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Tissue Factor (TF) is the initiator of blood coagulation but also functions as a signal transduction receptor. TF expression in breast
cancer is associated with higher tumor grade, metastasis and poor survival. The role of TF signaling on the early phases of
metastasis has never been addressed. Here, we show an association between TF expression and metastasis as well as cancer
stemness in 574 breast cancer patients. In preclinical models, blockade of TF signaling inhibited metastasis tenfold independent of
primary tumor growth. TF blockade caused a reduction in epithelial-to-mesenchymal-transition, cancer stemness and expression of
the pro-metastatic markers Slug and SOX9 in several breast cancer cell lines and in ex vivo cultured tumor cells. Mechanistically, TF
forms a complex with B1-integrin leading to inactivation of B1-integrin. Inhibition of TF signaling induces a shift in TF-binding from
a3pB1-integrin to a6B4 and dictates FAK recruitment, leading to reduced epithelial-to-mesenchymal-transition and tumor cell
differentiation. In conclusion, TF signaling inhibition leads to reduced pro-metastatic transcriptional programs, and a subsequent
integrin B1 and 4-dependent reduction in metastasic dissemination.
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INTRODUCTION
Despite early diagnosis and improved treatment, breast cancer is
still one of the leading causes of cancer-related deaths in women
with nearly 40% of all breast cancer patients have regional (30.8%)
or distant (6.2%) metastases [1]. Metastasis is promoted by
epithelial-to-mesenchymal-transition (EMT), in which cell-cell
contact is lost and a spindle-shape morphology is acquired with
enhanced migratory and invasive properties. This EMT program is
under control of EMT-related transcription factors, like members of
the SNAIL, TWIST and ZEB families [2, 3]. It becomes more evident
that there is an intimate relationship between EMT and cancer
stem cells (CSCs) required for successful metastasis [4-6]. CSCs
comprise a sub-population of the tumor with the ability to self-
renew and seed new tumors with an enhanced resistance towards
chemotherapy [7]. CSCs in breast cancer may be identified based
on the expression of surface markers CD133%, CD44"/CD24~ and/
or the intracellular protein aldehyde dehydrogenase 1 (ALDH1) [8].
The current hypotheses are either that (i) cells that have
undergone EMT de-differentiate into CSCs or (ii) CSCs start
expressing EMT-associated markers, after which they metastasize
[9]. One protein that is suggested to drive cancer stemness is the
coagulant protein Tissue Factor (TF) [10].

Hemostasis is critically involved in tumor progression. For
instance, primary hemostasis, i.e. platelet aggregation, primes
tumor cells for metastasis by inducing TGF/NF-kB pathways [11].

Nevertheless, secondary hemostasis, i.e., blood coagulation, often
plays roles in tumor progression as well. TF is the initiator of the
coagulation pathway and is expressed on sub-endothelial cells. It
activates its ligand factor VII (FVII) after vessel injury, coagulation
factor X (FX) is then activated leading to prothrombin cleavage,
activation of platelets and fibrin deposition in order to close the
wound. However, TF is also synthesized by breast tumor cells, and
this expression has been found to associate with higher tumor
grade, increased angiogenesis, reduced survival, increased inva-
sive and metastatic behavior [12].

Classically, it has been thought that TF influences tumor
progression via two distinct processes. First, TF in complex with
FVlla induces (i) direct cellular signaling via protease activated
receptor-2 (PAR2) and (ii) indirect TF signaling through crosstalk
with integrins, to promote tumor angiogenesis, growth and
migration, respectively [13, 14]. TF signaling also promotes
invasion through increased production of matrix metalloprotei-
nases (MMPs) allowing tumor cells to escape the tumor
environment. Upon entering the bloodstream, coagulant func-
tions of TF become key, as it forms a fibrin/platelet-rich shield
around circulating tumor cells. This prevents attack from the
immune system, and thereby promotes survival of metastatic cells
[14, 15]. While TF coagulant function clearly adds to metastatic
potential, the significance of TF signaling in the early events
leading to metastasis has not been addressed in vivo.
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In this study, we have investigated whether TF signaling impacts
metastasis and the cellular processes underlying metastasis, in vitro
and in vivo, with a special focus on integrin regulation by TF.

RESULTS

TF expression associates with metastasis in estrogen receptor
negative tumors

We first investigated clinical associations between TF expression,
stratified for low or high TF (Fig. S1), and metastasis-free survival of
breast cancer patients. Tumor specimens from 574 breast cancer
patients were stained for TF and stratified for Estrogen Receptor
(ER) expression. Expression of TF in ER+ tumors did not associate
with metastasis-free survival (Fig. 1A). However, a significant
association between high TF levels and metastasis in ER- tumors
was observed in the first 5 years after diagnosis (Fig. 1B).
Importantly, similar observations were made in tumors from
patients that had not yet received therapy (Fig. S2), ruling out an
effect of therapy on these associations. Cancer stem cells (CSCs)
play a fundamental role in metastasis, thus we also determined
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associations between TF expression and the CSC marker ALDH1.
We observed a significant association (Fig. 1C) that was even
stronger in ER- and PgR- cells (Fig. S3).

