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ABSTRACT: The multifunctional endocytic receptor low-density lipoprotein receptor-related protein (LRP)1 has re-
cently been identified as a hub within a biomarker network for multicancer clinical outcome prediction. The
mechanismhowLRP1modulates cancerprogression ispoorlyunderstood. In this studywefound thatLRP1andone
of its ligands, tissueplasminogenactivator (tPA), areexpressedinmelanomacells andcontrolmelanomagrowthand
lungmetastasis invivo.Mechanistic studieswereperformedon2melanomacancer cell lines,B16F10and theB16F1
cells,bothofwhich formprimarymelanoma tumors,butonlyB16F10cellsmetastasize to the lungs.Tumor-, butnot
niche cell–derived tPA, enhanced melanoma cell proliferation in tPA2/2 mice. Gain-of-function experiments
revealed that melanoma LRP1 is critical for tumor growth, recruitment of mesenchymal stem cells into the tumor
bed, and metastasis. Melanoma LRP1 was found to enhance ERK activation, resulting in increased matrix metal-
loproteinase (MMP)-9 RNA, protein, and secreted activity, a well-known modulator of melanoma metastasis.
Restoration of LRP1 and tPA in the less aggressive, poorly metastatic B16F1 tumor cells enhanced tumor cell
proliferationand led tomassive lungmetastasis inmurine tumormodels.Antimelanomadrug treatment induced tPA
andLRP1expression. tPAorLRP1knockdownenhancedchemosensitivity inmelanomacells.Our results identify the
tPA-LRP1pathway as a key switch that drivesmelanomaprogression, in part bymodulating the cellular composition
andproteolyticmakeupof the tumor niche. Targeting this pathwaymaybe a novel treatment strategy in combination
treatments formelanoma.—Salama, Y., Lin, S.-Y.,Dhahri,D.,Hattori, K.,Heissig, B. The fibrinolytic factor tPAdrives
LRP1-mediated melanoma growth and metastasis. FASEB J. 33, 000–000 (2019). www.fasebj.org
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The global incidence of melanoma continues to in-
crease. Although patients treated with the anti-cytotoxic
T lymphocyte antigen-4–targeted agent ipilimumab, the
RAS-MAPK inhibitor sorafenib, anti-angiogenesis treat-
ment, immunotherapy, and the proteasome inhibitor
bortezomib (BTZ) have demonstrated improvements in
response rate and survival, the median duration of these
responses are often,1 yr (1, 2). Therefore, novel treatment
strategies are needed.

The plasminogen (Plg) activator system (3, 4) and the
matrix metalloproteinase (MMP) family, play important
roles in melanoma progression (5). Tissue plasminogen
activator (tPA) and urokinase plasminogen activator can
convert Plg, the zymogen form, into the active form plas-
min (Plm), which is important for blood clot dissolution.
tPA rather than urokinase plasminogen activator is
expressed in cell lines established frombiopsies of patients
with metastatic melanoma (6). The finger domain of the
mature formof tPA is involved in tPAbinding to fibrinand
is necessary to promote fibrinolytic activity (7), whereas
themitogenic functions of tPA have been attributed to the
epidermal growth factor–like domain (8).

Low-density lipoprotein receptor-relatedprotein (LRP)1
is involved in endocytosis, lipoprotein metabolism, and
proteinases degradation (9, 10). The 515-kDa a-chain of
LRP1binds tocancer-associatedproteinases, including tPA
andMMPs (11–13) or ligands suchas lipoprotein lipase (10,
14). tPA can bind to the krinkle-2 domain of LRP1 (15).
LRP1regulates tumor invasionandmetastasisbychanging
MMP2 and -9 expressions via an ERK1/2-dependent sig-
nalingpathway(16–18).By interactingwithother signaling
pathways (e.g., b1 integrin), LRP1 alters cell behavior (19).
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Several studies have demonstrated a role for LRP1, in
the past also simply known as LRP, a member of the low-
density lipoprotein receptor gene family in cancer migra-
tion and proliferation (for review, see ref. 20). Studies,
including those on melanoma (21, 22), have linked low
LRP1 expression to a more invasive phenotype. Another
studyhasdescribedopposite results: LRP1expressionwas
predominantly detected in glioblastoma and, to a lesser
extent, in lower grade astrocytomas (23). A recent study
demonstrated that yes-associated protein through a tran-
scription- and promoter-dependent mechanism induces
LRP1 expression in melanoma cells (24), suggesting a role
for LRP1 in melanoma tumorigenesis. The tPA-LRP1
pathway contributes to epithelial-mesenchymal transition
and promotes fibroblast survival (17) and glioblastoma
cell migration and invasion (16).

Tumor-associated mesenchymal stroma cells, such as
the cancer-associated fibroblasts mesenchymal stem cells
(MSCs), smooth muscle cells, myofibroblasts, endothelial
cells, pericytes, and inflammatory cells, are recruited to the
melanoma tumor bed (25). The tumor niche is recognized
as a key factor in themultiple stages of cancer progression,
mediating local resistance, immune escape, andmetastasis
(26). We showed that tPA can expand platelet-derived
growth factor receptor (PDGFR) a-MSCs in noncancerous
tissues (27).

In this study, we evaluated the regulation and function
of the tPA-LRP1 interaction for melanoma progression
and the cellular and proteolytic composition of the tumor
niche. The findings providemechanistic proof inmice that
the tPA-LRP1 pathway is a critical mediator of melanoma
cell growth and lung metastasis.

MATERIALS AND METHODS

Cell line and cell culture

TheB16F1 andB16F10melanoma cell lines [CRL-6475;American
Type Culture Collection (ATCC), Manassas, VA, USA] were
maintained inhigh-glucoseDMEMwith L-glutamine, phenol red
(Fuji FilmWako,Osaka, Japan), 10% fetal bovine serum (FBS;GE
Healthcare, Chicago, IL, USA), and 1% penicillin/streptomycin
(P/S) (Nacalai Tesque, Kyoto, Japan). Both themouse embryonic
fibroblast (MEF)-1 (CRL-2214; ATCC) LRP-1+ MEF-1 and LRP-
1–deficient PEA 13 cells (CRL-2216; ATCC) were maintained in
high-glucose DMEM containing 10% FBS and 1% P/S. Murine
MS-5 and human HS-5 stromal cells were cultured in Iscove’s
modified Dulbecco’s medium (Wako) containing 10% FBS and
1% P/S.

Murine erythroleukemia FBL3 and RAW 264.7 (TIB-71;
ATCC) cells were cultured in RPMI-1640 medium containing
10% FBS and 1% P/S. Human A-431 squamous carcinoma cells
were cultured in Eagle’s minimum essential medium + 2 mM
glutamine + 1% nonessential amino acids + 10% FBS. Human
melanoma cell line SK-MEL-28 cells were maintained in Eagle’s
MEM and 10% FBS.

