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The tumor stroma has the capacity to drive cancer progression, although the mechanisms governing these effects
are incompletely understood. Recently, we reported that deletion of tissue inhibitor of metalloproteinases (Timps) in
fibroblasts unleashes the function of cancer-associated fibroblasts and identifies a novel mode of stromal–tumor
communication that activates key oncogenic pathways invoving Notch and ras homolog gene family, member A (RhoA)
via stromal exosomes.

Tumors are complex clusters of malig-
nant cancer cells that are embedded in vas-
culature and surrounded by a dynamic
tumor stroma consisting of various non-
malignant cells, such as cancer-associated
fibroblasts (CAFs) and immune cells, and
dense connective tissue.1 The local micro-
environment of a cancer cell plays an
important function during cancer progres-
sion, and the support of such niches can
promote cancer stem cell (CSC) subpopu-
lations. The loss of tumor suppressor
genes has been observed in tumor stroma
such as CAFs and is implicated in tumor
progression, but cell alterations that pro-
mote the carcinogenic niche have not
been well established. Understanding the
critical regulators of this stromal environ-
ment and their mechanism of action may
provide an untapped target for cancer
treatment.

The 4 members of the tissue inhibitor
of metalloproteinases (Timp) family con-
trol extracellular matrix (ECM) remodel-
ing and the cell surface protein landscape
through functional inhibition of several
classes of metalloproteinases including
MMPs (matrix metalloproteinases),
ADAMs (a disintegrin and metalloprotei-
nases), and ADAMTSs (a disintegrin and
metalloproteinases with thrombospondin
motifs). We have previously identified
TIMPs as critical regulators of several
pathways including tumor necrosis factor

(TNF), transforming growth factor-b
.TGF-b/, and epidermal growth factor
(EGF) signaling, which control immune
cell recruitment, matrix deposition, and
epithelial cell turnover.2 Each TIMP has
the capacity to inhibit several metallopro-
teinases; however, their unique expression
and localization patterns allow each TIMP
to regulate distinct cellular processes by
inhibiting these enzymes in specific tissue
compartments. TIMPs are predominantly
synthesized by the tissue stroma, but the
contribution of the TIMP–metalloprotei-
nase axis at the tumor–stromal interface is
not fully understood.

Recently, we generated quadruple
TIMP-deficient (TIMPless) fibroblasts to
unleash metalloproteinase activity within
the tumor–stromal compartment and
demonstrated that the complete loss of
Timps allows the acquisition of hallmark
CAF functions.3 Loss of Timp in fibro-
blasts elicits a myofibroblastic phenotype
that is associated with the conversion of
stromal fibroblasts into CAFs. Similar to
spontaneous human CAFs,4 TIMPless
fibroblasts promoted the growth and
angiogenesis of human cancer xenografts.
CAF-induced enhancement of cancer cell
motility is a crucial step in cancer metasta-
sis and it is notable that TIMPless fibro-
blasts enhance distant lung metastasis of
breast and lung cancer. Detailed analysis
revealed that increased metalloproteinase

activity is involved in the induction of this
activated fibroblast state, suggesting that
the balance between TIMPs and metallo-
proteinases regulates a CAF-like cell state.
Although previous work has described
fibroblast-derived soluble factors as
inducers of cancer progression, we uncov-
ered fibroblast-derived ADAM10-rich
exosomes as a vector for stromal–cancer
communication, which underpins the
enhanced migratory and metastatic capac-
ities of lung and breast cancer cells in our
system. It remains to be investigated
whether TIMPless fibroblasts play a simi-
lar function in other cancers such as pan-
creatic cancer, where the stromal
compartment is highly prominent but its
role remains controversial.

Exosomes are small membrane vesicles
(30–100 nm in size) that are derived
from luminal membranes of multi-vesicu-
lar bodies and are constitutively released
by endocytosis. Increased production of
exosomes by tumor cells has been associ-
ated with tumorigenesis and metastasis,5

but whether stromal cell-derived exo-
somes deliver oncogenic cargo is an open
question. TIMPless fibroblasts produce
proteomically distinct exosomes contain-
ing ADAM10, as well as Thy-1, Lysyl
oxidase homolog 2, and Tenascin C
(TNC). The ECM proteins TNC and
periostin are upregulated in human CAFs
and have attracted attention as factors
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that form a CSC or pre-metastatic
niche,6 and our analyses highlight the
requirement of exosomal ADAM10 for
fibroblast-mediated effects. ADAM10
maintains its proteolytic activity within
exosomes7 and inhibition of exosomal
ADAM10 suppressed the ability of
TIMPless exosomes to enhance breast
cancer cell migration, xenograft growth,
and metastasis.

Ectodomain shedding by ADAM10
activates Notch signaling, a pathway that
regulates multiple cellular processes includ-
ing stem cell maintenance, cell fate specifi-
cation, differentiation, and CSC
phenotypes. We found that ADAM10-rich
TIMPless exosomes induce Notch activa-
tion in cancer cells, possibly after incorpo-
ration. Furthermore, expression of CSC
markers was increased in TIMPless exo-
some-treated cancer cells in an ADAM10–
Notch-dependent manner. On the other
hand, exosome-induced cancer cell motility
was Notch-independent, and was accompa-
nied by activation of ras homolog gene fam-
ily, member A (RhoA) in TIMPless-

exosome treated cancer cells. As inducers of
actomyosin contraction and cell body trans-
location, RhoA and Rho-associated protein
kinase (ROCK) have been linked to inva-
sion and metastasis. Thus, the horizontal
transfer of ADAM10 from stroma to tumor
by exosomes stimulates tumorigenesis.