Inhibition of TF signaling reduces metastasis in vivo

Our own work in patient material and in in vitro models [10]
indicate a role for TF signaling in CSCs and suggest that metastasis
may be critically dependent on TF signaling. To further investigate
the role of TF signaling in metastasis, the highly aggressive and
triple-negative MDA-MB-231-mfp cell line that expresses TF [16]
was grafted orthotopically in the mammary gland. In the presence
of Mab-10H10—a specific inhibitor of TF signaling—a fivefold
decrease of tumor growth was observed in comparison to IgG
control (Fig. 1D) that was not due to potential cytotoxic effects
(results not shown). After mice were sacrificed, lungs were
processed to study the presence of human cells using qPCR.
Strikingly, the presence of Mab-10H10 reduced metastatic
dissemination 100-fold (Fig. 1E). Immunohistochemistry on
isolated lungs substantiated this (Fig. S4A). Fibrin formation and
platelet aggregation on the surface of metastatic tumor cells play a
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Fig. 1

TF associates with metastasis in patients with ER-negative breast tumors, and TF signaling induces metastasis. A Kaplan-Meier

analysis of metastasis-free survival in breast cancer patients with ER-positive tumors, stratified for TF expression. B Kaplan-Meier analysis of
metastasis-free survival in breast cancer patients with ER-negative tumors, stratified for TF expression. C Association between expression of
the breast cancer stem cell marker ALDH1 and TF. TMA consisted of N =574 breast tumor specimens, N = 146 TF negative, and N =308 TF
positive tumors, assessment of associations were performed using SPSS. D MDA-MB-231-mfp cells were orthotopically injected in the
presence of 500 ug IgG control or Mab-10H10 antibody in NOD-SCID mice (n = 4). Tumor growth was monitored until week 14. Mean and SD
are shown. E Lungs from NOD-SCID mice were analyzed by qPCR to assess metastasis by determining human GAPDH levels corrected for
mouse f-actin levels. F MDA-MB-231-mfp cells were orthotopically injected in the presence of 500 pg IgG control or Mab-10H10 antibody in
NOD-SCIDy mice (n=5). G Lungs from NOD-SCIDy mice were analyzed by qPCR to assess metastasis by determining human GAPDH levels
corrected for mouse p-actin levels. All tumors were analyzed by qPCR for the mRNA expression of SNAI1, SNAI2, and SOX9 from NOD-SCID (H)
and NOD-SCIDy mice (I). #P < 0.10; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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key role in TF-mediated metastasis, as these TF-dependent
processes can efficiently block tumor cell eradication by natural
killer (NK) cells [17]. To further evaluate the contribution of TF
signaling to metastasis, independent of fibrin formation and platelet
aggregation, we repeated the in vivo experiment in NK cell deficient
mice. Tumor volumes were equal after 7 weeks of inoculation
(Fig. 1F). However, there was a significant 10-fold reduction of
metastatic dissemination to the lungs when tumor cells were
grafted orthotopically in the presence of Mab-10H10 (Figs. 1G, S4B).
These data suggest that TF signaling, independent of NK function, is
directly responsible for pro-metastatic events in the primary tumor.
qPCR analysis of the tumors for EMT-associated markers showed a
significant reduction in SNAIL (SNAIT) and SLUG (SNAI2) mRNA levels,
in a NOD-SCID setting (Fig. TH). While a significant downregulation
of SNAI2 was observed in tumors grown in NK cell deficient mice,

SNAIT expression remained unaffected and a trend towards
decreased SOX9 expression was present (Fig. 11).

Blockade of TF signaling reduces CSC programs in vitro

To investigate if blockade of TF signaling results in a decreased
EMT transcription program in vitro, MDA-MB-231-mfp cells were
pre-treated with antibodies to inhibit TF signaling. As expected,
well-established downstream targets of TF signaling, CXCLS,
CXCL1, and VEGF, were significantly decreased (Fig. 2A). Although
treatment of MDA-MB-231-mfp cells with Mab-10H10 had no
effect on SNAIT expression, SNAI2, SOX9 and MMP9 were
significantly downregulated by 2-fold at mRNA levels (Fig. 2B, C).
Furthermore, similar results were obtained at protein level, with
lowered abundance of Snail and SOX9 protein levels (Fig. 2D).
Importantly, T0H10 induced similar decreases in BT-20, MDA-MB-
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Fig.2 TF signaling inhibition reduces EMT and CSC program in vitro. A Treatment of MDA-MB-231-mfp cells with 50 pg/ml Mab-10H10 for
72 h reduces mRNA expression of CXCL8, CXCL1 and VEGF. B Decreased mRNA expression of EMT-associated markers SNAI2 and SOX9 after 72 h
treatment with Mab-10H10 in MDA-MB-231-mfp cells. € Mab-10H10 treatment of MDA-MB-231-mfp downregulates MMP9 expression.
D Expression of SOX9 and Snail antigen levels after 72 h antibody treatment. E Decreased mRNA expression of EMT-associated markers SNA/1
and SOX9 after 72 h treatment with Mab-10H10 in BT-20 cells. Morphological changes were observed during cell culture when MDA-MB-231-
mfp cells (F) or BT-20 cells (G) were treated with 50 pg/ml Mab-10H10. H Invasion assay of MDA-MB-231-mfp cells in the presence of 50 pg/ml
IgG control or Mab-10H10 antibody (n =5 per condition). I 500 MDA-MB-31-mfp cells were plated into ultra low-attachment 96-well plates in
the presence of 50 ug/ml IgG control or Mab-10H10 antibody and cultured in tumor sphere medium for 14 days (n = 6). Tumor spheres with a
surface larger than 2000 pm? were counted. J Tumor sphere experiments as in |, but using BT-20 cells. K Suppressive effect of TF signaling
inhibition on colony formation capacity of MDA-MB-231-mfp cells. Colonies consisting over 50 cells with a holo-type phenotype were counted
(n=6). L PROCR expression after 72 h Mab-10H10 treatment. Data shown are the mean * SD, three independent experiments were performed
in technical triplicates, and statistical significance was analyzed using Student’s t test for two or two-way ANOVA for three data sets. *P < 0.10;

