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SUMMARY

During metastasis, tumor cells invade through the basement membrane and intravasate into blood
vessels and then extravasate into distant organs to establish metastases. Here, we report a critical
role of a trans-membrane serine protease fibroblast activation protein (FAP) in tumor metastasis.
Expression of FAP and TWIST1, a metastasis driver, is significantly correlated in several

types of human carcinomas, and FAP is required for TWIST1-induced breast cancer metastasis

to the lung. Mechanistically, FAP is localized at invadopodia and required for invadopodia-
mediated extracellular matrix degradation independent of its proteolytic activity. Live cell imaging
shows that association of invadopodia precursors with FAP at the cell membrane promotes the
stabilization and growth of invadopodia precursors into mature invadopodia. Together, our study
identified FAP as a functional target of TWISTL in driving tumor metastasis via promoting
invadopodia-mediated matrix degradation and uncovered a proteolytic activity-independent role of
FAP in stabilizing invadopodia precursors for maturation.
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In brief

Bukhari et al. report a functional role of the transmembrane serine protease FAP in tumor
metastasis. FAP is required for invadopodia-mediated matrix degradation independent of

its proteolytic activity. FAP localizes at invadopodia and promotes invadopodia precursor
stabilization. These results indicate a structural role of FAP at invadopodia to promote tumor
metastasis.
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INTRODUCTION

Tumor cells need to gain invasive and migratory abilities to intravasate into the lymph

and blood systems, travel through the vasculature, and extravasate from the vessel into

the distant organ, where they eventually form macrometastases.!:2 Tumor cells can invade
through the formation of membrane protrusions to localize various proteases to cell-matrix
contact points for extracellular matrix (ECM) degradation.3# These structures, termed
invadopodia, are actin-rich cell protrusions that contain a number of actin regulatory
proteins such as cortactin, Arp2/3, and N-WASP.3-6 In addition, Tks4 and Tks5 are
important adaptor proteins that regulate invadopodia structure and function.”:8 Invadopodia
are also shown to contain numerous matrix proteases, including metalloproteinases (matrix
metalloproteinases [MMPs]) MMP2, MMP9, membrane-type 1 (MT1)-MMP, and the
disintegrin and metalloproteinases (ADAMSs).6-12 Being distinct from other actin-based
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protrusions such as lamellipodia and filopodia, invadopodia are mostly found in invasive
cell types: macrophages, osteoclasts, and invasive tumor cells.13 Using various imaging
techniques on metastatic tumor xenografts, a number of studies have demonstrated
invadopodia formation during both the intravasation and extravasation steps of tumor
metastasis.24-17 In addition, suppressing invadopodia function by inhibiting essential
invadopodia components such as cortactin, Tks5, or MT1-MMP prevents breast cancer
metastasis /7 vivo.18-20 Altogether, these data suggest that invadopodia-mediated ECM
degradation is essential for tumor invasion and metastasis.

Fibroblast activation protein (FAP) is a type Il integral serine protease whose expression

is restricted to the embryonic mesenchyme and is not observed in normal adult tissues.
Interestingly, FAP is highly expressed in cancer-associated fibroblasts,21:22 and it has also
been shown to be expressed in epithelial tumor cells.23 FAP was previously shown to be
associated with a3f4 integrin, DPPIV, MMP-2, MT1-MMP, and uPA at invadopodia in
human tumor cells.24 However, whether FAP is involved in invadopodia formation and/or
ECM degradation and whether FAP expression in tumor cells promotes tumor invasion and
metastasis is unknown.

The transcription factor TWIST1 promotes breast cancer metastasis and induces epithelial-
mesenchymal transition (EMT).2> TWIST1 expression is associated with metastasis and
poor survival rates in melanoma, neuroblastoma, prostate cancers, breast cancers, and
gastric cancers.26 Mechanistic studies demonstrate that TWIST1 also induces invadopodia
formation and ECM degradation to drive breast cancer metastasis.2? In search of proteins
induced by TWIST1 to drive tumor invasion and metastasis, we explored the involvement of
FAP in coordinating invadopodia formation and function and its role in tumor metastasis.

Expression of TWIST1 and FAP is tightly correlated in various human cancer types

Previous studies identified a critical role of TWISTL1 in driving tumor metastasis by
promoting invadopodia-mediated ECM degradation.20:25.27 To understand how TWIST1
drives ECM degradation and to identify therapeutic targets of metastasis, we expressed

an inducible TWIST1 (Twist-ER) construct?8:2% in human mammary epithelial human
mammary epithelial cells (HMLE) to identify genes that are induced by TWIST1 and have
been associated with human cancer. We found that a transmembrane serine protease FAP
was induced upon TWISTL induction and reached 8-fold at the mRNA level after 12 days
(Figure 1A). FAP protein expression also increased 3 days after TWIST1 induction (Figure
1B). FAP is best known for its expression in activated cancer-associated fibroblasts, but it is
also observed in tumors of epithelial origin.23:30-33 To determine whether the expression of
TWIST1 and FAP is correlated in human epithelial cancers, we examined their expression
in The Cancer Genome Atlas data from 1.084 human breast cancer samples, 523 head and
neck cancer samples, 566 lung cancer samples, and 184 pancreatic cancer samples (Figures
1C-1F). In all cases, the spearman correlation coefficient rages from 0.58 to 0.69 with a

p value of < e71°, indicating a strong correlation between TWIST1 and FAP expression

in various human epithelial cancers. Collectively, these data show that FAP is upregulated
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downstream of TWIST1 and their expression levels are tightly correlated in various human
carcinomas.

FAP is required for TWIST1-induced breast tumor metastasis

Given the strong correlation between TWIST1 and FAP expression in human carcinoma, we
sought to determine whether FAP plays a role in TWIST1-induced breast cancer metastasis
in vivo. HMLE-TWIST1 cells expressing either control short hairpin RNA (shRNA) or

two independent shRNAs targeting FAP (Figures 2A and 2B) were labeled with GFP,
transformed with oncogenic Ras, and injected into female mice. FAP knockdown did not
affect the primary tumor growth rate or the primary tumor weight (Figures 2C and 2D).
Strikingly, while HMLER-TWIST1 tumors expressing a control shRNA generated hundreds
of GFP-positive micrometastases throughout the lungs, knockdown of FAP reduced lung
metastases by an average of 400-fold (Figures 2E and 2F). These data demonstrate that FAP
functions downstream of TWIST1 in promoting breast tumor cells to metastasize to the lung.