Small interfering RNA and short hairpin RNA–based
gene knockdown

For tPA knockdown (KD), 23 105 B16F10 and B16F1 cells were
seeded in a 6-well plate and transfected the next day with tPA

shRNA plasmids (sc-36706-SH; Santa Cruz Biotechnology, Dal-
las, TX, USA). Puromycin selection (1mg/ml) was performed on
newly transfected short hairpin (sh)tPA KD cells (knockdown
efficacy,;50%). Gene knockdown efficiency in B16F10 or B16F1
cells was determined by quantitative PCR (qPCR). For LRP1KD,
cells were seeded at a 53 104 cells/6-well concentration for 16 h
before transfection. After 12 h, the transfection medium was
replacedwith freshmedium. Specific gene-targeting and control
nonspecific-targeting small interfering (si)RNAs were obtained
from Thermo Fisher Scientific (Waltham, MA, USA). siRNAs
targeting LRP1 or a control sequence were transfected into
cancer cells at a final concentration of 100 nM using Lipo-
fectamine RNAiMax Transfection Reagent (Thermo Fisher
Scientific). The siRNAtarget sequenceswereas follows: si-tPA, 59-
CCA UAGUCCUCAUGGGCAA-39; si-LRP1, 59-GCUCAUCUC
GGGCAUGAUU-39; siMMP9: 59-GCGCUCUGCAUUUCUU-
CAA-39; and si-Ctrl, 59-GCUCCACAGAGUAUACCUU-39.

Cloning of human tPA and mouse LRP1

We used mouse brain tissue to clone the mouse LRP1 coding
sequence, and HUVECs to clone human tPA into the LV-EF-
L3T4-IRES2-EGFP vector. The tPA cloning sequence was XhoI,
59-GGGCTCGAGGAAGCAATCATGGATGCAATGAAGAGA-
GGGCT-39 and EcoRV, 59-TTTGATATCTCACGGTCGCATG-
TTGTCACGAATCCAGTCT-39; and the LRP1 cloning sequence
was LRP1-XbaI 59-TCTAGAGCCCACACCATGCTGACCCC-
GCCGTTGCTGCTGCT-39 and LRP1-HpaI 59-GTTAACCTAT-
GCCAAGGGATCTCCTATCTCGTCTTCAGGT-39.

tPA lentivirus generation for overexpression of tPA

Vesicular stomatitis virus glycoprotein–pseudotyped lenti-
virus was prepared as described in Kanegae et al. (28) via a 3-
plasmid system (target vector, pMDL, and vesicular stomatitis
virus glycoprotein envelope plasmid) by cotransfection of
293T cells with polyethylenimine (Takara, Shiga, Japan). The
following plasmidwas used as the mock: LV-EF-L3T4-IRES2-
EGFP [kindly provided by Dr. Trono’s laboratory (Salk In-
stitute, San Diego, CA, USA) and modified by Dr. Tomoyuki
Yamaguchi (Institute ofMedical Science, University of Tokyo,
Japan)]. The viral supernatantwas collected 48 h later, cleared,
and stored at 280°C. Viral titration was performed using
293T cells.

Drug treatment in vitro

The recombinant human tPA (activacin injection, 6,000,000 IU/
10 ml; Kyowa Hakko Kirin, Tokyo, Japan) contains the active
ingredient alteplase (1 mg equals 580,000 IU). The catalytically
inactive recombinant (r)tPA (MTPA-S481A; Molecular Innova-
tions, Novi, MI, USA) is in single chain form and has the serine
ofactivesitesmutatedtoalanine.ActivertPAandcatalyticallyinactive
tPAwere used at a concentration of 161.8mMin in vitro cultures. The
Plm inhibitor trans-aminomethylcyclohexanecarbonyl-l-(O-picolyl)
tyrosine-octylamide (YO)-2 (MW 595.63 g/mol) (29, 30), provided
by Dr. Yoshio Okada (Kobe Gakuin University, Kobe, Japan), was
dissolved in sterile DMSO and used in vitro at a concentration
of 10 mM. BTZ (MW 384.24 g/mol; 2204; Cell Signaling
Technology, Danvers,MA, USA)was dissolved in DMSO and
added to in vitro cultures at concentrations ranging from 5 to
20 nM. The MMP inhibitor MMI270 (MW 393.458 g/mol,
dissolved in DMSO; Novartis, Basel, Switzerland) was used
at a final concentration of 10 nM. The ERK1/2 inhibitor
PD98059 (Selleckchem, Houston, TX, USA) was added at a
concentration of 50 mM.
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Cell culture

B16F10 (5 3 104 cells/well) and B16F1 (1 3 105 cells/well) cells
were seeded in 6-well plates (TPP, Trasadingen, Switzerland) for
16 h overnight. Cells were cultured an additional 24 h after
addinghuman rtPA(1500 IU/ml) inPBS (control) in thepresence
or absence of the MMP inhibitor MMI270.

B16F10 cells (1 3 105 cells/well) were seeded overnight and
then cultured in the absence orpresence of BTZ (5, 10, and20nM)
or DMSO controls for 24 h. In another set of experiments, LRP1
silencingwasachieved inB16F10andB16F1 cells byusingsiRNA
(10 3 104 cells/well). Knockdown efficacy 12 h after LRP1 si-
lencing was determined by qPCR or Western blot analysis. In
some experiments, siLRP1 KD cells were given fresh medium
and then subjected to the mentioned treatment conditions.

B16F10 wild-type (WT; 5 3 104), tPA overexpressing (OE)/
KD, or fibroblast cells were seeded in triplicate in 6-well plates
and incubated in thepresenceof specified treatments.Viable cells
were countedat 24and48husing trypanbluedead-cell exclusion
dye (207-17081; Fuji FilmWako).

Cells were collected with Trizol (Thermo Fisher Scientific) at
various time points after treatment for RNA extraction.

mRNA expression using qPCR

Parts of tumor tissues were crushed and filtered for RNA ex-
traction. Total RNAwas extracted from cell lines by using Trizol.
The purity and concentration of the extracted RNA were ana-
lyzed with a spectrophotometer before cDNA generation,
according to the manufacturer’s protocol. cDNA was generated
with the High Capacity cDNA Reverse Transcriptase Kit
(Thermo Fisher Scientific) and was stored at 230°C. PCR mix-
tures (20 ml final volume) contained 10 ml Sybr green mix (TB
Green Premix Ex Taq II (Tli RNaseH Plus; Takara), 2 ml 5 ng/ml
template cDNA, 0.4 ml 10 mM forward and reverse primer mix
(Fasmac, Kanagawa, Japan), and 7.6ml water.mRNAexpression
was quantified by performing qPCR using the Step One Plus
Real-Time PCR System (Thermo Fisher Scientific), and relative
gene expression was given using the 22DDCt method. b-Actin
was used as an endogenous control for normalization if not
otherwise stated. The respective forward and reverse primers
used for qPCR were murine (m)LRP1: forward 59-GGACCAC-
CATCGTGGAAA-39, reverse59-TCCCAGCCACGGTGATAG-39;
human (h)LRP1: forward 59-GATGAGACACACGCCAACTG-39,
reverse 59-CGGCACTGGAACTCATCA-39; mtPA: forward 59-
GCCTGGGCAGACACAATTA-39, reverse 59-CTTCATCACAT-
GGCACCAA-39; htPA: forward 59-AGCTGTGGGGAGCTCA-
GA-39, reverse 59-CACAGCGTCCCTTAAATTCAC-39; and
mMMP9: forward 59-AGACGACATAGACGGCATCC-39, re-
verse 59-TCGGCTGTGGTTCAGTTGT-39.