*P < 0.05; **P <0.01; ***P < 0.001; ****P < 0.0001.
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436 and Hs578T breast cancer cell lines (Figs. 2E, S5A-I). Moreover,
while mRNA of the EMT transcription factor Twist was undetect-
able in MDA-MB-231-mfp and BT-20 cells, Mab-10H10 reduced
TWIST mRNA levels in MDA-MB-436 cells (Fig. S5E). Additionally, TF
expression in our cohort of 574 breast cancer patients associated
with high combined expression of SNAIT and TWIST, and with
SOX9, but only in tumors that were ER- (Tables S2, S3). The
observed EMT program coincided with appearance of a epithelial-
like population, compared to cultures treated with control IgG
(Fig. 2F, G). MMP9 is a protein involved in the degradation of the
extracellular matrix (ECM), allowing tumor cells to escape the
primary tumor. In line with reduced MMP9 expression levels upon
Mab-10H10 treatment, a 2-fold reduction in invasive capacity of
MDA-MB-231mfp was observed using invasion assays compared
to control IgG (Fig. 2H). Since SOX9 is considered a driver of CSC-
genesis [18] and a significant decrease in expression of SOX9 was
observed in Mab-10H10-treated MDA-MB-231-mfp cells, we
hypothesized diminished CSC properties of these cells. Cells were
seeded on low-attachment plates in order to evaluate mammo-
sphere formation (Fig. S6A). As expected, less tumor colonies were
counted after Mab-10H10 treatment by at least twofold in several
breast cancer cell lines, (Figs. 2I, J, S5J, K). Additionally, Mab-
10H10-treated cells showed a reduction in holoclone formation
(Figs. 2K, S6B), the most aggressive clone-type, with highly
proliferative properties and self-renewal capacity [19]. Further-
more, an in-trend decrease in the expression of Endothelial
Protein C Receptor, (EPCR; encoded by PROCR), a CSC marker in
triple-negative breast cancer [20] when TF signaling was inhibited
(Fig. 2L). In conclusion, TF signaling inhibition in vitro decreases
both EMT-associated expression profiles and CSC behavior.

Mab-10H10-treated tumors are less tumorigenic ex vivo
To investigate if blockade of TF signaling resulted in a permanent
change of malignant tumor cell phenotype, MDA-MB-231-mfp-
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derived tumors were collected and cultured ex vivo. Similar to
cells treated in vitro, tumor cells isolated from Mab-10H10-treated
mice showed a morphological change towards an epithelial-like
phenotype (Fig. 3A), that was persistent and still observed after
10 weeks of culturing (Fig. S7). Ingenuity pathway profiling after
gene array analysis indicated alterations in expression profiles that
associate with morphology, cellular development, function and
cell-to-cell interactions (Table S4). This epithelial-like phenotype
was supported by an increased expression of the adherens
junction- and desmosome-associated genes JUP (y-catenin),
PLEKHA? (pleckstrin) and DSP (desmoplakin)—all contributing to
epithelial homeostasis (Fig. 3B). While in vitro treatment of MDA-
MB-231-mfp with Mab-10H10 did not lead to apparent changes in
expression of these genes, Mab-10H10 increased JUP expression in
MDA-MB-436 in vitro (Fig. S8). Expression of the EMT marker
SNAI1, was decreased in Mab-10H10 ex vivo cells, with a trend
towards less expression of SOX9 and VIM (Fig. 3C). Snail levels were
significantly decreased by 2-fold in Mab-10H10 ex vivo cells, while
B1-integrin and TF expression remained unchanged (Fig. 3D).
Mab-10H10 ex vivo cells showed diminished MMP9 mRNA
expression (Fig. 3E). As expected, a significant 8-fold reduction
of cell invasion was observed compared to control IgG ex vivo
cells (Fig. 3F, G). Mab-10H10 ex vivo cells showed reduced CSC
activity, because less spheroids and holoclones were counted
(Fig. 3H, 1). Additionally, PROCR expression was reduced in Mab-
10H10 cells (Fig. 3J). Thus, ex vivo cells of tumors treated with
Mab-10H10 display changes in cell phenotype, with decreased
EMT and CSC features, which persist during culture in vitro.

