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Abstract

Purpose: Cancer metastasis can occur at the early stage of

tumor development when a primary tumor is at the micro-

scopic size. In particular, the interaction of malignant cells with

other cell types including cancer-associated fibroblasts (CAF) in

promoting metastasis at the early stage of tumor development

remains largely unknown. Here, we investigated the role of

CAFs in facilitating the initial events of cancer metastasis when

primary tumors were at microscopic sizes.

Experimental Design: Multicolor-coded cancer cells and CAFs

were coimplanted into the transparent zebrafish body and metasta-

sis at a single-cell level was monitored in living animals. Healthy fi-

broblasts, tumor factor–educated fibroblasts, and CAFs isolated from

various tumors were tested for their ability to facilitate metastasis.

Results: We showed that CAFs promoted cancer cell metas-

tasis at the very early stage during primary tumor develop-

ment. When a primary tumor was at the microscopic size

consisting of a few hundred cells, CAFs were able to hijack

cancer cells for dissemination from the primary site. Surpris-

ingly, a majority of metastatic cancer cells remained in tight

association with CAFs in the circulation. Furthermore, stim-

ulation of non–metastasis-promoting normal fibroblasts with

TGF-B, FGF-2, HGF, and PDGF-BB led to acquisition of their

metastatic capacity.

Conclusions: Cancer metastasis occurs at the very early

stage of tumor formation consisting of only a few hundred

cells. CAFs are the key cellular determinant for metastasis. Our

findings provide novel mechanistic insights on CAFs in pro-

moting cancer metastasis and targeting CAFs for cancer therapy

should be aimed at the early stage during cancer development.

Clin Cancer Res; 23(16); 4769–79. �2017 AACR.

Introduction

Tumor tissues contain diverse cell populations that relent-

lessly communicate with each other in the tumor microenvi-

ronment (TME; refs. 1–5). In addition to cancer cells, infiltra-

tion of other cellular components including vascular cells,

inflammatory cells, fibroblasts, and other immune cells signif-

icantly contributes to tumor growth, invasion, and metastasis

(1–5). CAFs often represent an irreversibly activated fibroblast

population that expresses alpha-smooth muscle actin (a-SMA;

refs. 6–8). Once activated, CAFs produce various molecular

signaling molecules to facilitate cancer growth and invasion. In

addition, CAFs communicate with other nonmalignant cellular

components including vascular and inflammatory cells to exe-

cute their multifunctions in modulation of tumor growth and

invasion. For example, activated CAFs produce inflammatory

cytokines and angiogenic factors to indirectly modulate tumor

growth and metastasis (8). Metastasis is the major cause of

mortality in cancer patients and occurs often at the early stage

during cancer development (9, 10). Cancer metastasis is a

complex process involving intravasation, extravasation, forma-

tion of the initial metastatic niche, and regrowth of metastatic

nodules (10). A clinically detectable metastatic mass often

represents the endpoint of the metastatic cascade. Advanced

imaging technologies for early detection of tiny metastatic

masses, especially microscopic cancer nodules, are not avail-

able. While it is known that most cancers possess the intrinsic

features for metastasis, the exact events of cancer cell dissem-

ination from the primary site and intravasation into the circu-

lation are not known. In particular, it is unknown if metastasis

already occurs when primary tumors are in tiny sizes.

Owing to their transparent and immunoprivileged features,

developing zebrafish offers an outstanding opportunity to study

single cancer cell behaviors from human and other species origins

(11). Particularly, advanced imaging technologies have made it

plausible for reconstitution of the TMEwith themulticolor-coded
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diverse cell populations (11). The color-coded TME reconstitu-

tion in zebrafish would allow us directly visualize single cancer

cell migration, interaction with other host cells, metastatic intra-

vasation, and extravasation in a living fish body. Particularly, this

metastatic model provides a unique opportunity to study cancer

metastasis at the early stage during cancer development. In this

study, we showed that CAFs were a crucial cellular component in

TME for promoting cancer metastasis. In several cancer models,

we provided compelling evidence to demonstrate that CAFs but

not normal fibroblasts promote cancer cell metastasis when

primary tumors were at microscopic sizes. Moreover, metastatic

cancer cells remained tightly associatedwith CAFs, supporting the

essential role of CAFs for subsequent extravasation and the

metastatic niche formation. Unraveling mechanisms underlying

CAFs in cancer metastasis has conceptual and clinical implica-

tions for cancer therapy.

Materials and Methods

Zebrafish tumor model

All animal experiments were approved by the Northern Stock-

holm Experimental Animal Ethical Committee. Zebrafish embry-

os of the transgenic strain expressing enhanced GFP under the fli1

promoter (Fli1:EGFP; ref. 12) were raised at 28�C under standard

experimental conditions. Zebrafish embryos at the age of 24 hpf

were incubated in aquarium water containing 0.2 mmol/L

1-phenyl-2-thio-urea (PTU, Sigma). At 48-hpf, Fli1:EGFP zebra-

fish embryos were dechorionated with a pair of sharp-tip forceps

and anesthetized with 0.04 mg/mL of tricaine (MS-222, Sigma).