Western blot analysis

Protein crudewas recovered byCell Lysis Buffer (103; 9803; Cell
Signaling Technology). Cell lysates (2–50 mg proteins) were ap-
plied on 10% acrylamide gel, transferred to PVDF membrane
(MilliporeSigma, Burlington, MA, USA), blocked, and stained
overnight at 4°C for LRP1 (sc-16166), tPA (sc-15346), andMMP9
(sc-6840) (Santa Cruz Biotechnology); and b-actin (4967) and p-
ERK (4370;Cell SignalingTechnology).Membraneswere stained
with secondary antibody conjugated with horseradish peroxi-
dase (HRP) (rabbit-HRP or goat-HRP; Nichirei Biosciences,
Tokyo, Japan)anddevelopedwith theECLPlusdetection system
(RPN2132; GE Healthcare Life Sciences, Little Chalfont, United
Kingdom) using an image analyzer (Image-Quant LAS4000; GE
Healthcare Life Sciences).

MSC analysis

Tumor single cells were resuspended in 1 ml ice-cold HBSS/2%
FBS and stained for 30 min with the following mAbs:
allophycocyanin-conjugated PDGFRa, PE-conjugated Sca-1,
PECY7 CD45, and Pacific blue-TER119. All mAbs were pur-
chased from eBioscience (San Diego, CA, USA). Flow cytometry
analysis and sorting were performed on flow cytometers (FACS
Verse and FACS Aria; BD Biosciences, San Jose, CA, USA). Pro-
pidium iodide fluorescence was measured and positive cells
(dead cells)were excluded.MSC isolation and culture frombone
marrow cells were performed, as described by Dhahri et al. (27).

Scratch assay

MSCs (6 3 104) were seeded in a 6-well plate in the growth
medium. At subconfluence, a scratch was performed vertically
with a sterile yellow pipette tip. Wells were washed gently with
PBS.B16-conditionedmedium(aMEMbasis)wasadded. Images
were taken at 24, 48, and 72 h during wound closure and ana-
lyzedwith ImageJ software [National Institutes of Health (NIH),
Bethesda, MD, USA]. Transfected (mock, tPA OE, and tPA KD)
and nontransfected B16F10 cells were cultured in 6-well plates
(5 3 104 /well) with complete DMEM. When the cells were
confluent, a 1-ml pipette tip spearhead was used to scratch the
6-well plate perpendicular to its bottom, with;2 lines of similar
width per well. After the plate was washed gently with PBS
3 times, complete DMEMwas again applied.

In another set of experiments, siRNA-transfected B16F10
cells were used. B16F10 cells were seeded in 6-well plates
(53 104 /well) with completeDMEM. The cellswere transfected
with siRNAs 16 h after the initial seeding. After the transfection
medium was replaced the cells reached confluence, scratches
were performed as described above.

Images of the scratch wounds were taken using an Olympus
Fluorescence BX51Microscope (Tokyo, Japan) at 0 and 24 h, and
the number of cells proliferating or migrating into 6 high-power
fields from each scratch were quantified.

Zymography

Plasma samples of tumor-bearing mice retrieved on d 12 were
diluted with loading buffer, and samples were loaded on gels
containing 7.5% acrylamide (Nacalai Tesque) along with;1.345
mg/ml gelatin (Nacalai Tesque). Seven microliters of protein
ladder (Bio-Rad, Hercules, CA, USA) was used for each gel.
Zymographygelswere runat 70V for 30min and then at 80V for
120 min. The gels were incubated for 1 h in Triton X-100–
containing washing buffer and for 21 h in a developing buffer at
37°C on a shaker. After the gels were developed, a Coomassie
brilliant blue–containing solution was used to stain the gels. The
gels are then scanned and further analyzed with ImageJ (NIH).

ELISA

ELISAkitswereused tomeasuremurineplasma samples for tPA
(Innovative Research, Novi, MI, USA), MMP9 (R&D Systems,
Minneapolis, MN, USA), and Plm-anti-Plm (PAP) complex
(Cusabio Biotech, Wuhan, China).

Mice

C57/Bl6 mice were purchased from Japan SLC (Hamamatsu,
Japan). Six- to eight-week-old age- and sex-matched mice were
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used in the experiments. WT tPA+/+ and knockout tPA (tPA2/2)
mice were used after more than 10 backcrosses onto a C57BL/6
background. Animal procedures were performed in accordance
with institutional protocols and were approved by the In-
stitutional Animal Care Animal Care and Use Committee of the
Institute of Medical Science of the University of Tokyo.

In vivo melanoma model

Mock, tPA OE, tPA KD, and WT B16F10 or B16F1 cells were
washed twice with PBS (90% viability, as determined by trypan
blue exclusion) and thenwere inoculated ond0 (53 106/200ml/
mouse, s.c.) into mice, and tumor growth was observed. Mice
were euthanized when they showed signs of severe pain, had
body weight loss .20% when compared to the initial body
weight, or appeared moribund. Tumor growth was monitored
daily. Extracted tumors were weighed on d 12.

B16F10 (5 3 104/0.2 ml of PBS) or B16F1 (1 3 105/0.2 ml of
PBS) cells were inoculated into the lateral vein of the tail (pul-
monarymetastasis model). Twelve days after subcutaneous and
intravenous tumor cell inoculation, the animalswere euthanized
by cervical dislocation, and tumors and adjacent conjunctive
tissues were removed. Pulmonary nodules were documented
with a camera.

Tissue staining

Tissues were fixed in neutral buffered formaldehyde (4%) over-
night at 4°C. Sections were subsequently stained with hematox-
ylin and eosin.

B16F10 cells were cultured on tissue culture slides (Falcon;
Thermo Fisher Scientific) until confluence. The slides were fixed
with ice-cold methanol and incubated with primary antibody
against LRP1 (sc-16166) and tPA (sc-15346) (Santa Cruz Bio-
technology). After 2 washes, the cells were incubated for 1 h at
room temperature with Alexa Fluor 488 rabbit anti-goat IgG
(for LRP1 cells) and Alexa Fluor 488 donkey anti-rabbit IgG (for
tPA cells). Sections were counterstained with DAPI, and the
slides were analyzed with an upright fluorescence microscope
(Olympus).

Statistical analysis

All experiments were performed at least 3 times. Data aremeans
6 SEM. Student’s t testorANOVAwithTukey’shonest significant
difference post hoc test were performedwith the R program (The
RFoundation, Vienna,Austria; https://www.r-project.org/). Values
of P, 0.05 were considered statistically significant.