TF regulates the location of integrins at the plasma membrane
Thus far, we have shown that TF signaling is involved in EMT/CSC
programs and in pro-metastatic events. TF influences migration
and cell adhesion via the regulation of integrins, that is
independent of PAR2-mediated signaling [21]. Therefore, to
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Fig. 3 Blockade of TF signaling reduces EMT and CSC program in ex vivo cells. A Morphological changes were observed during cell culture
of MDA-MB-231-mfp ex vivo cells that were isolated from tumors. Scale bar = 50 um. B, C Transcription levels of adherens junction associated
markers JUP, PLEKHA?7, DSP (B), and EMT-associated markers SNA/1, SNAI2, SOX9 and VIM (C) in IgG or Mab-10H10 ex vivo cells measured using
qPCR. D Protein levels in ex vivo cells derived from control or Mab-10H10 tumors. E mRNA level of MMP9 in IgG and 10H10 ex vivo cells. F Matrigel
invasion assay with ex vivo IgG and Mab-10H10 cells (n =5). Crystal violet staining of invaded cells are shown. G Data are represented as
mean + SD of cell numbers that invaded in total per well (n =4). H 500 ex vivo cells were plated into ultra low-attachment 96-well plates and
cultured in tumor sphere medium for 14 days (n = 6). Tumor sphere numbers were counted with a surface larger than 2000 um?. I Colonies (>50
cells) with a holoclone phenotype were counted (n = 6). J mRNA transcription levels of PROCR in IgG or Mab-10H10 ex vivo cells. Data shown are
the mean * SD, three independent experiments were performed in technical triplicates, and statistical significance was analyzed using Student’s t
test for two or two-way ANOVA for three data sets. *P < 0.15; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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mechanistically unravel how TF signaling affects CSCs we focused
on interactions with integrins. As integrins enable the cells to bind
ECM, mediate migration and regulate CSCs [22], we addressed
whether inhibition of TF signaling influences integrin behavior.
First, we investigated the effects of integrin activation on EMT
programs using different ECM components, i.e., vitronectin that
binds avf3-integrin [23] and laminin, binding many (1-integrin
dimers and a6fB4-integrin [24]. Cells were seeded on vitronectin-
or laminin-coated plates and treated with Mab-10H10 or IgG
control, followed by mRNA analysis of EMT-associated factors.
Inhibition of TF signaling resulted in a 2-fold reduction of SNAI1/2
expression on vitronectin coated plates, while expression was
unchanged when cells were seeded on laminin (Fig. S9A, B).
Effects of different ECM components on SOX9 mRNA expression
were even more pronounced, with a 90% reduction on vitronectin,
(Fig. S9C) with similar trends in VIM and MMP9 expression after
treatment with Mab-10H10 on vitronectin but not on laminin (Fig.
S9D, E). Finally, Mab-10H10 treatment also had more pronounced
effects on SNAI1, SOX9 and VIM in BT-20 cells cultured on
vitronectin, but not on laminin (Fig. S10).

Next, we investigated how integrins influence TF signaling
mediated EMT- and CSC-associated behavior. Cells were treated with
Mab-10H10 or IgG, and then lysed in Brij35-buffer that dissolves non-
raft, cholesterol-poor cell membrane fractions [25]. B1-integrins were
immunoprecipitated  with  various [1-integrin  conformation-
recognizing antibodies, after which precipitates were analyzed for
B1-integrin and TF. Inhibition of TF signaling in MDA-MB-231-mfp
and BT-20 cells resulted in an ~2-fold reduction of TF/B1-integrin
complexes in the Brij35-soluble fraction (Figs. 4A, S11), while 31-
integrin expression remained equal. Interestingly, pull down assays
with AlIB2 (total B1-integrin) and HUTS21 (active B1-integrin) co-
immunoprecipitated FAK and Src when MDA-MB-231-mfp cells were
treated with Mab-10H10, suggesting an active 31-integrin conforma-
tion. The B1-integrin antibody TS2/16, that activates 31 on intact cells
and immunoprecipitates the TF-FVIla complex [26], did not
immunoprecipitate FAK/Src in the presence of Mab-10H10, indicating
that FVlla is not involved in the effect of Mab-10H10. In addition,
immunofluorescent staining for FAK in MDA-MB-231-mfp cells
treated with Mab-10H10 demonstrated the formation of focal
adhesions at the plasma membrane (Fig. 4B), confirming FAK
activation in the presence of Mab-10H10. Inhibition of FAK resulted in
a significant increase of SNAI1/2 expression, while SOX9 remained
unaffected (Fig. 4C). Mab-10H10 treatment decreased a2- and a3-
integrin heterodimers with B1-integrin and precipitation of TF in the
Brij35-soluble fraction (Fig. 4D). In contrast, precipitation of TF was
increased markedly by Mab-10H10 treatment in the a6-integrin pull
down from cholesterol-rich membrane fraction—Brij-58 soluble—
and less so in the non-raft fractions. Total expression of a-integrin
subunits did not change upon Mab-10H10 treatment (Fig. 4E). These
data suggest that blockade of TF signaling causes a shift of TF
towards a6f34-integrin into the cholesterol-rich membrane fractions.
These data also indicate that integrin activation is induced by Mab-
10H10 treatment to suppress the CSC phenotypes. Consistently,
inhibition of B1-integrin—but not PAR2—increased mammaosphere
formation in cells treated with Mab-10H10 (Fig. 4F). Treatment of
MDA-MB-231-mfp cells with the PAR2 antagonist GB83 showed
similar results as those observed after antibody-mediated inhibition
(Fig. 4G). Additionally, mRNA expression profiles of EMT-related genes
were examined after inhibition of B1-integrin and PAR2. Inhibition of
either receptor resulted in increased SNAI2 expression. A trend
towards increased SOX9 expression was observed when [1-integrin
was inhibited with Mab-AlIB2, while inhibition of PAR2 had no effect
on SOX9 transcription levels (Fig. 4H). Finally, inhibition of 31-integrin
using shRNA approaches led to enhanced SNAI2 but not SOX9 levels
(Fig. 4l). These data suggest that TF signaling mediates the
localization and function of B1-integrin within the cell membrane.
Furthermore, disruption of the TF/B1-integrin complex results in an
epithelial-like morphology with less tumorigenic properties.