Anesthetized embryos were subjected for microinjection. Various

tumor cells and fibroblasts were labeled in vitro with 2 mg/mL of

1,10-Dioctadecyl-3,3,30,30- tetramethylindocarbocyanineperchlo-

rate (DiI, Sigma) or a Vybrant DiD cell-labeling solution (Life

Technologies), respectively. Approximately 500 tumor cells or a

mixture consisting of 300 cancer cells and 200 fibroblasts were

resuspended in DMEM (Hyclone) and 5 nL of the cell solution

were injected into the perivitelline space (PVS) of each embryo by

an Eppendorf microinjector (FemtoJet 5247, Eppendorf and

Manipulator MM33-Right, M€arzh€auser Wetziar). Non-filamen-

tous borosilicate glass capillaries needles were used for injection

and the injected zebrafish embryos were immediately transferred

into PTU aquarium water. Zebrafish embryos were monitored 72

hours for investigating tumor invasion and metastasis using a

fluorescent microscope (Nikon Eclipse C1).

Primary cell lines

Cancer cells and fibroblasts used in this study included human

HuH7 hepatocellular carcinoma cells (HCC; ATCC); human

A549 lung adenocarcinoma epithelial cells (NSCLC; kindly pro-

vided by Dr. Tatiana Pavlova, the Karolinska Institute, Sweden);

human A431 squamous carcinoma cells (kindly provided by Dr.

Keiko Funa, Gothenburg University, Sweden); humanMiaPaCa-2

pancreatic ductal adenocarcinoma cells (PDAC; catalog no.

FS0095, ATCC); human MDA-MB-231 breast cancer cells (ATCC

HTB-26); human SW480 colon cancer cells (ATCC catalog no.

ab01589); mouse MC38 colon adenocarcinoma cells (CRC;

kindly provided by Dr. Ruben Hernandez, University of Navarra,

Pamplona, Spain); murine E0771 breast cancer cells (catalog no.

940001, CH3 BioSystems); normal human prostate fibroblasts

(NF;catalog no. P10893, Innoprot); human colorectal cancer

(CRC)–derived CAFs (Isolated from a human colorectal cancer,

kindly provided by Dr. Johan Hartman at the Department of

Oncology-Pathology, Karolinska Institutet, Stockholm, Sweden);

human prostate cancer–derived CAFs (PC-CAFs, catalog no.

159366A1, Asternad); and mouse cancer-derived CAFs (isolated

from a T241 tumor). T241 tumors grown in GFP-transgenic mice

were cut into small pieces and digested at 37�C for 60minutes in a

solution containing 0.15% collagenases I and II. After PBS wash-

ing, cells were filtered through a 40-mm cell strainer and were

centrifuged at 1,500 rpm for 10minutes. Single cells were stained

with a rat anti-mouseCD31 antibody (1:100; catalogNo. 553370,

BD-Pharmingen) for 45 minutes, followed by incubation on ice

for 20 minutes with an Alexa Fluor 555–labeled goat anti-rat

antibody. GFP� and GFPþ cell populations were analyzed and

sorted by FACS (MoFloXTD, BeckmanCoulter) andwere cultured

in 10%FBS-DMEM.Cells less than 10passageswere used through

experiments. HuH7, A431,MiaPaCa-2,MDA-MB-231, andMC38

cancer cells were grown in 10% FBS-DMEM. E0771 cells were

grown in 10%FBS-RPMI-1640medium. A549 cells were grown in

10%FBS-IMEM.Humannormalfibroblasts andCAFswere grown

in a Fibroblast Medium Kit (catalog no. P60108, Innoprot),

supplemented with 10% FBS. All cell lines were not authenticated

after purchase or transferred from other laboratories but were

routinely tested negative formycoplasma by using theMycoplasma

Detection Kit (Lonza Inc.). HGF was purchased from the R&D

Systems Inc., PDGF-BBwas purchased from the PeproTech, FGF-2

was purchased from the Phamacia & UpJohn, and TGFb-1 was

purchased from the Thermo Fisher (catalog no. RP 39357).

CAF isolation

Fresh human colon cancer tissues were provided from the

Karolinska University Hospital, and all tissue studies and han-

dling were approved by the Stockholm Regional Ethical Com-

mittee (Ethical number 2016/957-31). Patient samples were

transferred to research laboratories anonymously. Fresh cancer

samples were washed with serum-free DMEM, cut into small

pieces, and were transferred to a 0.15% collagenase IV solution,

followed by incubation at 37�C for 40 minutes. Digested cells

were filtered through a 40-mm cell strainer (BD Biosciences) and

centrifuged at 1,500 rpm for 10 minutes. The single-cell suspen-

sion was incubated in a Fibroblast Medium Kit (catalog No.

P60108, Innoprot) for 24 hours, allowing fibroblasts to attach

Translational Relevance

Understanding molecular mechanisms that underlie cancer

metastasis is essential for development of novel therapeutics.

Our findings indicate that activated CAFs can hijack nonin-

vasive cancer cells to remote tissues and organs. Thus, the

composition and activation status of CAFs, but not necessarily

malignant cells per se, are the key determinants for cancer

metastasis. Invasive assessment of CAFs isolated from the

patient tumor tissue biopsies in our novel zebrafish model

would provide crucial information for prognostication. This

functional assay is complementary to the existing histopath-

ologic diagnosis in the clinic. Additionally, targeting CAF

signaling pathways as shown a few examples in our study

would provide an effective therapy for treatment of cancer

metastasis. Thus, our findings are highly relevant to cancer

diagnosis, prognosis and therapy.