RESULTS

tPA promotes B16F10 melanoma cell
proliferation and migration

We determined tPA expression in various cell lines, in-
cluding humanandmousemelanoma cells, by qPCR (Fig.
1A). HUVECs (positive control for tPA) highly expressed
tPA,whereas low tPAexpressionwas found in themurine
leukemia cell line FBL3 and the murine macrophage cell
line RAW264.7. tPA was highly expressed in the MEF-1
cells. Confirming previous reports (6), tPA expressionwas
found in the human melanoma cell lines A-431 and SK-
MEL-28 and in the murine low metastatic melanoma

B16F1 cells. The highly metastatic B16F10 melanoma cells
(31) showedhigher tPAexpression than the lessaggressive
B16F1 cells.

To examine the effects of tPA onmelanoma growth,we
treated B16F10 cells with recombinant enzymatically ac-
tive and inactive forms of tPA. Enzymatically active and
inactive rtPA (Fig. 1B) enhanced proliferation, whereas
plasmin inhibitor treatment (YO2 and tranexamic acid) in
a dose-dependent manner prevented tPA-induced cell
proliferation (Fig. 1C, D). We next overexpressed tPA by
using lentivirus (tPA OE) or knocked down tPA with
shRNA (tPA KD) in B16F10 cells, and confirmed tPA ex-
pressionbyWestern blot analysis (Fig. 1E). tPA expression
in tPAOE and tPAKD cells was confirmed by qPCR. tPA
OE enhanced cell proliferation, whereas tPA KD sup-
pressed B16F10 proliferation when compared to the ap-
propriate controls (Fig. 1F). These data demonstrated that
tPA and Plm enhance melanoma cell proliferation.

To investigate a possible role for tPA in controlling
melanoma cellmigration, tPAOE cells were subjected to a
migration assay. Higher migratory ability was found for
tPA OE cells when compared to mock controls (Fig. 1G).

tPA-induced ERK1/2 activation involves LRP1

Proteolytically active and inactive tPA can signal through
the LRP1 receptor (9). B16F10, MS-5 stromal cells, LRP1
WTMEF-1 cells, but not LRP1-deficient PEA13 fibroblasts
(negative control) expressed LRP1 (Fig. 2A). It has been
reported that theprotease-independentmitogenic effect of
tPA requiresLRP1 (32). Therefore,we examined the role of
LRP1 in the effects of tPA on cell proliferation and mi-
gration. B16F10 LRP1 knockdown by gene silencing
resulted in a.90% gene knockdown of LRP1 mRNA ex-
pression, as determined by qPCR, and of LRP1 protein
expression, as determined by Western blot analysis (Fig.
2C). tPA enhanced proliferation of LRP1 WT MEF-1, but
not of LRP1-deficient PEA 13 or B16F10 LRP1 KD cells
(Fig. 2B–D). Similarly, tPA-induced melanoma cell mi-
gration was blocked in siLRP1 cells (Fig. 2E). These data
suggest that LRP1 mediates tPA-induced melanoma cell
proliferation and migration.

MMP9-mediated cell proliferation
requires LRP1

LRP1 promotes glioblastoma cell migration and invasion
by regulating the expression and function ofMMP2 and -9
through an ERK-dependent signaling pathway (16). ERK
phosphorylation and MMP9 protein expression were in-
creased in tPAOE cells, but not in siLRP1KD cells, or cells
treated with the Plm inhibitor YO2, as shown byWestern
blot analysis (Fig. 3A). tPA-induced cell proliferation re-
quired ERK1/2 activation, as shown using an ERK1/2
inhibitor (ERK1/2 PD98059; Fig. 3B). These data unveil an
additional regulation of tPA-driven cell proliferation
through ERK1/2 activation.

Wenext investigated themechanismbywhich tPAand
LRP1 alter melanoma cell proliferation and migration.
MMP9 is a keyprotease involved inmelanomametastasis.

4 Vol. 33 March 2019 SALAMA ET AL.The FASEB Journal x www.fasebj.org

Downloaded from www.fasebj.org by Stockholm Univ Library / Stockholm Sweden (130.237.165.40) on November 20, 2018. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, primary_article.

https://www.r-project.org/
http://www.fasebj.org


Figure 1. tPA enhances melanoma cell proliferation and migration. A) Human (A-431, SK-MEL-28) and murine melanoma cells
(B16F1, B16F10) were analyzed by qPCR for tPA mRNA expression (n = 3/group). Controls included primary HUVECs, stromal
and fibroblastic cells, such as human HS-5, murine MS-5, and myeloid (THP-1, RAW264.7). Transcript levels were normalized to
b-actin. Graphs represent averages from 3 to 7 independently prepared templates. The data represent 3 independent
experiments with similar results. B) Cultured B16F10 cells treated with rtPA or not (left) or inactive rtPA (right) were counted
after 24 h (n = 10). C, D) B16F10 cells were treated with various concentrations of the Plm inhibitors YO2 (C) or tranexamic acid
(D), with or without the addition of rtPA. Cells were counted after 24 h (n = 10). E) tPA expression was determined in B16F10
cells stably tPA OE, control (mock), and tPA KD, with qPCR (left, middle), and Western blot analysis (right). F) Proliferation of
tPA OE, tPA KD, and mock B16F10 cells after 24 and 48 h in culture. G) Scratch assay using mock or tPA OE B16F10 cells (n =
10). Each data point represents triplicate experiments. Each experiment was repeated at least twice, and the combined data are
shown. Means 6 SEM. *P # 0.05, **P # 0.01, ***P # 0.001 (Student’s t test).
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Because LRP1 regulatesMMP expression (33, 34), we next
asked whether activation of the tPA-LRP1 pathway reg-
ulatesMMP9 expression in B16F10 cells. rtPA-treated and
tPA OE cells, but not tPA KD cells, showed increased
MMP9 expression when compared to untreated controls
(Fig. 3C). Gene silencing of LRP1 reducedMMP9 and tPA
expression (Fig. 3D), indicating that LRP1 controls en-
dogenous MMP9 and tPA expression.

Next, we explored the importance of MMP9 for LRP1-
mediated tPA gene expression. MMP9 knockdown in
B16F10 cells was confirmed (Fig. 3E). siMMP9 decreased
(Fig. 3F), whereas the addition of recombinant MMP9
upregulated tPA expression in B16F10 cells, a process that
required the presence of LRP-1 (Fig. 3G). Our data impli-
cate that LRP1 serves as a gatekeeper for tPA-induced
MMP9 and tPA expression.

To elucidate the role of MMP9 and LRP-1 in tPA-
mediated cell proliferation, we treated B16F10 cells with
different concentrations of recombinant MMP9. MMP9
used at both at low (10 ng) and high (100 ng) concentra-
tions increased B16F10 proliferation (Fig. 3H), whereas
MMP9-mediated cell proliferation was abolished in LRP1

KD cells (Fig. 3I). tPA-driven cell proliferation through
LRP1 required the presence of MMP9 as shown using
MMP9 KD cells (Fig. 3J).