A mounting body of evidence has
revealed the existence of metalloprotei-
nases in exosomes,8 which may provide
a novel platform by which these pro-
teases induce ectodomain shedding.
Although some metalloproteinases are
proteolytically active in exosomes, the
biological functions of exosome-associ-
ated metalloproteinases and their clinical
implications are poorly understood. Our
study has advanced the understanding of
exosome-associated metalloproteinases as
a mode of stromal–cancer communica-
tion. Metalloproteinases such as MMP-9
have been shown to play a key role in
pre-metastatic niche formation,9 and
delivery via exosomes may contribute to
this and to the establishment of metasta-
sis-prone sites at tumor-distant organs.

In addition to the recent findings by
Luga et al. showing that fibroblast-secreted
exosomes mediate breast cancer metastasis
through wingless-type MMTV integration
site family (Wnt)-planar cell polarity sig-
naling,10 our findings strengthen a role for
fibroblast-derived exosomes in tumor pro-
gression. Taken together, tumor-promot-
ing exosomal cargo from activated
fibroblasts may create a specialized envi-
ronment that promotes the mobilization
of cancer cells in patients (Fig. 1).
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Figure 1. TIMP-deficient fibroblasts modify the tumor microenvironment to support tumor progression. Fibroblastic loss of the Timp family is sufficient
for the acquisition of hallmark CAF functions. TIMPless fibroblasts produce tumor-promoting exosomes, which induce expression of CSC markers in can-
cer cells through Notch activation in addition to increasing cancer cell motility through activation of RhoA via a disintegrin and metalloproteinase 10
(ADAM10) activity. TIMPless fibroblasts also contain various ECM proteins, which may provide a CSC-metastatic niche for cancer cells. ADAM, a disintegrin
and metalloproteinase; CAF, cancer-associated fibroblast; CSC, cancer stem cell; ECM, extracellular matrix; RhoA, ras homolog gene family, member A;
Timp, tissue inhibitor of metalloproteinases.

e975082-2 Volume 3 Issue 3Molecular & Cellular Oncology



Reference

1. Kalluri R, Zeisberg M. Fibroblasts in cancer. Nat Rev
Cancer 2006; 6:392-401; PMID:16572188; http://dx.
doi.org/10.1038/nrc1877

2. Khokha R, Murthy A, Weiss A. Metalloproteinases and
their natural inhibitors in inflammation and immunity.
Nat Rev Immunol 2013; 13:649-65;
PMID:23969736; http://dx.doi.org/10.1038/nri3499

3. Shimoda M, Principe S, Jackson HW, Luga V,
Fang H, Molyneux SD, Shao YW, Aiken A, Water-
house PD, Karamboulas C, Hess FM, et al. Loss of
the Timp gene family is sufficient for the acquisi-
tion of the CAF-like cell state. Nat Cell Biol 2014;
16:889-901; PMID:25150980; http://dx.doi.org/
10.1038/ncb3021

4. Shimoda M, Mellody K.T, Orimo A. Carcinoma-asso-
ciated fibroblasts are a rate-limiting determinant for
tumour progression. Semin Cell Dev Biol 2010; 21:19-

25; PMID:19857592; http://dx.doi.org/10.1016/j.
semcdb.2009.10.002

5. Principe S, Hui AB, Bruce J, Sinha A, Liu FF, Kislinger
T. Tumor-derived exosomes and microvesicles in head
and neck cancer: implications for tumor biology and
biomarker discovery. Proteomics 2013; 13:1608-23;
PMID:23505015; http://dx.doi.org/10.1002/
pmic.201200533

6. Malanchi I. Santamaria-Mart�ınez A, Susanto E,
Peng H, Lehr HA, Delaloye JF, Huelsken J. Inter-
actions between cancer stem cells and their niche
govern metastatic colonization. Nature 2012;
481:85-9; PMID:22158103; http://dx.doi.org/
10.1038/nature10694

7. Stoeck A, Keller S, Riedle S, Sanderson MP, Runz S, Le
Naour F, Gutwein P, Ludwig A, Rubinstein E, Altevogt
P. A role for exosomes in the constitutive and stimulus-
induced ectodomain cleavage of L1 and CD44.

Biochem J 2006; 393:609-18; PMID:16229685;
http://dx.doi.org/10.1042/BJ20051013

8. Shimoda M, Khokha R. Proteolytic factors in exo-
somes. Proteomics 2013; 13:1624-36;
PMID:23526769; http://dx.doi.org/10.1002/pmic.
201200458

9. Hiratsuka S, Nakamura K, Iwai S, Murakami M, Itoh
T, Kijima H, Shipley JM, Senior RM, Shibuya M.
MMP9 induction by vascular endothelial growth factor
receptor-1 is involved in lung-specific metastasis. Can-
cer Cell 2002; 2:289-300; PMID:12398893; http://dx.
doi.org/10.1016/S1535-6108(02)00153-8

10. Luga V, Zhang L, Viloria-Petit AM, Ogunjimi AA,
Inanlou MR, Chiu E, Buchanan M, Hosein AN, Basik
M, Wrana JL. Exosomes mediate stromal mobilization
of autocrine Wnt-PCP signaling in breast cancer cell
migration. Cell 2012:151, 1542-56; PMID:23260141;
http://dx.doi.org/10.1016/j.cell.2012.11.024

www.tandfonline.com e975082-3Molecular & Cellular Oncology