Liu et al.
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on culture plates. Unattached cells were removed after 24-hour

incubation, and the adherent cells were further cultivated for

experiments. Isolated fibroblasts from tumor tissues were defined

as CAFs. This method yielded a relatively pure population of

fibroblasts. Cultured CAFs less than five passages were used for

our experiments.

Cell motility assay

DiI-labeledHuH7 single-cell suspension at the density of 2.5�

104 cells/mL was mixed at a 3:1 ratio with normal fibroblasts or

CAFs. A same number of tumor cells were used as a control. Mixed

and unmixed cells were transferred onto a 12-well plate with flat

bottom (Corning, Costar 12-well cell culture plate, SigmaAldrich,

catalog No.CLS3513) and were cultured for 24 hours. After

confluency of monolayers, a sterile razor blade was used to create

a uniformed cell-free wound of 0.5 � 1.0 cm on each well. The

plates were washed 3 times with PBS to remove floating cells.

Bright-field and fluorescent pictures were taken immediately

after scratch (0 hour). Cells were cultured for 48 hours with

2% FBS-DMEM containing HuH7 alone or mixed cells with

2% FBS-IMDM and 2% FBS-DMEM. Cells were photographed

andmigrating cancer cells were counted manually using a Photo-

shop CS5 software program.

Matrigel invasion assay

Matrigel invasion assay was performed as previously described

(13). Single-cell suspension of DiI-labeled HuH7 tumor cells,

fibroblasts, or CAFs (2� 104 cells/mL)were prepared in 10%FBS-

DMEM. Tumor cells were mixed with fibroblasts, or CAFs at a 1:1

ratio and cell mixtures were transferred to a low adhesive 96-well

plate with rounded bottom (Nunc low cell binding MicroWell

plate; catalog no. Z721093-8EA, Sigma), followed by 24-hour

coculture. Sphere-containing medium (50 mL) was mixed with

100 mL of Matrigel in each of 96-well plate. Bright-field and

fluorescent pictures were taken immediately (0 hour). Cells were

cultured for 48 hours with 2% FBS-DMEM containing HuH7

alone or mixed cells with 2% FBS-IMDM and 2% FBS-DMEM.

Cells were photographed andmigrating cancer cells were counted

manually using a Photoshop CS5 software program.

Histology and IHC

Paraffin-embedded tissue sections in 5-mm thickness were

stained with hematoxylin and eosin (H&E) using our standard

protocols (10, 13–27). Fora-SMA and FSP1 staining, the paraffin-

embedded tissue sections were incubated at 4�Covernight using a

mouse anti-human a-SMA antibody (1:4; catalog no. Clone 1A4

Dako) mixed with a rabbit anti-human/mouse FSP1 antibody

(1:200, catalog no. 07-2274, Millipore). A mixture of secondary

antibodies comprising an Alexa Fluor 555-labeled goat anti-

mouse antibody (1:200; Invitrogen) and an Alexa Fluor 488-

labeled donkey anti-rabbit antibody (1:200; Invitrogen) was

used. Paraffin-embedded tissue sections were incubated at 4�C

overnight with a goat anti-human/mouse desmin antibody

(1:200; catalog no. AF3844, R&D Systems) mixed with a rabbit

anti-human/mouse PDGFRa antibody (1:200; catalog no. 3164,

Cell Signaling Technology). A mixture of secondary antibodies

comprising an Alexa Fluor 555-labeled goat anti-mouse antibody

(1:200; Invitrogen) and an Alexa Fluor 488-labeled donkey anti-

rabbit antibody (1:200; Invitrogen) was used. Positive signals

were captured using a fluorescence microscope equipped with a

Nikon DS-QilMC camera (Nikon Corporation).

Immunocytochemistry

For a-SMA and PDGFRa staining, the fixed CAFs and NFs were

incubated at 4�C overnight using a mouse anti-human a-SMA

antibody (1:4; catalog no. Clone 1A4, Dako) mixed with a rabbit

anti-human/mouse PDGFRa antibody (1:200; catalog no. 3164,

Cell Signaling Technology), followed by staining with a mixture

of secondary antibodies comprising an Alexa Fluor 555-labeled

goat anti-mouse antibody (1:200; Invitrogen) and an Alexa Fluor

488-labeled donkey anti-rabbit antibody (1:200; Invitrogen). For

desmin and FSP1 staining, the fixed CAFs andNFswere incubated

at 4�Covernightwith a goat anti-human desmin antibody (1:200;

catalog no AF3844, R&D Systems) mixed with a rabbit anti-

human/mouse FSP1 antibody (1:200, catalog no. 07-2274, Milli-

pore). A mixture of secondary antibodies comprising an Alexa

Fluor 555-labeled goat anti-mouse antibody (1:200; Invitrogen)

and an Alexa Fluor 488-labeled donkey anti-rabbit antibody

(1:200; Invitrogen) was used. Positive signals were captured using

a fluorescence microscope equipped with a Nikon DS-QilMC

camera (Nikon Corporation).

qPCR

Quantitative PCR (qPCR) was performed according to a stan-

dard protocol (28). In brief, total RNA sampleswere prepared by a

GeneJet RNA Purification Kit (catalog no. K0731, Thermo Scien-

tific) and a cDNA Synthesis Kit (catalog no. K1632, Thermo

Scientific). A Power SYBR Green Master Mix Kit (catalog no.