To investigate the role of MMP9 for tPA-induced pro-
liferation and migration, B16F10 cells were treated with
the broad range inhibitorMMI270.MMI270 alone blocked
tPA-enhanced B16F10 proliferation in a dose-dependent
manner (Fig. 3K). Similarly, MMI270 impeded tPA-
induced B16F10 migration (Fig. 3L). Plm inhibition by
YO2 alone did not block migration of untreated B16F10
cells, but inhibited tPA-inducedmelanoma cell migration,
indicating that the tPA migration-promoting effects re-
quired active Plm (Fig. 3N). The findings suggest a
mechanism whereby tPA by interacting with melanoma
LRP1 enhances MMP9-mediated melanoma cell migra-
tion and proliferation.

tPA-LRP1 signaling induces tumorigenesis and
lung metastasis in vivo

Next, we investigated whether tPA enhances LRP1-
mediated tumorigenesis in vivo. We transplanted tPA

Figure 2. LRP1 controls tPA-
mediated melanoma prolifera-
tion. A) Representative LRP1
expression of human (left) and
mouse (right) on THP-1, HS-5,
A-431, SK-MEL-28, HUVECs,
and RPMI28 cells by using
qPCR. b-Actin served as a ref-
erence gene. B) Cell growth of
LRP-1 WT MEF-1 and LRP1-
deficient PEA 13 cells and B16F10
control (siCrtl) or B16F10 LRP1
gene-silenced (siLRP1) cells cul-
tured in the absence or presence
of rtPA. C) LRP1 silencing in
B16F10 cells was confirmed by
qPCR (left; transcript levels were
normalized to b-actin) and West-
ern blot analysis (right; b-actin
served as control). D) Cell growth
of B16F10 control (siCrtl) or
B16F10 LRP1 gene-silenced
(siLRP1) cells cultured in the
absence or presence of rtPA. E)
LRP1 silenced or control B16F10
cells were subjected to a scratch
assay in the presence or ab-
sence of rtPA. The average of
migrated cells was determined
from 6 high-power fields/well
in images taken after 24 h.
Each experiment was repeated
at least twice and the com-
bined or representative data
are shown. Each data point
represents triplicate experi-
ments. Experiments were re-
peated at least twice. Data are
means 6 SEM. *P # 0.05, **P #
0.01, ***P # 0.001 (Student’s
t test).
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Figure 3. MMP9 is a critical target of tPA-LRP1 signaling in melanoma cells. A) Western blot analysis of LRP1, pERK1/2, MMP9,
and the loading control b-actin in mock, tPA OE, tPA KD, si-ctrl, siLRP-1, DMSO-treated, and YO2-treated B16F10 cells. B)
B16F10 cells were treated with rtPA in the presence or absence of the ERK1/2 inhibitor PD98059, and the number of cells was
determined. C) MMP9 expression was determined in B16F10 cells cultured for 24 h with rtPA and in B16F10 cells stably tPA OE,
control (mock), and after tPA KD by qPCR. D–J ) LRP1 (siLRP1) and MMP9 gene silencing (siMMP9) was achieved by using
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OE, KD, or mock control B16F10 cells subcutaneously
into C57/Bl6 mice. Tumor growth was impaired in tPA
KD–injected and Plm inhibitor-treated mice, as well as
in mice injected with siLRP1 KD tumor cells, whereas
tumor growth was accelerated in tPAOE–injected mice
when compared with those in the controls (Fig. 4A–C).
LRP1 protein was detected in the collected tumors by
Western blot analysis (Fig. 4C). Similar to tumor
growth variations showing larger error bars, we found
variations of LRP1 protein detected in LRP1 WT
and KD tumor samples retrieved from different mice.
One representative Western blot is shown. Histo-
logic examination 12 d after cell inoculation demon-
strated vast areas of necrosis in siLRP1 and tPA KD
tumor tissues and in tumor tissues derived from Plm
inhibitor-treated mice and bleeding (Fig. 4D). Al-
though tPA OE tumor-bearing mice showed an in-
crease in circulating tPA,MMP9 and active Plm (PAP),
tPA KD, or siLRP1 tumor-bearing mice showed lower
tPA, MMP9, and PAP levels (Fig. 4E). An increase in
active MMP9 was detected in plasma samples col-
lected 12 d after tumor inoculation of tPA OE, but not
mock or tPA KD-injected mice by gelatin zymography
(Fig. 4F). These data suggest that tPA in part through
LRP1 enhances expression and enzymatic activity of
MMP9 in melanoma cells, and controls circulating tPA
and Plm levels.

It has been reported that tPA-transfected D5.1G4 mel-
anoma cells exhibited extensive pulmonary metastases in
a murine intraocular melanoma model (35). Given the
robustmetastatic phenotypes exerted by LRP1 and tPA in
the migration assays in vitro, we next investigated the
impact of genetic deletion of tPA and LRP1 on lung me-
tastasis in murine melanoma models. To determine
whether tumor-derived tPA increases lung metastasis,
and, if so, whether LRP1 would mediate this effect, we
injected tPAOE, tPAKD, andmock cells intravenously
into C57/Bl6 mice. Mice injected with tPA OE, but not
tPA KD, cells showed more lung metastatic lesions
(Fig. 4G). LRP1 gene silencing in tPA OE tumor cells
suppressed tPA-driven increased lung metastasis.
LRP1 knockdown in WT B16F10 tumor cells reduced
lung metastasis in B16F10 cells (Fig. 4H). Reduced
LRP1 expression in mouse lung lysates of siLRP1-
inejctedmicewas found, comparedwith siCtrl-injected
mice, as determined by Western blot analysis. Our find-
ings reveal that tPA-LRP1 activation promotes lung me-
tastasis in melanoma cells.

LRP1 and tPA restoration enhance melanoma
growth and lung metastasis

B16F1 but not B16F10 cells have poor metastatic potential
when injected intravenously into mice. We identified
lower tPA gene expression in B16F1 than B16F10 cells (see
Fig. 1B). In the following sets of experiments, the role of
tPA and LRP1 on tumor growth and metastasis was ex-
amined by using the tPA low-expressing B16F1 cells.
B16F10 cells showed a higher proliferation rate when
compared to B16F1 cells (Fig. 5A). The addition of rtPA or
inactive tPA to tPA low-expressing B16F1 cultures signif-
icantly enhanced cell proliferation (Fig. 5B), supporting
our initial findings in B16F10 cells that tPA can enhance
tumor cell growth.

Migration and invasion are controlled by proteases
such as tPA and MMP9. Given our initial findings that
LRP1 expression controls melanoma growth and migra-
tion, we queried whether LRP1 downregulation in B16F1
cells could change the expression ofMMP9 and tPA. LRP1
knockdown on B16F1 cells was confirmed (Fig. 5C) and
reduced the expression ofMMP9, asdeterminedbyqPCR,
when compared to controls.

More tPAwas found in supernatants from B16F10, but
not B16F1, cultures as determined by ELISA (Fig. 5D).
LRP1 knockdown in B16F10 cells did not change tPA
protein secretion into culture supernatants, as determined
by ELISA.