SPRINGER NATURE

TF signaling keeps cells in a mesenchymal state via
suppression of B4 integrin expression

How integrins contribute to cancer stem cell behavior is poorly
understood. Recently, Bierie and co-workers showed that a634-
integrin distinguishes subpopulations in mesenchymal triple-
negative breast cancer [27]. MDA-MB-231 cells that are P4-
integrin-positive associated with a more epithelial morphology
and decreased tumorigenic properties. We found that treatment
with Mab-10H10 influenced B4-integrin expression in our highly
aggressive MDA-MB-231-mfp cell line. After Mab-10H10 treat-
ment, magnetic activated cell sorting (MACS) isolated the same
number of 31-integrin positive cells and CSC marker CD133, but
TF signaling inhibition increased the number of P4-integrin-
positive cells 15-fold (Fig. 5A-C). After MACS sorting these cells
were cultured for 1 week. Whereas the cells displaying low p4-
integrin  expression from control IgG treated cells had
mesenchymal-like morphology, an epithelial-like morphology
was observed in the B4-integrin™®" population isolated from
Mab-10H10-treated cells (Fig. 5C). Immunoprecipitation of (4-
integrin confirmed the increased association of a6-integrin and TF
in Mab-10H10-treated cells. Furthermore, increased FAK and Src
antigen were co-precipitated with integrin (34-after Mab-10H10
treatment (Fig. 5D). Diminished TF signaling caused a morpholo-
gical change into less tumorigenic cells via increased a634-
integrin expression and activation at the cell surface. Interestingly,
[4-integrin expression was higher in Mab-10H10 ex vivo cells
(Fig. 5E, F), whereas TF and P1-integrin expression remained
unchanged (Fig. 5D). In vitro incubation of MDA-MB-436 cells with
Mab-10H10 similarly induced P4-integrin transcript, (Fig. S12).
Finally, shRNA-mediated knockdown of [4-integrin enhanced
mRNA levels of SOX9 but not SNAI2.

DISCUSSION

TF expression is linked to decreased metastasis-free survival in
lung, gastric, pancreatic and colorectal cancer [28-31], but
associations between TF and metastasis in breast cancer patients
have remained obscure [32-34]. In this study an association could
be found when breast tumors were stratified for ER status, with a
significant association in ER- tumors (Fig. 1A, B). An association
was not found in ER+ tumors, possibly reflecting the different
biological and clinical characteristics of these tumor types. In
support, a recent study demonstrates increased TF expression in
triple-negative breast cancer [35], a highly invasive subtype of
breast cancer that is associated with poor survival [36]. Of note, in
our work we used several breast cancer cells constituting triple-
negative breast cancer cell lines and in these cells, TF supports
invasion and metastatic dissemination in an ER- setting.

When MDA-MB-231-mfp cells were orthotopically grafted in the
presence of the TF signaling inhibitor Mab-10H10 a dramatic
decrease in metastatic dissemination was observed. As this
antibody does not inhibit coagulant properties of TF, our results
demonstrate that in an orthotopic setting, TF signaling impacts
metastasis. It should also be noted that TF signaling promoted
metastatic dissemination both in NK cell deficient and proficient
mice (Fig. 1D-G). This is of importance as previous work making
use of experimental metastasis models -relying on injection of
cancer cells into the bloodstream- suggested that in this setting
evasion of NK cells was dependent on coagulant function of TF.
Nevertheless, experimental metastasis does not fully recapitulate
metastasis as primary tumor growth, degradation of the basement
membrane, local invasion and intravasation are circumvented [37].
Primary tumor growth was unaffected by Mab-10H10 treatment in
the absence of NK cells, raising the possibility that Mab-10H10
treatment in NK proficient mouse models elicits antibody-
dependent cellular cytotoxicity (ADCC) [14, 38]. We further note
that the current data do not unequivocally show which aspects of
metastatic dissemination in vivo are affected by Mab-10H10, but
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in vitro, Mab-10H10 inhibited invasion (Fig. 2H), which is key in
metastatic dissemination.