4367659, Applied Biosystems) and a Step One Plus real-time

PCR system (Applied Biosystems) were applied. The following

paired primerswere used: humanGapdh forward: 50-CCAGCAAG-

GACACTGAGCAA-30 and human Gapdh reverse: 50-GGGATG-

GAAATTGTGAGGGA-30; human a-Sma forward: 50-AGGGGGT-

GATGGTGGGAATG-30 and human a-Sma reverse: 50-GCCCAT-

CAGGCAACTCGTAAC-30; human Fap forward: 50-GCTAACTTT-

CAAAAACATCTGGAAAAATG-30 and human Fap reverse: 50-

GTAATATGTTGCTGTGTAAGAGTATCTCC-30; mouse Ccl5 for-

ward 50- GCTGCTTTGCCTACCTCTCC-30 andmouse Ccl5 reverse

50-TCGAGTGACAAACACGACTGC-30; mouse Cxcl12 forward 50-

TGCATCAGTGACGGTAAACCA-30 and mouse Cxcl12 reverse 50-

TTCTTCAGCCGTGCAACAATC-30; mouse Il33 forward 50-ATGG-

GAAGAAGCTCATGCTG-30 and mouse Il33 reverse 50-CCGAC-

GACTTTTTCTGAAGG-30; mouse Il1rl1 forward 50-ATTCAGGG-

GACCATCAAGTG-30 and mouse Il1rl1 reverse 50-CGTCTTGG-

AGGCTCTTTCTG-30; mouse Gapdh forward 50-CCAGCAAG-

GACACTGAGCAA-30 and mouse Gapdh reverse 50- GGGAT-

GGAAATTGTGAGGGA-30.

Stimulation of fibroblasts

FGF-2 (10 ng/mL), HGF (10 ng/mL), PDGF-BB (10 ng/mL),

and TGFb-1 (10 ng/mL) were used to stimulate the fibroblasts

for 24 hours. The growth factor–stimulated fibroblasts togeth-

er with HCC or NSCLC cells were coinjected into the perivitel-

line space of each zebrafish embryo using the same method

described above.

Affymetrix gene array

Mouse stromal cells were treated with or without 100 ng/mL

PDGF-BB for 72 hours and total RNA was extracted with an RNA

extraction kit (Thermo Fisher Scientific). Samples (triplicates per

group) were used for the gene expression-profiling analyses.

Normalization and analysis for differentially expressed genes

were performed using robustmulti-array analysis and significance

Mechanism of Stromal Fibroblast-Mediated Cancer Metastasis
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analysis of microarrays (SAM) through the R statistical software

packages, oligo and samr. Heatmaps were presented for up- and

downregulation of gene expression using the Multiple Experi-

ment Viewer system (version 4.7). Gene array datawere deposited

in the Gene Expression Omnibus, accession number GSE33717.

Statistical analysis

Statistical analysis was performed using the standard Student t

test for pair comparisons and ANOVA analysis for multiple

factors. Data were presented as means of determinants (�SEM)

and P values of �, P < 0.05; ��, P < 0.01; ���, P < 0.001were deemed

as statistically significant, very significant, and extremely signifi-

cant, respectively.

Results

Tumor fibrosis and isolation of human CAFs

To study the role of CAFs in facilitating cancer invasion at the

initial steps of the metastatic cascade, we developed a zebrafish

cancer model in which different cell populations in the TME can

be visualized by color codes. Solid tumors contain high propor-

tions of a fibrotic component that is often associated with an

invasive and metastatic phenotype. To visualize the fibrotic com-

ponent in human tumors, we defined CAFs in a freshly dissected

human colorectal cancer (CRC) using several specific markers.

H&E staining showed a high proportion of the fibrotic compo-

nent in this invasive and metastatic tumor (Supplementary Fig.

S1A). Immunohistochemical staining with fibroblast specific

markers (15), including alpha-smooth muscle actin (a-SMA),

fibroblast specific protein-1 (FSP-1), desmin, and PDGFRa, val-

idated the existence of the high CAF content in this invasive CRC

tumor (Supplementary Fig. S1A).

We next isolated and defined these CAFs and human

normal fibroblasts for expression of FSP-1, desmin, and

PDGFRa (Supplementary Fig. S1B). Interestingly, human nor-

mal fibroblasts only expressed a very low level of a-SMA

(Supplemental Fig. 1B and C). These findings demonstrate

that isolated CAFs were a-SMAþ myofibroblasts, which is

known to be associated with cancer invasion. In contrast, hu-

man SW480 CRC cancer cells with an epithelial origin lacked

detectable levels of fibrotic markers (Supplementary Fig. S1C

and S1D). Together, these data show that primary CAFs iso-

lated from a human CRC possess distinct marker features

compared with healthy human fibroblasts.