Having shown thatLRP1and tPAknockdown reduced
the proliferation of B16F10 cells, we examined the cellular
behavior and protease gene expression in the tPA low-
expressing B16F1 cells after tPA and LRP1 OE. LRP1 and
tPA OE in B16F1 and B16F10 cells enhanced cell pro-
liferation in vitro (Fig. 5E) and enhanced tPA, LRP1, and
MMP9 expression, as determined by qPCR (Fig. 5F). In-
creases inprotein expression inLRP1and tPAOEcellswas
corroboratedbyWestern blot (Fig. 5G).Of interest, highest
LRP1, tPA, andMMP9 expression was found in tPA- and
LRP1-coexpressing B16F1 cells. Given that ERK1/2 is a
downstream target of LRP1, we hypothesized that LRP1
and tPA reintroduction leads to enhanced ERK1/2 acti-
vation,which indeedwas the case. These data suggest that
LRP1 and tPA restoration in B16F1 cells may generate
tumor cells with higher proteolytic activity and possibly a
higher metastatic potential.

To investigate the consequences of LRP1 and tPAOE in
vivo, we used the subcutaneous tumormodel using B16F1
cells (Fig. 5H–M). tPA or LRP1 singleOE in B16F1 cells led

siRNA. D) qPCR measurement of mRNA levels of MMP9 and tPA in siLRP1 or siCtrl control cells. E) MMP9 expression was
determined in B16F10 KD (siMMP9) and control cells by qPCR (left) and by Western blot analysis. F) tPA expression in siMMP9
and control cells by qPCR. I) siLRP1 and control cells (siCtrl) were treated with rMMP9 or not treated. G) qPCR measurement of
mRNA levles of tPA. H) B16F10 cells were treated with indicated doses of rMMP9. Cells were counted after 24 hrs. Cell
proliferation was assessed after addition of rMMP9 in B16F10 LRP1 KD or control cells. J ) Cell proliferation was determined in
siMMP9 B16F10 or control cells cultured with or without tPA. K) Proliferation of B16F10 cells treated with MMI270 or not
treated after 24 h in culture. L,N) In scratch assays, cells were seeded in 6-well plates, and the cell monolayer was wounded
manually. The average of migrated cells was determined from 6 high-power fields/well in images taken after 24 h. L) Scratch
assay performed using B16F10 cells exposed to rtPA with or without the MMP inhibitor MMI270. M) Proliferation of B16F10
cells treated with rtPA, with or without MMI270, after 24 h in culture. N) Scratch assay performed in B16F10 cells exposed to
rtPA, with or without the Plm inhibitor YO2. Data represent means 6 SEM. Experiments were repeated at least twice. *P # 0.05,
**P # 0.01 (Student’s t test).

8 Vol. 33 March 2019 SALAMA ET AL.The FASEB Journal x www.fasebj.org

Downloaded from www.fasebj.org by Stockholm Univ Library / Stockholm Sweden (130.237.165.40) on November 20, 2018. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, primary_article.

http://www.fasebj.org


Figure 4. tPA-LRP1 signaling augments melanoma growth and metastasis. A) Mock, tPA OE, or tPA KD B16F10 cells (106) were
injected subcutaneously into the right flanks of C57Bl6 mice. Fourteen days after inoculation, representative macroscopic tumor
images were taken (left), and the tumor weight was measured (right; n = 6). B) B16F10 WT tumor-bearing mice were treated with
the Plm inhibitor YO2 or left untreated starting from d 4. On d 12, representative tumor images were taken (left) and the tumor
weight determined (n = 6). C) Macroscopic image of tumor-bearing mice (left) and tumor weight of mice injected with siLRP1
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to a 2-fold increase in tumor weight (Fig. 5H, I). Co-OE of
LRP1and tPAresulted in a4-fold increase in tumorweight
in injectedmice. In contrast, singleOEof tPAandLRP1KD
or LRP1 OE and tPA KD did not increase primary tumor
growth (Fig. 5J). These data indicate that LRP1 and tPA
restoration in low-expressing B16F1 cells generates cells
with a higher proliferative capacity.

Tumor samples were retrieved on d 12, and gene ex-
pression was determined by qPCR (Fig. 5K). High LRP1
and MMP9 expression was found in tPA OE when com-
pared with mock tumors, as determined by qPCR and
Western blot analysis (Fig. 5L). Similarly, increased tPA
andMMP9 expressionwas detectable in LRP1OE tumors
when compared to mock controls. The highest tPA and
MMP9 gene and protein expression was found in tPA/
LRP1 co-OE tumors (Fig. 5K, L). Consistent with these
data, increased tPA andMMP9 plasma levels were found
in mice injected with tPA/LRP1 OE tumor cells, as de-
termined by ELISA (Fig. 5M). Because tPA can render Plg
into its active form, Plm, we tested PAP complex levels in
circulation, as an indicator of plasmin activation. The
highest PAP levelswere found inmice injectedwithB16F1
cells coexpressing tPAandLRP1 (Fig. 5M), suggesting that
the introduction of LRP1 and tPA had changed protease
secretion from cancer cells.

Proteases are involved in tumormetastasis. Thus, given
the increases in proteolytic activity after cointroduction of
LRP1 and tPA in B16F1 cells, we next used a lung metas-
tasis model to determine the role of LRP1 and tPA in the
metastatic process. When compared to mock cell-injected
mice, mice injected with tPA or LRP1 OE tumor cells
developed more lung nodules, as a measure of lung me-
tastasis (Fig. 5N). Mice injected with tumor cells coex-
pressing both LRP1 and tPA showed massive lung
metastasis. No, or very few lungmetastasis, were found
after intravenous injection of LRP1 OE, but tPA KD
B16F1 cells or tPA OE, but LRP1 KD B16F1 cells. These
data suggest that LRP1 in cooperation with tPA on tu-
mor cells enhances lung metastasis.

Tumor-derived tPA increases
tumor-residing MSCs

tPAproteinexpressionwashigher inB16F10 than inB16F1
cells, as determined by Western blot analysis (Fig. 6A),
corroborating the mRNA expression level (Fig. 1A). Sca1+

MSCs form a main component of the melanoma stroma
(25). Because tPA administration expands Sca1+ MSCs
in noncancerous organ tissues (27, 36), we wondered
whether tumor MSC homeostasis is regulated by tPA.
MSCs were identified by using the marker profile CD452

Ter1192Sca1+PDGFRa+ and were obtained via FACS. To

investigate whether tPA plays a role in MSC migration, a
key metastatic phenotype, MSCs were cultured in the
presence of conditioned medium derived from B16F10 or
B16F1 cells. In a scratch assay, bone marrow–derived
MSCs migrated faster in conditioned medium derived
fromB16F10 than in that fromB16F1 cells (Fig. 6B). siLRP1
silencing in WT and tPA-treated B16F10 cells prevented
cellmigration (Fig. 6B). HigherMSC countswere found in
high tPA-expressing B16F10 cells, but not in low tPA-
expressing B16F1-derived tumors (Fig. 6C). These data
show that factors released fromB16F10, but not B16F, cells
enhance MSC recruitment.