In addition, our experiments demonstrated that TF signaling
affects early metastatic events such as EMT. Mab-10H10 treatment
resulted in a downregulation of EMT transcription factors Snail
and/or Slug (Fig. 2B, E). As TF appears to influence EMT, which is
dynamically linked to CSCs [10], and expression of the CSC effector
SOX9 was significantly reduced in our in vitro model after Mab-
10H10 treatment, the question arises as to whether TF expression
is associated with CSCs. Indeed, our clinical data demonstrates an

Oncogene (2022) 41:5176-5185

association between TF levels and ALDH1, a marker for CSCs (Fig.
10). In support, Mab-10H10 treatment resulted in decreased
mammosphere and holoclone formation (Fig. 21-K), suggesting
that TF signaling specifically influences cancer stem cells. Shaker
et al. have previously demonstrated that TF expression promotes
CSCs in breast cancer, nevertheless, our study is the first to show
that the involvement of TF in CSC maintenance is dependent on
its signaling properties [10]. Collectively, these data show that TF
signaling is directly responsible for NK-independent metastasis via
modulation of the EMT and CSC program.
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Fig. 4 TF determines B1-integrin localization in the cell membrane. A Pull down assay of p1-integrins with AlIB2, TS2/16 and HUTS21 after
72 h treatment with IgG or Mab-10H10. Co-immunoprecipitation was analyzed with Western Blot for $1-integrin, TF, FAK and Src. B Blockade of
TF signaling increases focal adhesion complex formation after 72 h Mab-10H10 treatment. MDA-MB-231-mfp cells were stained for FAK.
C mRNA expression of SNAI1, SNAI2 and SOX9 in MDA-MB-231-mfp cells after 72 h treatment with control (DMSO) or 1 pM FAK Il inhibitor.
D Localization of a2-, a3- and a6-integrin was studied in non-raft and lipid raft fractions after 72 h Mab-10H10 treatment. Precipitates were
analyzed for the presence of B1-integrin and TF on western blot. E Western blotting for a-integrin subunits on total cell lysates showed no
changes in antigen levels after blockade of TF signaling. F 500 MDA-MB-231-mfp cells were plated into ultra low-attachment plates in the
presence of 50 pg/ml control IgG, Mab-AlIB2 (31- |ntegr|n) or Pab-pool7 (PAR2) antibody and cultured in tumor sphere medium for 14 days.
Tumor spheres with a surface larger than 2000 um? were counted. G 500 cells were plated into ultra low-attachment plates in the presence of
control (DMSO) or 10 uM PAR2 antagonlst (GB83) and cultured in tumor sphere medium for 14 days. Tumor sphere numbers were counted
with a surface larger than 2000 um?. H Transcription levels of SNA/1, SNAI2 and SOX9 in the presence of control IgG, Mab-AlIB2 (B1-integrin) or
Pab-pool7 (PAR2) antibody for 72 h. I Knockdown of p1-integrin and effects on SNAI2 and SOX9 mRNA levels. Pull down assays were repeated
at least three times. Data shown are the mean + SD, three independent experiments in triplicate, and statistical significance was analyzed

:sing Student’s t test for two data sets or two-way ANOVA for three or more data sets. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

An interesting observation in this study was a transient change
in the morphology of in vitro 10H10-treated cells from a
mesenchymal to an epithelial-like phenotype (Fig. 2F, Q).
Posttranslational decreases were observed in Snail and ZEB1
expression (Fig. 2D) and both transcription factors were previously
shown to be essential for the establishment of an extremely
tumorigenic hybrid epithelial/mesenchymal state. Thus, Mab-
10H10 may specifically target cells in a hybrid E/M state.

When in vivo 10H10-treated cells were reisolated from tumors
we observed partial morphological changes (i.e., a subset of cells
showed an epithelial morphology) (Fig. 3A). However, in contrast
to Mab-10H10 cells in vitro, ex vivo cells showed changes that
were still present after 10 months of culture. We observed
elevated PB4-integrin expression, increased expression profiles of
adherens junction and desmosome components and decreased
expression of SNAI1, but not of SNAI2 and SOX9. (Fig. 3B, Q).
Importantly, in an previous study, increases in SNAIT were
associated with the presence of more tumorigenic epithelial/
mesenchymal hybrid cells, suggesting that TF expression mediates
this quasi-mesenchymal (hybrid E-M) state [27]. We further
hypothesize that the tumor microenvironment may have driven
the EMT state of our ex vivo cells to a permanent one, as a recent
study shows that EMT stages are determined by the presence of
stromal cells [39]. Indeed, in previous work by the group of Rak
tumor cell TF expression and the microenvironment have been
found to regulate each other [40].

Classically, TF mediates FVlla-dependent activation of PAR2,
however, inhibition of PAR2 did not impact spheroid forming
efficiency (Fig. 4F, G). In addition, we performed our experiments
in the absence of FVlla making it unlikely that TF-dependent
effects on EMT/CSC are FVlla- or PAR2-mediated. Rather, we
postulate that TF, in the context of EMT and CSC biology, regulates
integrin function. EMT/CSC-associated markers were downregu-
lated when TF/integrin crosstalk was inhibited with T0H10 on
vitronectin (Fig. S9), an activator of B3- and P5-integrins [41].
Expression of these markers was already low when cells were
seeded on laminin a ligand for B1-integrin [42], and expression
was not further downregulated when TF signaling was inhibited.
In addition, inhibition of B1-integrin resulted in increased SNAI2
expression. These data suggest that B1-integrin is involved in TF
signaling-dependent EMT and CSC transcriptional programs.
Altogether, we hypothesize that TF/PAR-mediated signaling is
required for angiogenesis and proliferation, while the TF/integrin
axis is responsible for EMT and CSC.