CAFs promote cancer cell migration and invasion

We next investigated the functional properties of CAFs in

cancer invasion using in vitro cancer cell migration and invasion

assays. In a cell motility assay, a mixture of cancer cells and

CAFs was cocultured at a 3:1 ratio for 48 hours, followed by

creating a uniform wound. After 24 hours, migrating cancer

cells in the wound area of each sample were counted. CAFs

isolated from a human prostate cancer and isolated from a

human CRC markedly promoted tumor cell migration (Fig. 1A

and B). Normal human fibroblasts lacked the ability to facil-

itate cancer cell migration. In contrast, normal human fibro-

blasts significantly inhibited cancer cell migration in this in vitro

assay (Fig. 1A and B).

To further study the functional features of CAFs in cancer

invasion, we developed a Matrigel assay in which cancer cells

and CAFs were mixed at a 1:1 ratio. Again, CAFs isolated from

two independent tumor types, but not normal fibroblasts,

markedly promoted cancer cell invasion (Fig. 1C and D). It

appeared that CRC-CAFs exhibited more potent effects than

PC-CAFs in promoting cancer invasion, perhaps reflecting the

intrinsic invasive property of various cancers. These data

demonstrate that CAFs promote cancer cell invasion in these

in vitro assays.

CAF behavior in a zebrafish model

We recently developed a zebrafish model to study cancer

metastasis, particularly to decipher the initial steps of the

Figure 1.

Human HCC cancer cell migration and

invasion in the presence of CAFs. A,

Micrographs of HCC cell (red) migration

in the presence of normal fibroblasts

(NF), CAFs isolated from a human

prostate cancer (PC-CAF), or CAFs

isolated from a human CRC (CRC-CAF).

Dashed lines mark the borders of the

created wound in culture. B,

Quantification of migrated cells beyond

thewound areas (n¼ 5 samples/group).

C, Micrographs of HCC invasion in a

Matrigel assay in the presence of

CRC-CAFs, PC-CAFs, or normal

fibroblasts (NF). Dashed lines encircle

the original cell spheres. Arrowheads

indicate invasive tumor cells (red).

D, Quantification of invasive cells

(n ¼ 5 samples/group). �� , P < 0.01;
��� , P < 0.001 (mean � SEM,

Student t test).
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metastatic cascade, which remains a challenging issue in other

animal models such as in rodent cancer models. The transparent

and immune-privilegednature of zebrafish embryos allowedus to

monitor human ormouse tumor cell migration andmetastasis in

the living fish body even when primary tumors were at micro-

scopic sizes. Approximately 500 DiI-red–labeled human HCC

cells were injected into the perivitelline space of each zebrafish

embryo. Tumor cell invasion andmetastasis in the zebrafish body

were monitored at 72 hours postinjection. Injection of HCC cells

alone resulted in dissemination of tumor cells from the original

primary tumor sites (Fig. 2A). However, only a limited number of

cancer cells were detectable at the surrounding regions of primary

tumors and metastatic tumor cells were rarely found in distal

regions such as the trunk region of the zebrafish embryo (Fig. 2A

and D).

To study behaviors of CAFs in the zebrafish body, CAFs,

shown in green, were labeled with DiD dye and 500 CAF cells

were implanted into the perivitelline space of each zebrafish

embryo. Surprisingly, CRC-CAFs and PC-CAFs were highly

"metastatic" and substantial numbers of CAFs were dissemi-

nated to distal regions of the zebrafish body (Fig. 2B–E). These

findings show that CAFs were highly motile and "metastatic" in

the zebrafish body.

CAF promotes the initial events of cancer metastasis

To study the role of CAFs in facilitating cancer metastasis in

TME, we developed a zebrafish model in which different color-

coded CAFs and cancer cells were coimplanted into the zebrafish

body (Fig. 3A; ref. 11). Implantation of HCC tumor cells alone

resulted in amodest effect of cancermetastasis (Fig. 3B, D, and E).

Coimplantation of HCC cells with normal human fibroblasts

significantly reduced the number of metastatic cancer cells (Fig.

3C–E), suggesting that thehealthyfibroblastsmight inhibit cancer

cell motility and metastasis. However, coimplantation of CRC-

CAFs and PC-CAFs with cancer cells markedly increased the

number of metastatic cells in different parts of the zebrafish body

(Fig. 3C–E). The disseminated tumor cells were visible in the head

and trunk regions of the zebrafish body. Quantification analysis

showed that the number of distal metastatic tumor cells was

markedly higher in CRC-CAF-HCC- and PC-CAF-HCC-coim-

planted zebrafish (Fig. 3F). Surprisingly, most distal metastatic

cancer cells were associated with CAFs that showed double color

positivity (Fig. 3C). Approximately, 80% of the distal metastatic

cancer cells were associated with CAFs (Fig. 3F and G). These

findings provide compelling evidence that CAFs facilitate cancer

cell metastasis and the intimate interactions between cancer cells

and CAFs remain even after the intravasation event.

Figure 2.