Genetic inactivation of tumor but not niche
cell tPA blocks MSC recruitment

To evaluate the contribution of niche-derived tPA in reg-
ulating the number of tumor MSCs, we injected B16F10
and B16F1 cells subcutaneously into tPA KO mice. No
difference in the number of tumor-residingMSCs (Fig. 6C)
was observed in B16F10 and B16F1 injected tPAKOwhen
compared to the number in WT mice, indicating that tu-
mor-, rather than niche cell–derived, factors contribute to
MSC accumulation in the tumor.

To investigate whether tumor-derived tPA regulates
MSC recruitment in vivo, tPAOE, tPA KD, andmock cells
were injected into WT mice. The frequency of MSC was
increased in tPAOE and reduced in tPAKD tumorswhen
compared to mock control tumors (Fig. 6D). These data
suggest that tumor-derived tPA controls the number of
tumor-residing MSCs.

Because LRP1 can form complexes with PDGFR+ cells,
and MSC express PDGFRa critical for tPA-driven MSC
expansion (27), we tested the in vivo effect of LRP1 si-
lencing and Plm inhibition by using YO2 for MSC re-
cruitment. The frequency of MSC was significantly
reduced in siLRP1 tumors compared to si-Ctrl tumors and
in tumors derived from the Plm inhibitor YO2-treated
mice (Fig. 6E). These data suggest that tumor-derived tPA
and LRP1 presence on tumor cells are essential for MSC
recruitment, a process that requires active Plm.

LRP1 inhibition enhances BTZ sensitivity in
B16F10 melanoma cell growth

To investigate the possibility that tumor cells modulate
tPA and LRP1 expression to evade drug-induced cell
death and that tPA-LRP1 signalingmay contribute to BTZ
resistance in melanoma cells, we treated melanoma cells
with the ubiquitin-proteasome inhibitor BTZ, shown to be
beneficial in animal studies for the treatment of mela-
noma (37). BTZ treatment prevented cell proliferation in a

and siCtrl B16F10 cells (n = 6). D) Representative hematoxylin and eosin stained tumor tissues of d 12 tumors. Scale bars, 20
(lower panels) and 200 mm (upper panels). E) tPA, MMP9, and PAP complex levels were quantified by ELISA in plasma of d 12
tumor-bearing mice (n = 6/group). F) Representative zymogram demonstrating MMP9 activity in plasma samples taken from
tumor-bearing mice by d 12. G, H) Quantification of tumor nodules (left) and representative images (right) showing grossly
dissected mouse lungs with lung metastasis occurring in mice after tail vein injection of siLRP1/siCtrl tPA OE (G), tPA KD, and
mock B16F10 cells (H) (n = 6/group), or siLRP1/siCtrl B16F1 cells (n 5 3/group). Graphs show means 6 SEM. *P # 0.05, **P #
0.01 (Student’s t test).
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Figure 5. LRP1 and tPA overexpression enhance melanoma proliferation and lung metastasis. A) B16F1 and B16F10 cells were
cultured for 24 h. Viable cells were counted by using trypan blue staining (n = 6/group). B) B16F1 cells were cultured with or
without recombinant active or inactive tPA. Cells were counted after 24 h. Viable cells were counted using trypan blue stain (n =
6/group). C) siRNA silencing of LRP1 in B16F1 cells led to down-regulation of LRP1 and MMP9 expression as determined by
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dose-dependent manner (Fig. 7A) and augmented tPA
and LRP1 expression, on both the mRNA and protein
levels, as shown using immunofluorescent cellular stain-
ing (Fig. 7B,C) on treatedB16F10 cells. BTZ sensitivitywas
significantly improved in LRP1 gene-silenced cells (Fig.
7D), suggesting that BTZ induced LRP1 up-regulation
contributes to BTZ resistance and tPA-OE cells weremore
resistant to BTZ than mock cells.

Our data indicate that tPA exerted protumor functions
with enhanced growth and lung metastasis via LRP1 that
leads to the downstream activation of ERK1/2. Our mo-
lecular and in vivo studies revealed a role for endogenous
cancer-derived tPA in themodulation ofMSC recruitment
through the activation of the tPA-LRP1 axis (Fig. 7E).

DISCUSSION

To date, most studies have focused on the fibrinolysis-
promoting role of tPA in cancer. However, one study has
clearly demonstrated that tPAmodulates the cell behavior
and cellular composition of the tumor (26). High tPA ex-
pression levels have been reported in human melanoma.
In melanoma, the role and impact of tPA expression
remained unclear. We found that tPA enhanced mela-
noma cell proliferation and migration through the mem-
brane protein LRP1 receptor. Our identification of the
tPA-LRP1 pathway highlights the significance of this
ligand-receptor pair as a key modulator of melanoma
tumorigenesis and metastatic progression. tPA acting on
melanoma cell LRP1 receptor augments melanoma pro-
liferation and melanoma invasion. Blockade of LRP1 on
melanoma cells prevented MSC recruitment. Our results
from loss- and gain-of-function analyses give rise to a
model wherein tPA-LRP1 interactions through ERK1/2
to regulate the proteolytic niche within the tumor, in-
cluding tPA and MMP9; changes the MSC content; and
possibly changes immunoresponsiveness (should be
evaluated in future studies) and controls tumor cell
growth and metastasis (Fig. 7E).

Despite recent clinical dataonoverall survival benefit in
patientswithmetastaticmelanomareceivingvemurafenib
or ipilimumab (38), there are still no treatments aimed at
preventing metastasis. In accordance with a previous
study (35), we showed that tumor-derived tPA through

LRP1 controls lungmetastasis, indicating that both factors
are significantpredictors ofmelanomacancer progression.
We showed that reintroduction of tPA and LRP1 gener-
ated tumor cells with high metastatic potential and with
increased proliferative capacity. Tumor cells up-regulated
both factors after chemotherapy, and silencing LRP1 on
melanoma cells improved drug sensitivity, suggesting
that LRP1 contributes to drug resistance. These data open
new therapeutic windows to overcoming drug resistance.

Both overexpression and knockdown of tPA or LRP1
affected cell proliferation. Although we have observed
enhanced tumor cell migration and metastasis in tPA or
LRP1 OE cells, it is possible that the effects on migration
andmetastasis are influencedby the effect of the tPA-LRP1
axis on cell proliferation.

Inourmolecular experiments, tPAenhanced the release
of enzymatic activity of MMP9 from tumor cells and that
tPA, through MMP9, promoted melanoma cell pro-
liferation. Increased MMP9 and -2 expression has been
strongly associated with melanoma metastasis and in-
vasion (39–41). LRP1 up-regulation led to ERK1/2 acti-
vation and improved proliferation. Themitogenic effect of
tPA described for melanoma cells in our study has been
reported in fibroblasts and is similar to data shown in our
study that depend on the phosphorylation of Tyr4507
within the distal NPXYmotif of LRP1. This effect has been
demonstrated to initiate a cascade of proliferative signal-
ing events involving phosphorylation of Erk1/2, p90RSK,
and GSK3b and induction of cyclin D1 (16, 32, 42). Our
data are in accordance with a recent report demonstrating
that yes-associated protein, independent of hippo activa-
tion, controls melanoma growth by altering LRP1 ex-
pression with LRP1 knockdown impairing melanoma
proliferation (24, 43).