To further delineate the nature of the (1-integrin/TF signaling
pathway, B1-integrin immunoprecipitates were investigated. Mab-
10H10 led to uncoupling of TF/B1-integrin complexes, as shown in
this study (Fig. 4A) and previous studies [14]. This is in line with
studies on the crystal structure of TF/ B1-integrin showing that Mab-
10H10 blocks the putative B1-integrin binding site [43]. Furthermore,
in the presence of Mab-10H10 increased binding of focal adhesion
kinase to PB1-integrin was observed, as well as increases in focal
adhesion complexes and presence of actin fibers (Fig. 4A, B). This
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may be initiated by Mab-10H10 that shifts TF in a complex with
a6B1-integrin—which may not be recognized by TS2/16—and
recruits filamin and FAK through the cytoplasmic domain [44].
Further, this Mab-10H10 treatment resulted in an increase of the
active 31-integrin conformation and a decrease in cancer stemness.
Although a6B1-integrin has been implicated in CSC phenotypes [45],
our data show that TF dictates FAK/Src recruitment to any a6-integrin
heterodimer—including a6B4-integrin—that promotes differentia-
tion. Thus, we postulate that Mab-10H10 reverses TF-dependent
inhibition of B1-integrin, leading to focal adhesion assembly and an
epithelial state.

The epithelial morphology may be further influenced by 4-
integrin [46], as interaction of a6B4-integrin with CD151
increases cell adhesion and formation of hemidesmosomes, that
mediates a stable cell attachment to the ECM [47]. Indeed, we
observed a significant increase in cellular B4-integrin expression
and physical interaction between TF and {4-integrin upon
inhibition of TF signaling. We currently have no data to show
how TF associates with B4-integrin in the presence of Mab-
10H10, but it is reasonable to assume that it is distinct from the
B1-integrin binding site. Also, B4-integrin expression, which was
recently shown to be a negative marker for CSCs, discriminated
between aggressive and less aggressive Mab-10H10-treated cells
[27], and in our studies was negatively coupled to SOX9
expression (Fig. 5C, G).

In conclusion, uncoupling of TF/B1-integrin signaling pathways,
increases integrin 4 expression, decreases EMT/CSC programs,
thereby suppressing metastases (Fig. 6). We posit that TF signaling
may be an important target for the treatment of triple-negative
breast cancer, and disruption of TF/B1-interactions may help to
prevent relapse and increase overall survival.

MATERIALS AND METHODS

Reagents and cell culture

All breast cancer lines (all being triple negative, i.e., no expression of ER,
PgR and Her2) were cultured in DMEM (41966-052, Life Technologies),
supplemented with 10% FBS (10270-106, Gibco), 2 mM L-Glutamine
(G7513-100ML, Sigma-Aldrich) and 1% penicillin/streptomycin (P4333-
100ML, Sigma-Aldrich) at 5% CO,, 37 °C. To coat culture plates with ECM
components, vitronectin (V8379, Sigma-Aldrich) and supernatant from
804G cells for laminin condition were used. For antibody inhibition
approaches anti-TF (Mab-10H10; mouse); anti-B1 integrin (Mab-AlIB2; rat);
anti-PAR2 (Pab-pool7; mouse) and IgG control (TIB115) were prepared in-
house [15]. For a list of all reagents used, please see Table S5.

Tissue microarray analysis

We made use of a previously described tissue array including material from
574 breast cancer patients [48]. Sections were immunohistochemically
stained for TF (American Diagnostica, clone 4509), ALDH1 (Biosciences, BD
611195) and Sox9 (Merck-Millipore, AB5535) as described previously [49]. The
percentage of TF, ALDH1 and SOX9 positive tumor cells was scored by two
blinded observers. The percentage of TF and ALDH1 positive tumor cells were
determined, and the negative tumors were deemed in the 1st quartile. Sox9
expression was determined as weak staining or strong staining. Slug, Snail
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Fig. 5 Inhibition of TF signaling increases expression of, and crosstalk with a6B4-integrin. A, B Cells were treated with IgG or Mab-10H10
for 72 h and sorted with MACS antibodies recognizing p1 (A) or p4-integrin expression (B). C One week of cell culture after MACS sorting show
morphological changes in p4-integrin™" cells. D Pull down assay for B4-integrin after Mab-10H10 confirms complex formation with «6-
integrin subunit, TF, FAK and Src in MDA-MB-231-mfp cells. E Protein expression analysis of p4-integrin in IgG and Mab-10H10 ex vivo cells.
F Band intensity was quantified using ImageJ software. G shRNA-mediated knockdown of B4-integrin knockdown and it effects on expression
of SNAI2 and SOX9. MACS and pull down assays were repeated at least three times. Statistical significance was analyzed using Student’s t test.
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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and Twist expression was determined previously [48]. TF expression in breast
specimens was compared to tumor recurrence and/or metastasis. Metastasis-
free survival rates were calculated using the Kaplan-Meier method.