Dissemination of CAFs and cancer cells. A–C, Micrographs HCC-alone implanted (red; A), normal fibroblast-alone implanted (green), PC-CAF–alone implanted

(green), and CRC-CAF–alone implanted (green) zebrafish. Blood vasculatures are shown in blue. Dashed circles indicate the primary tumor areas. Dashed squares

amplify the indicated regions. Arrowheads point to disseminated and metastatic tumor cells or fibroblasts. D and E, Quantification of the total numbers of

disseminated andmetastatic cells in the primary tumor surroundings and in the trunk regions of zebrafish (HCC, n¼ 10 zebrafish/group; NF, n¼ 11 zebrafish/group;

PC-CAF, n ¼ 17 zebrafish/group; CRC-CAF, n ¼ 7 zebrafish/group). �� , P < 0.01; ��� , P < 0.001 (mean � SEM, Student t test). NS, not significant.
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To further validate these findings, we performed similar experi-

ments with a human lung cancer cell line (A549 NSCLC). The

metastasis-promoting effect of CAFs was further validated in this

cancer model (Fig. 4). Again, a majority of metastatic cancer cells

remained association with CAFs. Similar data were also obtained

from other tumor models including squamous carcinoma, pan-

creatic ductal adenocarcinoma (PDAC), and breast cancer, show-

ing that CFAs markedly promoted cancer metastasis (Fig. 5). We

also provided compelling evidence showing that mouse CAFs

isolated from a fibrosarcoma also markedly promoted mouse

breast cancer and CRC cancer metastasis (Supplementary Figs. S2

and S3). A video clip showed dissemination of CAF-cancer cell

complex from the original tumor site (Video 1). Together, several

independent cancer models demonstrate that CAFs display

Figure 3.

CAFs promote liver cancer metastasis. A, Schematic diagram of coimplantation of cancer cells and fibroblasts. Cultured monolayers of cancer cells, fibroblasts, and

CAFswere harvested and labeled with different colors. The labeled cells were mixed and coimplanted into the perivitelline space of each zebrafish. Dissemination of

cancer cells, CAFs, and the cancer cell–CAF complex was monitored. B and C, Micrographs of HCC-alone implanted (red), HCC plus normal fibroblasts (green),

HCC plus PC-CAFs (green), and HCC plus CRC-CAFs (green) were implanted into the perivitelline space of each zebrafish. After 72 hours postimplantation,

disseminationof implanted cellswasmonitored.White arrowheads point to disseminated andmetastatic cancer cells, yellowarrowheads point to overlapping cancer

cells and fibroblasts. D and E, Quantification of total numbers of disseminated and metastatic cells in the primary tumor surroundings and in the trunk regions of

zebrafish (HCC, n ¼ 10 samples per group; NF þ HCC, n ¼ 11 samples per group; HCC þ PC-CAF, n ¼ 15 samples per group; HCC þ CRC-CAF, n ¼ 11 samples per

group). F and G, Quantification of HCC-fibroblast double-positive metastatic foci in the trunk regions of zebrafish (HCC, n ¼ 10 samples per group; HCCþNF,

n¼ 11 samples per group; HCCþ PC-CAF, n¼15 samples per group; HCCþ CRC-CAF, n¼ 11 samples per group). � , P < 0.05; �� , P < 0.01; ��� , P < 0.001 (mean� SEM,

Student t test). NS, not significant.
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marked effects in promoting metastasis and remained in close

association with metastatic cancer cells in distal tissues.

Growth factor–stimulated fibroblasts promote

cancer metastasis

Knowing that the normal healthy fibroblasts lacked the

ability for promoting cancer metastasis, we next stimulated

these cells with growth factors targeting fibroblasts. It is known

that fibroblasts are target cells for fibroblast growth factor-2

(FGF-2), hepatocyte growth factor (HGF), platelet-derived

growth factor–BB (PDGF-BB), and transforming growth fac-

tor-beta 1 (TGFb-1; ref. 6). Therefore, we stimulated the normal

healthy fibroblasts with FGF-2, HGF, PDGF-BB, and TGFb-1

and the stimulated fibroblasts were subsequently coimplanted

into the perivitelline space of each zebrafish. Interestingly,

FGF-2–stimulated fibroblasts markedly promoted HCC metas-

tasis (Fig. 6). Similarly, HGF-, PDGF-BB-, TGF b-1�stimulated

normal fibroblasts also significantly promoted HCC cancer

metastasis (Fig. 6). We provide independent evidence demon-

strating that HGF, PDGF-BB, TGFb-1 stimulated�normal fibro-

blasts considerably promoted NSCLC cancer metastasis (Sup-

plementary Fig. S4). These findings provide new mechanistic

insights on fibroblast-stimulating factors in promoting cancer

metastasis.

Profiling of metastasis-related genes

To further gain mechanistic insights on fibroblast-mediated

metastasis, we analyzed molecular signaling components that

are known to be involved metastasis. Knowing PDGF-BB–

stimulated fibroblasts were able to promote metastasis, we

have focused our efforts on studying molecular changes of the

PDGF-BB–stimulated fibroblasts. Metastasis-related genes

including CCLs, CCRs, CXCLs, CXCRs, ILs, ILRs, and MMPs

were particularly investigated. CCLs, including CCL5, CCL2,

and CCL7, were upregulated, whereas CCL9, CXCL12, and

CXCL14 were downregulated (Fig. 6G and H). Interestingly,

IL-33 and its receptor ST2 (Il1rl1) were markedly upregulated

(Fig. 6 and Supplementary Fig. S5). These data suggest that

complex molecular mechanisms may be involved in mediating

fibroblast-stimulated cancer metastasis.

