell Conditioning Solution 1 for 30 min at 95 °C, anti-CD31
antibody (ab28364, Abcam, used at 1:100 dilution) applied for 30 min at
37 °C and signal detected with the Ventana ultraView Universal DAB
Detection kit used with the ImmPRESS HRP anti-rabbit antibody (Vector
Laboratories, Burlingame, CA, USA, MP-7401). Slides were then counter-
stained with PAS. Hematoxylin and eosin as well as IHC and PAS staining
was imaged on an Aperio digital slide scanner (Leica Biosystems, Wetzlar,
Germany) and viewed on ImageScope. For hematoxylin and eosin tissues,
× 1.5 images were then analyzed on ImageJ to quantify the percent
necrotic area of the tumor. For IHC analysis, 16 randomly selected × 20
images were obtained for each of three non-adjacent sections for every
tumor. These 48 images/tumor were blinded and the number of PAS+
lacunae, PAS+/CD31+, and PAS+/CD31 − or CD31 mosaic vascular
lacunae was counted. Average number of vessel structures per section
is presented for individual tumors. Immunofluorescence was performed
on tissue sections using standard protocols with anti-CD31 (ab28364,
Abcam, 1:50 dilution) and anti-Mitochondria (ab92824, Abcam, 1:1000
dilution), as well as 4,6-diamidino-2-phenylindole nuclear counterstain.
Images were acquired on a Zeiss Axio Scan and analyzed with Zeiss Zen
software (Zeiss Microscopy, Thornwood, NY, USA).

Statistical tests
Statistical analysis was performed with GraphPad Prism Software (v5,
GraphPad Software, Inc., San Diego, CA, USA). All error bars displayed
represent s.d. to show variance between independent experiments or
between samples in each group. All t-tests performed were two-tailed tests
and results are given as P-values where * indicates Po0.05, ** indicates
Po0.01 and *** indicates Po0.001.
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