FAP plays a key role in invadopodia-mediated matrix degradation

We have previously shown that TWIST1 induces invadopodia-mediated ECM degradation
to promote metastasis.20 Given that FAP has been associated with invadopodia,23-34-36

we next tested whether FAP plays a role in invadopodia-mediated ECM degradation.
Control and FAP-knockdown HMLE-TWIST1 cells were seeded onto Oregon green (OG)
gelatin-coated coverslips, and the degree of matrix degradation was imaged and quantified.
Knockdown of FAP reduced matrix degradation by 80%—-90% when compared with the
control cells (Figures 3A-3C). TWIST1 is a key transcription factor that induces EMT.25:27
It is important to note that HMLE-TWIST1 cells expressing sShRNAs against FAP exhibited
similar mesenchymal phenotypes as the control cells (Figure S1). This indicates that
suppression of FAP does not inhibit cells from undergoing TWIST1-induced EMT; instead,
FAP is specifically required for TWIST1-induced matrix degradation.

To further demonstrate a critical role of FAP in invadopodia-mediated matrix degradation,
we tested whether FAP knockdown impacts ECM degradation in several human carcinoma
cell lines, including human breast cancer cells SUM1315, MDA-MB-231-Src cells, head and
neck cancer cell SCC61, and pancreatic cancer cell BXPC3 because of the strong correlation
of FAP and TWIST1 expression in these human cancer types. Similar to HMLE-TWIST1
cells, knockdown of FAP significantly reduced matrix degradation in all four human cancer
cell lines (Figures 3D-3L and S2A-2C). Next, we determined whether the defect in ECM
degradation observed in FAP-knockdown cells would impede cells from invading through
Matrigel-coated trans-wells. Indeed, knocking down FAP in SCC61 cells strongly reduced
the ability of the cells to invade through the Matrigel (Figures 3M and 3N). In contrast,
knockdown of FAP did not affect the ability of the cells to migrate and close the wound in
the wound scratch assay (Figures S2D and S2E). Together, these data strongly indicate that
FAP plays an essential role in driving ECM degradation and cell invasion in various human
cancer cells.
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FAP is required for ECM degradation independent of its proteolytic activity

FAP belongs to the dipeptidylpeptidase (DPP) 4 protein family (DPP4, FAP, DPP8, and
DPP9), which hydrolyzes a prolyl bond that is two amino acids from the N terminus of

a protein.3” FAP and DPP4 are the only two transmembrane serine proteases in the DPP4
family with more than 68% homology22 and have been reported to form both homodimeric
and heterodimeric complexes.23:34 To assess whether FAP functions in matrix degradation in
complex with DPP4, we knocked down DPP4 in SUM1315 cells and found that knockdown
of DPP4 had no effect on ECM degradation (Figures S3A-S3C), in contrast with what was
observed in cells with FAP knockdown. These results demonstrate that FAP is uniquely
required for ECM degradation among the DPP4 protease family.

To determine whether the proteolytic activity of FAP is required for ECM degradation, we
utilized M83, a specific FAP inhibitor with a greater than 1,000-fold specificity against
FAP over DPP438 to inhibit FAP protease activity. To ensure that M83 indeed abrogated

the FAP catalytic activity, we used a prolyl-specific substrate C95 that emits fluorescence
upon cleavage to measure FAP enzymatic activity.3° M83 treatment completely inhibited
C95 cleavage, as shown by the lack of fluorescence increase during the experimental time
course, in contrast with the drastic increase in C95 cleavage observed in cells treated with
the vehicle control (Figure 4A). We then treated both SUM1315 and SCC61 cells with M83
and performed matrix degradation assays. Surprisingly, M83-treated cells displayed similar
levels of matrix degradation as cells treated with the vehicle alone in both cell types (Figures
4B, 4C, S3D, and S3E). In contrast, the pan-MMP inhibitor GM6001 completely inhibited
ECM degradation in both cell types (Figures 4B, 4C, S3D, and S3E), which is consistent
with the role of MMPs in invadopodia-mediated ECM degradation.*0 These data suggest
that the proteolytic activity of FAP is not required for its function in ECM degradation.

Among all DPP4 family serine proteases, FAP is unique in that it has both exopeptidase
and endopeptidase activities, while the rest of family members only present exopeptidase
activity.3941 To further determine whether the serine protease activity of FAP is required for
its function in ECM degradation, we evaluated the exopeptidase vs. endopeptidase activity
of FAP in ECM degradation. We mutated two key residues in the catalytic domain of FAP:
S624, which is part of the catalytic triad and vital for both exo- and endopeptidase activity,
and A657, which controls the geometry of the active site and is only important for the
endopeptidase activity.2441 Using C95 as the substrate, we verified that the S624A mutant
displayed no protease activity, whereas the A657S mutant presented a partial protease
activity (Figure 4D), which is consistent with previous data.#142 We then expressed either
a control vector, wild-type FAP, or individual FAP mutants into FAP-knockdown SUM1315
cells to assess their roles in ECM degradation (Figure 4E). We found that expression of
wild-type FAP, the S624A protease-dead mutant, or the A657S endopeptidase-dead mutant
all rescued the ECM degradation defect caused by knockdown of FAP (Figures 4F-41).
Collectively, these data demonstrate that FAP plays a unique and critical role in driving
cancer cell ECM degradation independent of its proteolytic activity.
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FAP localizes at invadopodia and is required for invadopodia stabilization