Discussion

In this work, we provide novel mechanistic insights on CAFs in

facilitating cancer metastasis. In the presence of CAFs, dissemi-

nation of cancer cells from the primary site to distal organs occurs

at the early stage during cancer development. If these findings are

successfully translated to clinical situations in cancer patients,

they imply that tumors at microscopic size containing only a few

Figure 4.

CAFs promote lung cancermetastasis.A and B,Micrographs of NSCLC-alone implanted (red), NSCLC plus normal fibroblasts (green), NSCLC plus PC-CAFs (green),

and NSCLC plus CRC-CAFs (green) that were implanted into the perivitelline space of each zebrafish. After 72 hours postimplantation, dissemination of

implanted cells was monitored. White arrowheads point to disseminated and metastatic cancer cells, yellow arrowheads point to overlapping cancer cells and

fibroblasts. C and D, Quantification of total number of disseminated and metastatic cells in the local primary tumor surroundings and trunk regions of zebrafish

(NSCLC, n¼ 10 samples per group; NFþNSCLC,n¼ 10 samples per group; NSCLCþPC-CAF, n¼ 7 samples per group; NSCLCþCRC-CAF,n¼8 samples per group).

E and F, Quantification of NSCLC-fibroblast double-positive metastatic foci in the trunk regions of zebrafish (NSCLC, n ¼ 10 samples per group; NSCLCþNF,

n¼ 10 samples per group; NSCLCþ PC-CAF, n¼ 7 samples per group; NSCLCþ CRC-CAF, n¼ 8 samples per group). � , P < 0.05; ��, P < 0.01; ��� , P < 0.001 (mean�

SEM, Student t test). NS, not significant.
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hundred cells are already metastatic. At a microscopic size, the

existence of a tiny tumor nodule in a given tissue or organmay not

even be dependent on angiogenesis and cooption of the preexist-

ing host vasculatures is sufficient for maintaining cancer cell

survival (29, 30). Infiltration and activation of fibroblasts in these

microscopic tumors are sufficient to promote cancermetastasis. If

so, this may imply that cancer metastasis can occur in dormant

tumors in which the primary tumor mass is not detectable and

would not grow. Yet, these microscopic dormant tumors can

cause serious troubles in cancer patients if fibroblasts become

activated in tumors. Metastasis may also occur in microscopic

avascular tumors in which tumor cells invade the preexisting

surrounding blood vessels. Our zebrafish model provides com-

pelling evidence to support this important concept. First, in the

zebrafish model the implanted primary tumors remain similar

sizes throughout the entire experimental duration. Thus, the

growth-related tumor size is irrelevant to metastatic potentials.

Second, the tiny microscopic tumor mass is not vascularized and

dissemination of cancer cells is mediated through the preexisting

surrounding host vasculatures. As various cellular components

are color-coded, interactions of cancer cells and fibroblasts can be

directly visualized at a single-cell level.

Our findings show that a majority of metastatic cancer cells in

the circulation and distal tissues remain tightly associated with

CAFs. These data imply that CAFs facilitate cancer metastasis at

several distinct steps of the metastatic cascade. First, CAFs are

crucially important for the initial intravasation of cancer cells into

the circulation. In support of this notion, we show that CAFs are

able to promote broad dissemination of cancer cells into the

circulation. Secondly, the CAF–tumor cell complex, although lack

of evidence, may be essential for extravasation to distal organs.

Indeed, a recent study shows that fibroblasts and mesenchymal

cells regulate cancer cell extravasation (31). This view was sup-

ported by several independent studies showing that metastatic

cancer cells carry their fibrotic soil with them to distal organs

(32–36). Thirdly, disseminated CAFsmay promote the formation

of initial metastatic niches and subsequent regrowth in distal

tissues and organs. Thus, CAFs play dynamic roles in promoting

cancer metastasis at different locations. One of the important

issues underlying advantages of the CAF–tumor cell complex for

dissemination is that the fibrotic cell type is the engine for

promoting dissemination. Implantation of CAFs alone without

cancer cells causes broad dissemination from the primary site

supports the fact that CAFs enforce cancer cellsmoving away from

Figure 5.

CAFs promote metastasis of squamous carcinoma, pancreatic cancer, and breast cancer. A and B, Micrographs of the trunk regions of zebrafish with metastatic

squamous carcinoma cells (SC) plus normal fibroblast (NF), squamous carcinoma (SC) plus PC-CAF, or SC plus CRC-CAF; PDACplus NF, PDACplus PC-CAF, or PDAC

plus CRC-CAF; breast cancer cells (BCa) plus NF, BCa plus PC-CAF, and plus CRC-CAF. Cancer cells were labeled with red color, and NFs or CAFs were labeled

with green color. After 72 hours postimplantation, dissemination of implanted cells was monitored. White arrowheads point to disseminated and metastatic

cancer cells, yellow arrowheads point to overlapping cancer cells and fibroblasts. C and E, Quantification of total number of metastatic tumor foci in the