Our identification of LRP1 as a regulator of melanoma
cell proliferation and MSC accumulation and its de-
pendence on the fibrinolytic pathway highlights the sig-
nificance of this gene (44), but how can the tPA-LRP1
pathway promote MSC accumulation? tPA-Plm–induced
cleavageandsheddingofLRP1caninitiateLRP1-dependent
signaling (45, 46). By increasing systemic tPA levels in vivo,
we previously reported that tPA expands MSC in benign
tissues, like the bone marrow through PDGFRa activation
(27). PDGFRa was one of the surface markers used in the
current study to identify tumor-infiltrating MSCs. Given

qPCR (n = 3/group/experiment; the experiment was repeated twice). D) tPA was measured in supernatants of sitPA KD or
siLRP1 KD B16F10 cells, B16F1 WT (WT) or B16F10 WT cells, and cell-free cultures supplemented with mouse plasma by ELISA
(n = 5/group). E) Cell proliferation was determined in vitro after 24 h in B16F1 (left) and B16F10 (right) of mock controls and
tPA OE, LRP1 (LRP1 OE), both tPA and LRP1 (tPA OE and LRP1 OE) cells (n = 6/group). F) tPA, LRP1, and MMP9 expression
was determined in tumor samples of mock, tPA OE, LRP1 OE, and tPA LRP1 OE B16F1 cell-injected mice by qPCR (n = 3/
group). Transcript levels were normalized to b-actin. The data represent 2 independent experiments with similar results. G)
Western blot analysis of indicated proteins was performed on B16F1 cell lines. Two independent experiments; representative
blot is shown. H–M) tPA OE, tPA1LRP1 OE, LRP1 OE or mock B16F1 cells were injected subcutaneously into C57Bl6/J mice
(n 5 3/group). Tumor samples were collected at d 12 after injection. H) Representative macroscopic images of B16F1 tumors
retrieved by d 12 in indicated groups. I, J) Tumor weight of mice injected subcutaneously with different sets of transfected
B16F1 cells is given (n 5 3/group). K) tPA, LRP1, and MMP9 expression was determined in tumor samples of indicated groups
using qPCR (n 5 6/group). L) Tumor lysates extracted by d 12 were subjected to Western blotting. Representative blots
showing LRP1, tPA, MMP9, ERK1/2 and b-Actin are given. M) Plasma tPA, MMP9, and PAP (as a measure of active plasmin)
were determined by ELISA at d 12 (n5 3/group). N) Mice were injected intravenously with tPA OE, LRP1 OE or tPA LRP1 OE
B16F1 cells (n 5 3/group). Representative images were taken of lungs demonstrating lung metastasis. Data are means 6 SEM.
*P # 0.05, **P # 0.01.
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that LRP1 binds to the PDGFR and forms a receptor-
ligand complex that activates the MAPK signaling
pathway (47), PDGFRmay be another LRP1 coreceptor
that contributes to MSC expansion and the conversion
into a tumor-promoting phenotype. Imatinib ther-
apy targeting PDGFR in cancer-associated fibroblasts

inhibits growth and metastasis of human colon cancer
(48, 49). Further studies are needed to understand the
role of PDGFR signaling for tPA-LRP1–induced MSC
accumulation in the growing tumor and how these
factors contribute to the tumor metastasis–promoting
abilities of MSCs.

Figure 6. Melanoma-derived
tPA enhances MSC recruit-
ment. A) tPA levels were
assessed in B16F10 and B16F1
cell lysates by Western blot
analysis, and band density was
quantified. B) Faster wound
closure in MSC cultures supple-
mented with conditioned me-
dium of B16F10, but not B16F1
cells as determined using a
scratch assay. Images were
taken 48 h after wound induc-
tion. C) B16F10 and B16F1
cells were injected in WT and
tPA KO mice. Tumors were
extracted by d 12, and the
frequency of MSCs within the
tumors was determined by flow
cytometry with the following
marker profile: CD452Ter1192

PDGFRa+Sca1+. D, E) MSCs
in tumors were determined
by FACS isolated from mice
injected subcutaneously with
mock, tPA OE, or tPA KD (D)
or siLRP1/siCtrl or WT B16F10
cells (E). Left: representative
FACS plots of tumor MSCs of
the tested condition. Right:
MSC frequency in the tumor.
Data are means 6 SEM. *P #
0.05.
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Pencheva et al. (21) showed that ApoE acting on mela-
noma cell LRP1 receptors inhibits melanoma invasion. In
contrast, our data demonstrate that tPA, which is another
LRP1, ligand-enhancedmigration and invasion of B16F10
melanoma cells. How can these opposing observations be
reconciled, wherein two different ligands binding to the
same receptor convey opposing cellular responses? The
observation of 2 LRP1 ligands showing different cellular
responses has been addressed in other cells—namely,
neurons. Although LRP1 ligands, such as tPA, a2M, and
ApoE, promote neurite outgrowth, myelin-associated
glycoprotein (MAG), which also binds with high affinity
to LRP1, inhibits neurite outgrowth (12). It is interesting to
speculate that tPA and ApoE represent opposing drivers
of melanomametastasis, but further studies are necessary
to prove this notion.

We propose that cancer cells use the promiscuity of
certain receptors, such as LRP1, to mediate opposing

functions. The interpretation of tumor markers like LRP1
must take into consideration the knowledge of critical li-
gands and coreceptors on the tumor cells itself or the niche
cells, to be able to predict the biologic outcome. Our study
further provides data showing that ligand-specific cor-
eceptor recruitment allows LRP1 to function as a true
sensor of the cellular microenvironment and induce dif-
ferent cellular changes, depending on the spectrum of
available ligands.
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Figure 7. LRP1 loss in mela-
noma cells overrides BTZ re-
sistance. A–D) B16F10 cells
were treated at the indicated
concentrations with BTZ for
24 h. A) Cell proliferation was
assessed after BTZ treatment
(n = 6/group). B) Relative
mRNA expression of LRP1
(left) and tPA (right) after
BTZ treatment in B16F10 cells
(n = 6/group). C) LRP1 (top)
and tPA (bottom) immunoflu-
orescence was determined in
cultured B16F10 cells treated
with 10 nM BTZ or carrier.
Representative images are
shown. D) siLRP1 B16F10 cells
and control cells were treated
with 10 nM BTZ for 24 h and
cell viability was determined.
E) The effects of tPA and
LRP1 on melanoma prolifera-
tion, metastasis, and MSCs
within the tumor environ-
ment. Data are means 6 SEM.
*P # 0.05, **P # 0.01, ***P #
0.001.
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