Given that FAP is required for ECM degradation and metastasis /n vivo and that FAP

is associated with invadopodia in endothelial and melanoma cells,34:3543 we set out to
examine whether FAP localizes to invadopodia. We focused on two human carcinoma

cell lines: the head and neck cancer cell line SCC61 and the pancreatic cancer cell line
BXxPC3 because both have been widely used for invadopodia imaging studies. We found
that FAP is required for ECM degradation in both cancer cell types (Figures 3G —3L).
Colocalization of F-actin and the actin-binding protein cortactin is used to mark invadopodia
protrusions.* We found that F-actin, cortactin, and FAP colocalize in discrete punctate
structures (Figure 5A), indicating that FAP localizes to the invadopodia protrusions. We
further examined the distribution of FAP at the invadopodia by Z-sectioning, and found
that F-actin, cortactin, and FAP colocalize at structures that protrude from the basal surface
of the cells (Figures 5B and 5C), further highlighting the specificity of FAP localization

at invadopodia protrusions. To determine whether FAP is present at mature invadopodia
characterized by their matrix degradation capability, we performed total internal reflection
fluorescence (TIRF) microscopy on cells growing on fluorescent OG gelatin and found that
FAP colocalized with F-actin on the black degradation spots (Figure S4A).

Invadopodia are thought to assemble in a series of discrete steps.3#6:45 |nitially, the actin
structural components, actin, and cortactin along with other actin-binding proteins, converge
to form the initial actin protrusions. During this time, the invadopodium is referred to as an
invadopodium precursor. Following the recruitment of Tks5, a core invadopodia scaffolding
protein, the invadopodium precursor begins to mature. After this subcellular protrusion has
formed, proteases such as MT1-MMP localize to the maturing invadopodium, leading to
ECM degradation. Given that FAP is physically localized at invadopodia and is required for
invadopodia-mediated ECM degradation in a protease-independent manner, we hypothesized
that FAP plays a key structural role in invadopodia formation or maturation. First, we
counted F-actin+ invadopodia precursor numbers in SCC61 cells and HMLE-TWIST1 cells
expressing the control sShRNA or shRNAs against FAP and found that colocalization of
F-actin and cortactin at invadopodia remained intact upon FAP knockdown (Figures 6A

and S4B). We also did not observe any differences in the number of F-actin+ invadopodia
precursors in the control and FAP-knockdown cells or in the percentage of cells with more
than five invadopodia protrusions (Figures 6B and S4D), suggesting that FAP suppression
does not affect invadopodium precursor assembly. Interestingly, we did observe a decrease in
F-actin signal intensity at invadopodia precursors in the knockdown cells compared with the
control cells (Figure 6D), despite the cell body surface area of the control and knockdown
cells remaining similar (Figure S4E). Furthermore, the intensity of cortactin signals at
invadopodia precursors is also significantly reduced in FAP-knockdown HMLE-TWIST1
cells compared with the control cells (Figures 6D, S4B, and S4C). We next performed
immunostaining to determine whether enrichment of the invadopodia markers, Tks5 and
MT1-MMP, were affected by FAP knockdown. Both Tks5 and MT1-MMP signals displayed
a significant reduction at F-actin+ invadopodia in FAP-knockdown cells (Figures 6E—-6H).
These results suggest that FAP is required for the formation of mature invadopodia.
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To further dissect the role of FAP in invadopodia assembly and maturation, we expressed
LifeACT-mCherry*® to label F-actin in SCC61 cells expressing the control ShARNA or
shRNAs against FAP and performed live imaging to examine protrusion dynamics.
Interestingly, we found that F-actin+ invadopodia were significantly more dynamic and
migrated significantly longer distances in SCC61 cells with FAP knockdown compared with
the control cells, (Figures 61-6K and Videos S1, S2, and S3). These results indicate that FAP
plays a critical role in maintaining invadopodia precursor stability.

FAP functions upstream of MT1-MMP recruitment to promote invadopodia precursor

stability

Our data show that FAP does not affect the invadopodia actin protrusion formation, but is
specifically required for invadopodia precursor stabilization. Because deletion of MT1-MMP
is reported to cause defects in invadopodia maturation and stability,*” we also knocked

down MT1-MMP in SCC61 cells to compare the phenotypes. Consistent with previous
reports,*> knockdown of MT1-MMP drastically suppressed invadopodia-mediated ECM
degradation (Figures SSA-S5C). Immunostaining analysis shows that, similar to FAP, MT1-
MMP knockdown did not affect the number of F-actin+ invadopodia precursor numbers

per cell, but reduced both cortactin and Tks5 signal intensities at invadopodia (Figures S6A—
S6E). Furthermore, FAP staining shows that knockdown of MT1-MMP did not affect FAP
localization at invadopodia (Figures S6F and S6G). Together, these data suggest that, while
both FAP and MT1-MMP are required for stabilizing invadopodia precursors, they likely
play distinct roles: FAP is recruited to invadopodia before MT1-MMP during invadopodia
stabilization.

To further examine the role of FAP in MT1-MMP recruitment, we overexpressed MT1-
MMP fused with the pH-sensitive pHluorin fluorescent protein®® in SCC61 cells expressing
control or shRNASs against FAP (Figures S5D and S5E). While our initial plan was

to perform live imaging to observe how FAP deletion affect MT1-MMP recruitment

at invadopodia, we found that high levels of MT1-MMP expression rescued the ECM
degradation defect caused by knockdown of FAP (Figures S5F and S5G). Further analyses
of Tks5 and cortactin localization at invadopodia also revealed that overexpression of
MT1-MMP rescued both Tks5 and cortactin enrichment at invadopodia in cells with FAP
knockdown (Figures S6H-S6K). Together, these data suggest that one major function of
FAP in tumor invasion and metastasis is to facilitate the recruitment of MT1-MMP to
invadopodia to stabilize invadopodia precursors.

Association of invadopodia precursors with FAP on the cell membrane is a necessary step
to stabilize invadopodia precursors

To examine the timing of FAP recruitment onto invadopodia precursors, we performed live
cell TIRF imaging on SCC61 cells expressing ECFP tagged FAP, as well as MT1-MMP
pHuji4® and SPY650-FastAct for actin labeling. Our data show that FAP and MT1-MMP
puncta pre-exist on the cell membrane (Figure 7A, left). When actin protrusions reach such
puncta, these actin protrusions become more stable with a longer life span, often growing
into larger actin protrusions with more FAP and MT1-MMP (Figure 7A and Video S4).
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These live imaging data are consistent with the data presented in Figure 6C, showing that the
actin signal intensity is weaker in cells with FAP knockdown.