trunk regions of zebrafish (SCþNF, n¼ 13 samples per group; SCþ PC-CAF, n¼ 6 samples per group; SCþ CRC-CAF, n¼ 10 samples per group; PDACþNF, n¼ 8

samples per group; PDACþ PC-CAF, n ¼ 7 samples per group; PDAC þ CRC-CAF, n ¼ 4 samples per group; BCaþ NF, n ¼ 25 samples per group; BCa þ PC-CAF,

n ¼ 6 samples per group; BCa þ CRC-CAF, n ¼ 16 samples per group). D and F, The percentage of TC-fibroblast double-positive metastatic foci in the trunk

regions of zebrafish (SCþNF, n¼ 13 samples per group; SCþPC-CAF, n¼6 samples per group; SCþCRC-CAF,n¼ 10 samples per group; PDACþNF, n¼ 8 samples

per group; PDAC þ PC-CAF, n ¼ 7 samples per group; PDAC þ CRC-CAF, n ¼ 4 samples per group; BCa þ NF, n ¼ 25 samples per group; BCa þ PC-CAF, n ¼ 6

samples per group; BCa þ CRC-CAF, n ¼ 16 samples per group). � , P < 0.05; �� , P < 0.01; ��� , P < 0.001 (mean � SEM, Student t test).
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their primary sites. Thus, ourfindings propose that thefibrotic soil

carry the seeds, but not the seeds carrying soil, to distal tissues and

organs. An extended view to clinical implications would be that

targeting the fibrotic component in solid tumors is crucial for

treatment of metastatic disease. Also, targeting fibroblasts at the

early stage of cancer development is crucial for preventing metas-

tasis. These important clinically related issues warrant further

investigation.

Although in-depth molecular mechanisms underlying fibro-

blast-mediated cancer metastasis need to be elucidated, we can

reasonably speculate several possibilities based on our findings.

Of great interest, PDGF-BB–stimulated fibroblasts express high

levels of IL-33 and its receptor ST2,whichhas been recently shown

topromote cancermetastasis (13). Expression of both ligands and

receptors in fibroblasts indicates the existence of an autocrine

loop for fibroblast activation. Thus, the IL-33–ST2 pathwaymight

be important for PDGF-BB–inducedmetastasis though activation

of CAFs. Another interesting possibility is that PDGF-BB is able to

promotemyofibroblast formation, which is also crucial for induc-

tion of an invasive phenotype (15). The third possibility is that

PDGF-BB induces chemokines particularly CCL5 that promotes

cancer cell invasion and metastasis. It is known that CCL5 med-

iates breast cancer metastasis through a tumor stromal mecha-

nism (37). Thus, sophisticated molecular mechanisms might be

involved in fibroblast-mediated cancer metastasis. Perhaps, each

fibroblast-stimulating factor, including members in the FGF,

PDGF, TGF-b, and HGF families, uses different but yet over-

lapping mechanisms for promoting cancer metastasis. This inter-

esting view warrants future studies.

Clinically, a frequently encountered situation is that the first

sign of cancer disease is metastasis without overt primary tumors

(38). In such a situation, the primary tumormay remain dormant

Figure 6.

Growth factor–stimulated fibroblasts promote HCC metastasis. A and B, Micrographs of zebrafish received coimplantation of HCC cells (red) and various

growth factor–stimulated normal fibroblasts (NFs; green). White arrowheads point to disseminated and metastatic cancer cells, yellow arrowheads point to

overlapping cancer cells and fibroblasts.C–F,Quantification of disseminated andmetastatic cells in the local regions and trunk regions of zebrafish (HCCþNF, n¼11

samples per group; HCCþNF-FGF-2, n¼ 14 samples per group; HCCþNF-HGF, n¼12 samples per group; HCCþNF-PDGF-BB, n¼8 samples per group; and HCCþ

NF-TGFb-1, n ¼ 10 samples per group). G, Volcano plot of metastasis-related genes by genome-wide expression profiling of PDGF-BB–stimulated fibroblasts

(n ¼ 3 samples per group). Top 3 most upregulated and downregulated genes are indicated. H, Heatmap of top 5 most up- and down-metastasis-related

genes (n ¼ 3 samples per group). � , P < 0.05; �� , P < 0.01; ��� , P < 0.001 (mean � SEM, Student t test). NS, not significant.
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and avascular and is unable to grow into a detectable mass.

However, tumor cells can be disseminated to the circulation and

subsequently spread to various tissues andorgans. In distal tissues

and organs, owing to environmental changes, metastatic tumor

cells can be vascularized and grow to a clinically detectable size.

Perhaps, infiltration of CAFs in these microscopic tumors plays a

determinant role in cancermetastasis. Indeed,metastasis occurs at

the early stage of pancreatic ductal adenocarcinoma (PDAC)

development and PDAC is one of the most fibrotic cancer types

of all cancers. Also, the amount of the fibrotic component is

reversely correlated with survival. In our experimental settings, a

mixture of cancer cells and CAFs were cocultured at a 3:1 ratio,

which is clinically relevant in some most common cancer types

such as lung cancer and PDAC. Taken together, our present work

provides a novel mechanistic insight into fibroblast-mediated

cancer metastasis. Targeting the fibrotic compartment would be

an important approach for cancer therapy.
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