In vivo experiments

All animal experiments were approved by the animal welfare committee of
the LUMC. Orthotopic injections were performed as described previously
[50]. In brief, 5 x 10> MDA-MB-231-mfp cells were mixed with 500 ug Mab-
10H10 or isotype matched mouse IgG1 (TIB115) and injected into inguinal
fat pads of 6-week-old female NOD-SCID (n = 4) or NOD-SCIDy (n = 5) mice
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(Charles River, Netherlands). Tumor dimensions were measured with a
caliper and the volume was calculated (V= (L x W?)/2), by two indepen-
dent observers. End points were when control tumors reached ~1000 mm?®
or for humane reasons as defined by institutional guidelines. Tumors and
organs were harvested and processed for further analysis. Ex vivo cells
were cultured from tumors derived from NOD-SCID mice, by placing
2 mm? pieces of tumor on a culture plate in breast cancer cell media (see
above). Outgrowing cells were cultured for three weeks and split 3 times
per week. After three weeks no murine cells were apparent. Afterwards,
ex vivo cells were cultured up to 9 months after isolation.
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qPCR

For real time PCR analysis, RNA was isolated using Trisure (Bio-38033,
Bioline) and converted to cDNA using the Super Script Il kit (18064071, Life
Technologies). SYBR select (4472920, Life Technologies) was used to
conduct gPCR. See Table S1 for primers. To quantify the presence of
human tumor cells in mouse organs, qPCR was performed with the
housekeeping genes mouse B-actin and human GAPDH as a measure of
metastasis.

Immunoprecipitation and western blotting

Cells were incubated with 50 pg/ml antibodies for 72 h, washed twice in
ice-cold HBS and lysed in Brij35-buffer (50 mM Tris, 150 mM NaCl, 1 mM
CaCl,, 1TmM MgCl,, 1% Brij35, pH 7.4, cOmplete protease inhibitors
(11697498001, Sigma-Aldrich)) for 30 min on ice to collect non-raft
fractions. Cells were centrifuged at 800 g for 10 min to pellet cell debris.
Supernatant was centrifuged at 16,000 x g for 30 min at 4 °C. Pellet was
collected and lysed in Brij58-buffer for cholesterol-rich lipid raft fractions,
spun at 16,000xg for 30min. Supernatants of both Brij35- and
Brij58 soluble fractions were subjected to immunoprecipitation O/N at
4°C in the presence of specific antibodies and protein A/G magnetic
beads (10001D, 10003D, Invitrogen). After washing steps with lysis
buffer, the magnetic beads were resuspended in 2x sample buffer
(LC2676, Life Technologies). Western blotting was performed as
previously described [51]. Quantification of Western Blot bands for
some experiments was performed using Image Lab 5.2 software from
Biorad.

Matrigel invasion assay

Cells were serum starved for 24 h, resuspended in serum-free DMEM in the
presence of 50 ug/ml antibodies and seeded in the upper compartment of
a 24-well invasion chamber (734-1047, BD Biosciences) at 5 x 10* cells/well.
The lower compartment was filled with growth medium. Cells invaded for
48 h at 37°C, fixed in 2% formalin (104002, Merck-Millipore) and stained
with 1% crystal violet (C0775-25G, Sigma-Aldrich). Non-invaded cells were
removed using a cotton swap; 5 randomly chosen pictures were taken per
insert and invaded cells were counted.

Mammosphere and colony formation assay

A single cell suspension was seeded at 500 cells/well in a low-attachment
96 wells plate (CLS3474, Sigma-Aldrich) in mammosphere media (DMEM/
F12 phenol-red free (21041-033, Life Technologies), 1% B27 (12587010,
Thermo-Fisher Scientific), 20 ng/ml hEGF (E9644, Sigma-Aldrich), 20 ng/ml
hFGF (130-093-841, Miltenyi Biotech), 4 ug/ml heparin (LUMC pharmacy),
1% pen/strep). Cells were incubated for 14 days at 37 °C. Spheroids with an
area of >2000 um? were counted to determine the mammosphere forming
efficiency (MFE).

For colony formation assays, 100 cells were seeded in a 6-wells plate in
the presence of 50 ug/ml IgG or 10H10 antibody. Cells were incubated for
14 days at 37°C, media was refreshed twice weekly. After 2% formalin
fixation and crystal violet visualization, holoclones were counted with a
colony density of >50 cells.

Immunofluorescent staining

MDA-MB-231-mfp cells were grown on coverslips in the presence of 50 ug/
ml antibody for 72h at 37°C. Cells were fixed with 2% formalin and
permeabilized with 0.1% Triton-X100 (T8787-100ML, Sigma-Aldrich) for
5min. After Th in 5% BSA/PBS blocking-buffer, primary antibody was
applied at 50 ug/ml and incubated overnight at 4 °C. Cells were incubated
with goat anti-rabbit-Alexa-594 (A-11037, Life Technologies) and
phalloidin-FITC (P5282-.1MG, Sigma-Aldrich) for 1h. Coverslips were
mounted with DAPI in ProlongGold (P36931, Thermo-Fisher). Images were
captured using a Leica SP5 confocal microscope.

Statistical analysis

Statistical analyses were performed using SPSS software (IBM SPSS
Statistics 22, Chicago, USA). Kaplan-Meier analyses and log-rank tests
were used to correlate TF expression with metastasis-free survival. Chi-
square tests were used to calculate associations between TF expression
and expression of stem cel/EMT markers. Data are represented as
mean + SD. Comparisons between data points were done with Student's
t test for two conditions. With three or more data sets significance was
calculated using one-way or two-way ANOVA analysis.
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