We further analyzed the time course of FAP recruitment at invadopodia precursors and

found that initial actin protrusions docking with FAP resulted in F-actin elongation alongside
further enrichment of FAP at protrusions (Figures 7B, 7D, and Videos S5 and S6) and
formation of more persistent invadopodia. In contrast, actin protrusions that could not dock
with FAP could grow further (Figures 7C, 7E, Videos S7, and S8). Lifetime analysis of
these two populations of actin protrusions showed that almost all non-FAP-associated actin
protrusions could not persist for more than 20 min, while the majority of the FAP-associated
invadopodia persisted for more than 1 hour (Figure 7F). Consistent with the FAP knockdown
results, we also observed that FAP-associated invadopodia were significantly less motile
compared with non-FAP associated actin protrusions (Figure 7G). These results strongly
support a model in which F-actin+ invadopodia precursors need to attach to FAP to stabilize
themselves and further grow into mature invadopodia for ECM degradation.

DISCUSSION

In this report, we identified FAP as a critical metastasis gene by promoting invadopodia-
mediated ECM degradation in various human carcinoma cells. We show that TWIST1
induces FAP expression in various carcinoma cells and the expression levels of TWIST1

and FAP are significantly correlated in various human carcinoma types, including breast
cancer, head and neck cancer, lung cancer, and pancreatic cancer. One unique feature of

FAP is its restricted expression to adult tissues undergoing wound healing and epithelial
cancers,2450 which is in sharp contrast with the ubiquitous expression of its close DPP
family member DPP4 in all tissues. In human and mouse tumors, FAP has been shown to

be expressed in stromal fibroblasts, carcinoma cells, and immune cells.>1-54 Previous studies
of FAP in cancer largely focused on cancer-associated fibroblasts. Importantly, we show that
FAP is required for primary tumor cells to disseminate and metastasize into the lung in a
human breast cancer xenograft model. Together, these data strongly support a role of FAP

in mediating tumor invasion and metastasis in a tumor cell autonomous fashion in various
human carcinoma. Importantly, given the critical role of TWISTL1 in inducing EMT and
invasion, our results suggest that FAP functions downstream of the EMT program to mediate
matrix degradation and invasion in carcinoma cells.

The recruitment of MT1-MMP is a key step marking invadopodia maturation. However,
previous studies show that MT1-MMP has a critical role in directing invadopodia assembly
independent of its proteolytic activity.#” Our study shows that knockdown of FAP resulted
in highly motile and immature invadopodia with reduced Tks5, cortactin, and MT1-MMP
recruitment. In contrast, knockdown of MT1-MMP led to non-functional invadopodia
precursors presenting intact FAP localization. Furthermore, the live imaging results show
that FAP/MT1-MMP could pre-exist on the cell membrane. When actin protrusions reach
such FAP-positive areas, these actin protrusions become more stable with a longer life span
and stable localization and often grow into larger actin protrusions with more FAP and
MT1-MMP. While it has been established that proteases localize to invadopodia late in the
assembly of these structures,**® EI Azzouzi et al.?® reported that MT1-MMP islets act as
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memory devices to provide structural functions for podosome reemergence. In agreement
with this report, our studies suggest that FAP plays a critical role in stabilizing invadopodia
precursors to allow invadopodia maturation.

One surprising finding from our work is that the function of FAP in invadopodia-mediated
ECM degradation is independent of its proteolytic activity, adding another dimension of
FAP functions in biology. Previous studies suggest that its gelatinase activity may contribute
to the overall degradation activity of invadopodia. Christiansen et al.>® found that FAP
could digest collagen | into smaller fragments following initial cleavage by MMP-1 /n

vitro, suggesting that FAP works together with other proteases to cleave partially degraded
ECM components.>® Other studies have reported that FAP can promote wound healing,
tumor growth, and cell invasion through non-enzymatic functions.#2:57 Genetic deletion of
FAP inhibited tumor growth in a K-Rasdriven model of endogenous lung cancer and in a
mouse model of colon cancer.8 We show that FAP plays a structural role in invadopodia
stabilization. While our study shows that the proteolytic activity of FAP is not required for
its function at invadopodia to promote matrix degradation, it is still possible that the protease
activity of FAP is important for cleaving other substrates that promote tumor development.
Indeed, Jackson et al.>? reported that the FAP inhibitor M83 could inhibit angiogenesis and
suppress human colon tumor growth in mice.

Previous attempts to target FAP for therapeutic intervention have proved to be challenging.
Inhibitors targeting the FAP protease activity, which we show here to be ineffective

at abrogating ECM degradation, showed minimal clinical activity.5%-62 In 2003, phase

I/11 clinical trials for the humanized FAP monoclonal antibody sibrotuzumab failed to
demonstrate measurable therapeutic activity in patients with metastatic colorectal cancer.53
However, this antibody has not been shown to block any cellular or protease function

of FAP, which might explain the lack of therapeutic effects. A better tactic would be

to use monoclonal antibodies to target the region of FAP responsible for protein-protein
interactions, or the region required for its potential function in MT1-MMP recruitment. Even
though the development of anti-metastasis therapeutics is still in its infancy, targeting critical
regulators of invadopodia, which could prevent the formation of deadly secondary tumors, is
a promising place to start.

Limitations of the study

While our data strongly support the model that FAP plays a critical role in stabilizing
invadopodia precursors to allow invadopodia to grow and mature, the biochemical basis of
FAP function at invadopodia is not fully understood. Knockdown of FAP or MT1-MMP led
to similar defects in reduced invadopodia stability, suggesting that they are both important
for invadopodia stabilization and maturation. While we observed that membrane areas
enriched with FAP and MT1-MMP are the anchoring sites for invadopodia precursor
attachment, extensive FAP pull-down and co-immunoprecipitation experiments did not
detect convincing interactions between FAP and MT1-MMP. Because of the small size
and the dynamic nature of invadopodia, it is possible that immunoprecipitation approaches
cannot capture such dynamic and possibly indirect interactions between FAP and MT1-
MMP that were observed by live imaging. Additional biochemical approaches such as
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Bio-1D proteomics are needed to further analyze such potential interactions. Also, although
overexpression of MT1-MMP could rescue the defects caused by FAP knockdown, we

are mindful in interpreting this result since such strong MT1-MMP overexpression could
override endogenous regulation mechanisms controlling invadopodia assembly and function.
Our ongoing work in identifying novel FAP-interacting proteins will further shed light on
the molecular mechanism of FAP at invadopodia.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Jing Yang (jingyang@ucsd.edu).

Materials availability—Plasmids generated in this study have been deposited to Addgene
[PWZL-Blast FAP S624A, Cat# 207402]; [pWZL-Blast FAP A657S, Cat#207403]

Data and code availability

. All data reported in this paper will be shared by the lead contact upon request.
. This paper does not report original code.
. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—HEK293T cells, human mammary epithelial cells (HMLE), HMLER, and
HMLE-Twist-ER, and SUM1315 cells were obtained from Dr. Robert Weinberg. SUM1315
cells were cultured in Ham’s F12 Nutrient mix supplemented with 5% fetal bovine serum
(FBS), 5 pg/mL insulin, 10 ng/mL hEGF and 10 mM HEPES. The HMLE cell line

was cultured in mammary epithelial growth media (MEGM) mixed 1:1 with DMEM/F12
supplemented with 10 pg/mL insulin, 10 ng/mL hEGF, 0.5 ug/mL hydrocortisone. To induce
Twist expression, HMLE-Twist-ER cells were treated with 20 nM 4-hydroxy tamoxifen
(4-OHT) for the indicated number of days. The MDA-MB-231 SRCY530F and 293T cell
lines were cultured in DMEM supplemented with 10% FBS. The SCC61 cell line was
obtained from the laboratory of Dr. Alissa Weaver and cultured in DMEM supplemented
with 10% FBS and 0.5 pg/mL hydrocortisone. The BXPC3 cell line was obtained from the
laboratory of Dr. Mark McNiven and cultured in RPMI supplemented with 10% FBS. All
cell lines also had 1% penicillin and streptomycin in the culture media and were cultured

at 37°C in the incubator supplied with 5% of CO,. All cell lines were subjected to regular
mycoplasma testing using MycoAlert mycoplasma detection kit (Lonza) and authenticated
by short tandem repeat (STR) DNA Profiling Analysis (Genetica).

All breast cancer cell lines used in this study, including HMLE cell series, SUM1315,
MDA-MA-231 cells are female. The BXPC3 cells are isolated from a female pancreatic
cancer patient according to ATCC. The sex of 293T cells and SCC61 cells are unknown. The
sex of the cell line is not known to regulate invadopodia formation or function.
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Animal studies—All animal care and experiments were approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of California, San Diego.

2 million HMLE-Twist ER- EGFP cells resuspended in 50% Matrigel were injected into
the left and right flanks of 8-week-old female nude mice (NU/J) and allowed to grow

to approximately 2 cm in diameter before mice were sacrificed. Primary tumor size was
measured every 4 days using a caliper and tumor volumes were calculated as mm = length
X width x width. Primary tumors were isolated and tumor weight was calculated. Lungs
were harvested and imaged for GFP-positive tumor cells to determine the number of lung
metastasis.

METHOD DETAILS

Plasmid construction—Control shRNAs in the pLKO.1 vector4 were obtained from
the Sabatini lab (Addgene). shRNAs targeting FAP and MT1-MMP were purchased from
Sigma. shRNAs against DPP4 were cloned into the pSP108 vector.

The MT1-MMP pHluorin and pECFP-FAP-C1 plasmids have been previously
described.#8:57 The MT1-MMP-pHuji pENTR-20 plasmid was kindly provided by Dr.
Camilla Raiborg. Both MT1-MMP-pHuji and ECFP-FAP genes were then subcloned into
pLV puro plasmid. The LifeAct EGFP lentiviral vector was kindly provided by Dr. Keith
Mostov and mCherry was then subcloned in to place EGFP. The EGFP pRRL plasmid is a
gift from Dr. Robert Weinberg’s lab and has been previously described.2% The SRC Y530F
pWZL-Blast construct was kindly provided by Dr. Sara Courtneidge.’

In order for the FAP point mutants to be used in overexpression rescue experiments

while avoiding being targeted by shRNAs, the wild-type FAP sequence was mutated

while maintaining the amino acid sequences, using site-directed mutagenesis as previously
described®64, so that it would not be targeted by either shRNA. Using these mutants as a
template, FAP sh3-and FAP sh5-resistant forms of the S624A and A657S point mutants
were constructed. All primers used to construct the point mutants are listed in Table S1.

Viral production and infection—Stable cell lines were generated via infection of

target cells using lentiviruses, which were produced by co-transfection of viral vector with
packaging ()CMVA8.2R) and envelope (pVSV-G) plasmids into HEK293T cells using
TransIT-LT1 (Mirus) as previously described.20 After 18hr, fresh media was added to the
transfected 293T cells. Virus-containing supernatants were collected at 48hr and 72hr post-
transfection, passed through a 0.45 uM filter and added to the target cells with 6 pg/mL
protamine sulfate for 6hr. After 24hr, SCC61, HMLE, MDA-MB-231 SRC Y530F and
SUM1315 cells were selected with 2 ug/mL puromycin, BXPC3 cells were selected with 1
pg/mL puromycin, MDA-MB-231 were selected with 10 ug/mL blasticidin (for SRC Y530F
overexpression).

Quantitative Real-time PCR—Total RNA from cells at 80-90% confluency was isolated
using the NucleoSpin RNA 11 kit (Macherey-Nagel), and reverse-transcribed using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). The resulting cDNAs were
analyzed in triplicate using the SYBR-Green PCR Mix (Biorad). All primers used for gPCR
are listed in Table S1. Relative mRNA levels were determined by 2-(Ct-C¢) where Ct and
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Cc are the mean threshold cycle differences after normalizing to HPRT values. The data
presented are the mean of three biological replicates.

Western blotting—Cells at 80-90% confluency were washed with cold PBS and lysed
in lysis buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 10 mM NaF, 1% Triton
X-100), with 100 uM NazgVOy, 100 pM PMSF, and the Protease Inhibitor Cocktail Set
I11 (Calbiochem) diluted 1:200. Protein concentrations were measured using DC protein
assay (Biorad). Equal amounts of protein were boiled in 50mM DTT LDS sample buffer
at 70°C for 10 min, ran on 4-12% pre-cast gels (PAGEgel) and transferred to PVDF
membranes. After transfer, membranes were blocked with 5% BSA in TBST (1X Tris-
buffered saline+0.1% Tween 20) for 1hr and incubated with the primary antibody diluted
in 3% BSA in PBST (1X PBS+0.1% Tween 20) + Sodium Azide at 4°C overnight. The
following day, membranes were washed 3 times with 1X TBST and incubated with the
secondary antibody conjugated with horseradish peroxidase diluted in 3% non-fat dry
milk in TBST. The bands were visualized with chemiluminescence substrate (Cytiva).
The following antibodies were used for western blotting: FAP (D8) (1:500, Vitatex),
GAPDH (1:10000, GeneTex), MT1IMMP (EP12644) (1:500, Abcam) and pB-actin (1:10000,
GeneTex).

FAP enzymatic activity assay—SUM1315 cells were plated in 96-well plates 48 h prior
to assay and washed 3 times with 1X PBS. The wash solution was replaced with fresh PBS,
and either additional PBS or 10 uM M83 inhibitor was added. 125 pM C95 substrate was
added to all wells, and then fluorescence emission was measured at 360/460 nm excitation/
emission wavelengths.

ECM degradation assay—ECM degradation assay was carried out as previously
described.20:65:66 |n brief, 12 mm coverslips were incubated in 20% nitric acid overnight and
the day after they were washed with H,O for 4 h. Coverslips were incubated with 50 mg/mL
poly-L-lysine/PBS for 20 min followed by PBS washes before 0.15% glutaraldehyde/PBS
was added for 15 min, followed by PBS washes. Coverslips were inverted onto 20 pL
droplets of 1:9 0.1% Oregon Green 488 gelatin from pig skin (Invitrogen): 0.2% porcine
skin gelatin type A (Sigma-Aldrich) for 5 min. Coverslips were washed in PBS and then
incubated for 15 min in 5 mg/mL NaBH,. Coverslips were rinsed in PBS and incubated

at 37°C in 10% fetal bovine serum/DMEM for 2 h. The duration of the assay and cell
confluency were adjusted based on the cell line used. For SCC61 and HMLE-Twist cells,
twenty thousand cells were seeded on each coverslip and incubated for 16 h. SUM1315 cells
were seeded on OG-gelatin coated coverslips for 6 h, MDA-MB-231 SRCY530F cells were
seeded on each coverslip for 4 h and BxPC3 cells were seeded for 8 h. All the cell lines
were then fixed with 4% paraformaldehyde (PFA) in 1X PBS and permeabilized with 0.05%
Triton X-100 in 1X PBS for 10 min. The slides were imaged by using Keyence BZX710
fluorescent microscope to detect the nuclei (DAPI-stained), gelatin matrix (Oregon Green
488-stained), and the F-actin cytoskeleton (Alexa Fluor 546 Phalloidin-stained). 10 fields
for each coverslip were randomly imaged using a 40x object for a total of approximately
150 cells per sample. Gelatin degradation was quantified using ImageJ software. To measure
the percentage of degraded area in each field, identical signal threshold for the Oregon
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Green 488-gelatin fluorescence are set for all images in an experiment and the degraded
area with Oregon Green 488 signal below the set threshold was measured by Imagel. The
resulting percentage of degradation area was further normalized to the total cell number
(counted by DAPI staining for nuclei) in each field as previously described.6” The final
gelatin degradation index is the average percentage degradation per cell obtained from all
ten fields. Each experiment was performed at least three times. The cells in Figures 4B, 4C,
S3D, and S3E were treated with 10mM GM6001 inhibitor as previously described.2°

Immunofluorescence—Matrix substrates were prepared using unlabeled 0.2% porcine
skin gelatin type A (Sigma-Aldrich), as for the ECM degradation assays. Cells were seeded
on the matrix for 2 days and then fixed in 4% paraformaldehyde in Krebs + sucrose fixative
(4% PKS) for 15 min at 37°C. Cells were washed 3 times with 1X PBS, permeabilized with
0.1% Triton X-100 in 1X PBS for 5 min, and then blocked with 1% BSA in 1X PBS for 1 h.
Samples were incubated with primary antibodies overnight at 4°C. The day after, coverslips
were washed 3 times with 1% BSA/1X PBS blocking solution and blocked again with the
same solution for 1hr. Samples were incubated with secondary antibodies for 1 h at room
temperature along with Alexa Fluor 546 or 647-conjugated phalloidin (Invitrogen). Samples
were then mounted with VECTASHIELD (Vector Laboratories) containing DAPI for nuclear
staining prior to imaging. Primary antibodies used for IF include: cortactin (4F11) (1:100,
Millipore), FAP (D28) (1:100, Vitatex), Tks5 (13H6.3) (1:100, Millipore, and Santa Cruz
Biotechnology), MT1-MMP (EP12644) (1:100, Abcam). Secondary antibodies used include
Alexa Fluor 488, 546 and 647 (1:200, Jackson Labs).

Confocal images were acquired using an Olympus FVV1000 with 405, 488, 555, and 647
laser lines. Briefly, quantification of target protein at invadopodia was done using integrated
density values of target protein at invadopodia denoted by F-actin positive puncta in ImageJ
software. Following this, corrected total cell fluorescence (CTFC) values were obtained by
using the formula: Integrated Density — (Area of the cell x mean fluorescence background of
the cell). CTFC values were finally divided by the total number of invadopodia in a cell as
previously described.® The data presented are the mean of three biological replicates.

Transwell invasion assay—Transwell invasion assay was performed as described
previously.20 In brief, 50 mg of Matrigel was overlayed on Transwell permeable supports
(Costar), dried overnight, and reconstituted with DMEM without FBS. The lower chamber
was filled with DMEM supplemented with 10%FBS and 40,000 cells were resuspended in
serum-free media, plated into the Transwell insert in triplicates and incubated for 48 h. Cells
were fixed with 4% PFA, washed extensively with PBS, stained with 0.1% crystal violet
and dried. Crystal violet was released with 50 uL 10% acetic acid and the absorbance was
measured at 580 nm. Each experiment was performed in triplicate.

Wound healing assay—SCC61 cells were grown to confluency in 6 well plates. A
scratch was made using a 1000mL tip creating a ‘wound’ in the confluent cell monolayer
and fresh media supplemented with 1% FBS was added to block cell proliferation. Phase
contrast images with 5x magnification were acquired every 6hr using a Zeiss Invertoskop
40C microscope (Jena, Germany). The area of the scratch was quantified using ImageJ
software.
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Live cell imaging—Stable SCC61 FAP knockdown and shRNA control cell lines were
further infected with lentivirus containing Life-Act mCherry for F-actin visualization. Prior
to cell seeding, 35 mm glass bottom dishes (No. 1.5, MatTak corporation) were coated

with 100ug/ml rat tail collagen I (Corning) diluted in 1X DPBS for 1 h at 37°C, then
washed once in DPBS. Cells were seeded onto the coated dishes for 24 h, followed by TIRF
imaging using 100x objective on Nikon A1R confocal TIRF STORM microscope (Tokyo,
Japan) fitted with a stage top incubator set at 37°C and 5% CO2 for live cell imaging. Time-
lapse fluorescent images were acquired at frame rate of 2 min/frame for 2 h using TIRF
microscopy to capture the depth of 100 nm from the bottom of the cell. Quantification of
invadopodia precursor motility was done using ImageJ software, as described previously.5°
Briefly, invadopodia precursor tracks were generated using ‘invadopodia tracker’ ImageJ
plugin. Following this, displacement of individual invadopodium precursor per frame was
calculated using the formula:

SQRT((difference in X-coordinate per frame)? + (difference in Y-coordinate per frame)?).

For recruitment dynamics of FAP and MT1-MMP on invadopodia precursors, Time-lapse
fluorescent images using TIRF microscopy with penetration depth of 100 nm were obtained
at frame rate of 20 s/frame for 2 h. Fluorescent intensity changes over time, as well

as track paths were measured using NIS-Elements AR version 5.30.04. For these set of
measurements, F-actin was stained with SPY650-FastAct for 2 h prior to imaging.

QUANTIFICATION AND STATISTICAL ANALYSIS—Statistical analysis for each
experiment was performed as described in the corresponding figure legends. All statistical
analyses were carried out using GraphPad Prism 8 software. Both Spearman correlation
and Pearson correlation were performed to determine gene expression correlation in patient
tumor samples. Student’s t-test was performed to determine statistical significance between
two test groups. All quantitative data are presented as mean £ SEM or SD, and p < 0.05 is
considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
FAP promotes breast tumor metastasis

FAP expression is significantly correlated with TWIST1 in various human
cancers

FAP is required for matrix degradation independent of its proteolytic activity

FAP localizes at invadopodia and promotes invadopodia precursor
stabilization
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Figure 1. Expression of TWIST1 and FAP is tightly correlated in various human cancer types
(A) gRT-PCR measured FAP mRNA levels in HMLE-TwistER cells undergoing Twistl

induction (red), and in un-induced HMLE-GFP cells (blue). Error bars represent the SEM.
(B-F) (B) Lysates from HMLE-TwistER induced cells probed for FAP and p-actin over
the course of 6 days. The Cancer Genome Atlas (TCGA) data showing correlation between
Twistl and FAP in human breast cancer (C), head and neck cancer (D), lung cancer (E),
and pancreatic cancer (F). Expression data were retrieved from cBioPortal. Both Spearman
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correlation coefficients with p values and Pearson correlation coefficients with p values are
presented.
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Figure 2. FAP is required for TWIST1-induced breast cancer metastasis
(A) qRT-PCR measurement of FAP mRNA levels in HMLER-TWIST1 cells expressing

shRNAs targeting FAP.

(B) Western blotting analysis on lysates obtained from HMLER-TWIST1 cells as indicated.
(C) Nude mice were injected subcutaneously with GFP + HMLER-TWIST1 cells expressing
a control vector (shCtrl) or shRNAs targeting FAP. Tumor diameters were measured as
indicated. Once the tumors reached 2 cm in diameter, they were harvested and weighed as
shown in (D).
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(E) Quantification of GFP-positive cells in each individual lung. N = 10 mice per group. **p
< 0.01, Student’s t-test. Error bars in (A, C, D and E) represent the SD.

(E) Representative images of lungs of nude mice injected with HMLER-TWIST1 cells
expressing the indicated shRNAs. Scale bar, 1 mm. See also Figure S1.
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Figure 3. FAP is required for invadopodia-mediated ECM degradation
(A-L) OG gelatin degradation assay was performed on HMLE-TWIST1 cells expressing

FAP shRNAs (A-C) plated for 16 h; SUM1315 cells expressing FAP shRNAs (D-F) were
plated for 6 h; SCC61 cells expressing FAP shRNAs (G-I) were plated for 16 h; and BXPC3
cells expressing FAP shRNAs were plated for 8 h (J- L). FAP gene knockdown levels are
measured by gRT-PCR (B, E, H, and K). F-actin was stained with phalloidin (red) and nuclei
with DAPI (blue). Areas of degradation appear as punctate black areas beneath the cells.
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(M) SCC61 cells expressing FAP shRNAs were plated on Matrigel-coated transwell
chambers. Cells that invaded through the Matrigel were stained using crystal violet.

(N) Quantification of invasion normalized over cells expressing a control ShRNA. Error bars
in (B, E, H, and K) represent the SD. Error bars in (C, F, I, and L) represent the SEM. ***p
<.001, **p < .01, *p < .05, Student’s t-test. Scale bars in (A, D, G, and J), 10 ym; scale bar
in (M), 100 um. See also Figure S2.
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Figure 4. FAP promotes ECM degradation independent of its proteolytic activity
(A) SUM1315 cells, seeded at 80%-90% confluency in a 96-well plate, were treated with

PBS or 10 uM of the FAP inhibitor, M83, followed by 125 uM of the FAP-specific substrate,
C95. FAP-mediated C95 cleavage fluorescence was measured over time.

(B) SUM1315 cells were seeded onto OG-labeled gelatin in the presence of PBS, M83, or
GM®6001 for 6 h and subsequently stained for F-actin (red) and nuclei (blue).

(C) Quantification of degradation of OG labeled gelatin by SUM1315 cells from (B).
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(D) FAP-mediated C95 cleavage was measured in 293T cells expressing catalytically
inactive FAP mutants.

(E) SUM1315 cells with FAP knockdown were transfected with the indicated constructs,
seeded onto OG-labeled gelatin, and evaluated for ECM degradation relative to SUM1315
cells expressing a control sShRNA.

(F) SUM1315 cells expressing FAP sh3 and transfected with the constructs indicated in (E)
were seeded onto OG-labeled gelatin for 6 h. (H) Quantification of OG gelatin degradation
from (F).

(G) SUM1315 cells expressing FAP sh5 and transfected with the constructs indicated in (E)
were seeded onto OG-labeled gelatin for 6 h.

(1) Quantification of OG gelatin degradation from (G). Error bars in (A and D) represent the
SD. Error bars in (C, H, and I) represent the SEM. ***p < .001, **p < .01, *p < 0.05. ns,
not significant (p > 0.5), Student’s t-test. N = 150 cells per group. Scale bar, 10 um. See also
Figure S3.
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Figure 5. FAP localizes at invadopodia in various human cancer cells
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(A-C) (A) BxPC3 and SCC61 cells were seeded onto gelatin-coated coverslips for 48 h

and labeled for FAP (green), F-actin (red), and cortactin (blue). Confocal image of SCC61
(B) and BxPC3 (C). Traces 1 and 2 are z axis sectioning of invadopodia in each cell line;
associated graphs represent pixel intensities along the dotted lines to show the colocalization

of FAP, F-actin, and cortactin. Scale bar, 10 um. See also Figure S4.
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Figure 6. FAP knockdown blocks invadopodia precursor stabilization and subsequent
maturation

(A, D, E, H, F, G) SCC61 cells expressing the indicated FAP shRNAs were seeded onto
gelatin-coated coverslips for 48 h, and stained for F-actin (magenta), and cortactin (green)
(A), Tks5 (green) (E), MT1-MMP (green) (H). N = >20 cells per group. Scale bar, 10

pum. Quantification of normalized fluorescence intensity of cortactin (D), Tks5 (F), and
MT1-MMP (G) at invadopodia relative to control sShRNA.

(B) Quantification of invadopodia protrusion count per cell in SCC61 cells expressing FAP
shRNAs.
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(C) Quantification of F-actin intensity in SCC61 cells expressing different FAP shRNAs.
(1) Quantification of average invadopodia protrusion displacement divided by its lifetime
(number of frames) (pixels/min) in Life-Act mCherry expressing SCC61 cells with FAP
shRNAs. Each dot in the graph represents individual precursors. N > 100 precursors per
group.

(J) Polar graph indicating invadopodia precursor trajectories in a representative SCC61 cell
expressing shRNAs targeting FAP. The outer ring (green) represents the distance of 4 pm
and inner circle (blue) represents distance of 2 um. Tracks were measured at 20 s/frame for
30 min.

(K) Time lapse pictures of live SCC61 cells expressing F-actin and FAP shRNAs captured
using TIRF microscopy at 100x magnification at time 0 (green) and at 1 h (magenta). Insets
show zoomed in view of invadopodia displacement over time. Scale bar, 10 pm. Error bars
are the SEM. ***p < .001, **p < .01, *p <.05. ns, not significant (p > 0.5). Student’s t-test.
See also Figure S4A and Videos S1-S3.
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Figure 7. The association of FAP with invadopodia precursors promotes invadopodia precursor
stabilization

(A) SCC61 cells expressing ECFP-FAP (green) and MT1-MMP pHuji (red) were labeled
for F-actin with SPY650 FastAct (magenta) for 2 h prior to live cell imaging. The images
were clarified and 2D deconvolved using NIS-Elements. The inset shows following stages
of invadopodia lifespan: (I) FAP/MT1-MMP enriched membrane areas prior to invadopodia
precursor docking, (I1) mature invadopodia after F-actin elongation, and (111) remnants of
FAP/MT1-MMP enriched membrane spot post F-actin disassembly. Live cell imaging on
SCC61 cells expressing ECFP-FAP (green) and labeled with SPY650 FastAct shows that
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invadopodia precursors dock with FAP, which results in F-actin stabilization and growth (B
and D). In contrast, invadopodia precursors not associated with FAP disassemble quickly (C
and E). The images were clarified and 2D deconvolved using NIS elements. (D and E) are
fluorescence intensities normalized to the last frame before actin protrusion appeared.

(F) Persistence of invadopodia precursors that are associated with FAP (black) and those that
are not associated with FAP (gray). Student’s t-test was used to compare each group from
three cells with 10 precursors per cell in each group. Error bars are the SEM. ***p <.001,
**p < .01, *p <.05. ns, not significant (p > 0.5). Student’s t-test.

(F) Polar graph showing path lengths and trajectories of FAP-associated invadopodia
precursors (left) and non-FAP-associated precursors (right) in an SCC61 cell expressing
ECFP-FAP over a period of 30 min (100 precursors in each group). The outer circle (green)
represents the distance of 4.8 um from the center and the inner circle (blue) represents the
distance of 2.4 um from the center. Scale bars 2 um. See also Figures S5, S6, and Videos
S4-S8.
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