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Simple Summary: The tumor microenvironment plays an important role in determining the biologi-
cal behavior of several of the more aggressive malignancies. Among the various cell types evident
in the tumor “field”, cancer-associated fibroblasts (CAFs) are a heterogenous collection of activated
fibroblasts secreting a wide repertoire of factors that regulate tumor development and progression,
inflammation, drug resistance, metastasis and recurrence. Insensitivity to chemotherapeutics and
metastatic spread are the major contributors to cancer patient mortality. This review discusses the
complex interactions between CAFs and the various populations of normal and neoplastic cells that
interact within the dynamic confines of the tumor microenvironment with a focus on the involved
pathways and genes.

Abstract: Cancer-associated fibroblasts (CAFs) are a heterogenous population of stromal cells found in
solid malignancies that coexist with the growing tumor mass and other immune/nonimmune cellular
elements. In certain neoplasms (e.g., desmoplastic tumors), CAFs are the prominent mesenchymal cell
type in the tumor microenvironment, where their presence and abundance signal a poor prognosis in
multiple cancers. CAFs play a major role in the progression of various malignancies by remodeling
the supporting stromal matrix into a dense, fibrotic structure while secreting factors that lead to the
acquisition of cancer stem-like characteristics and promoting tumor cell survival, reduced sensitivity
to chemotherapeutics, aggressive growth and metastasis. Tumors with high stromal fibrotic signatures
are more likely to be associated with drug resistance and eventual relapse. Clarifying the molecular
basis for such multidirectional crosstalk among the various normal and neoplastic cell types present
in the tumor microenvironment may yield novel targets and new opportunities for therapeutic
intervention. This review highlights the most recent concepts regarding the complexity of CAF
biology including CAF heterogeneity, functionality in drug resistance, contribution to a progressively
fibrotic tumor stroma, the involved signaling pathways and the participating genes.

Keywords: cancer-associated fibroblasts; tumor microenvironment; chemoresistance; SERPINE1;
fibrotic stroma; TGF-β; cancer progression

1. Cancer-Associated Fibroblasts: Biology of the Fibrotic Tumor Stroma

Molecular and functional heterogeneity among fibroblast subpopulations contribute
to the phenotypic complexity of the mesenchymal subsets evident in normal vs. inflamed
tissues, in adaptive as compared to maladaptive wound repair and in the tumor microenvi-
ronment (TME) (e.g., [1–3]). The composition of the peritumor milieu varies depending
on the specific malignancy but generally consists of a diverse complement of highly inter-
active resident and recruited cell types that coexist with the growing cancer in a hypoxic,
progressively fibrotic, stromal matrix [4]. Cancer-associated fibroblasts (CAFs) constitute a
significant fraction of the cellular repertoire of the TME engaging in a dynamic crosstalk
with cancer cells, infiltrating tumor-associated macrophages (TAMs) and other stromal
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elements [5–8]. CAFs and TAMs are the most abundant nonmalignant cell types in the
TME, particularly in aggressive desmoplastic tumors [9,10]. Cytokines produced by the
malignant epithelium likely recruit resident fibroblasts to a CAF precursor state and, ul-
timately, to a “mature” CAF. Various CAF subtypes, in turn, support tumor progression
and phenotypic transitions largely through paracrine signaling by secreted soluble factors
including members of the transforming growth factor-β (TGF-β), insulin-like growth factor
and interleukin families [7,11–13]. Such dialogue between CAFs and cancer stem cells
promotes cellular plasticity and tumor progression, maintenance of cancer cell stemness,
metabolic reprogramming, extracellular matrix (ECM) remodeling and metastasis [7,8].
Clarifying the critical pathways in the CAF–tumor interacting network may provide new
venues for therapeutic intervention [14].

The term “CAF” comprises a group of several fibroblast subgroups, each influencing
cancer progression somewhat differently depending on their spatial-mechanical properties,
degree of senescence and expression of key tumor-modulating factors (e.g., TGF-β) [15,16].
Such heterogeneity, made more evident by data obtained by single-cell RNAseq analysis
(reviewed in [3]), contributes to the uncertainty as to the specific cell type or types that
give rise to the CAF cohort or cohorts in various human malignancies. This likely reflects
the overall difficulty in defining a “fibroblast” since there are no unique biomarkers that
provide an unambiguous identification and strategies utilizing exclusion criteria may
underestimate the diversity in fibroblast origins [17,18]. Several additional confounders
complicate a precise molecular definition of CAF derivation. Among the most significant is
the absence of specific lineage tracing-adaptable Cre drivers for normal fibroblasts or their
CAF counterparts in mouse models of tumorigenesis and the realization that subsets of
fibroblasts differ as a function of tissue localization and mobilization state [8,18,19].

There are considerable similarities between the development of pathologic fibrosis
during injury repair and the emergence of a CAF-enriched tumor stroma, not the least of
which involves the engagement of both the canonical (SMAD-dependent) and noncanonical
(non-SMAD) arms of the TGF-β signaling network [3,15,20–25]. The growing appreciation
for the congruities between fibrotic and neoplastic diseases suggests that targeting com-
monalities may have shared therapeutic utility [20]. Indeed, TGF-β1 mobilizes the Rho
GTPase, mitogen-activated protein kinase, phosphoinositide-3-kinase and p53 pathways
and upregulates the Hippo effectors YAP (yes-associated protein) and TAZ (transcriptional
coactivator with PDZ-binding motif) (e.g., [20,26,27]). In vitro modeling confirmed that
TAZ is necessary for TGF-β1-mediated fibrogenesis and vector-driven TAZ synthesis mim-
ics aspects of the TGF-β1-induced phenotype including G2/M arrest and acquisition of a
profibrotic program [27]. TAZ is required for maximal TGF-β1-mediated expression of the
SMAD target gene encoding plasminogen activator inhibitor-1 (PAI-1), a potent profibrotic
clade E member of the serine protease inhibitor family (SERPINE1) [27–30], and a similar
involvement of YAP in TGF-β1-induced PAI-1 expression is evident in lung tumor cells [31].
KEGG analysis confirmed, moreover, that convergence of the TGF-β and Hippo signaling
pathways regulates transcription of the fibrosis-inducing connective tissue growth factor
(CTGF; CCN2) and SERPINE1 genes [32] (Figure 1). YAP knockdown effectively reduces
levels of both CCN2 and PAI-1 (SERPINE1), while introduction of the constitutively active
YAPS127A construct increases PAI-1 expression in immortalized cell lines [33]. Although
the underlying mechanisms remain to be determined, it is apparent that YAP/TAZ do not
alter the rate of SMAD nuclear import or exit nor impact SMAD phosphorylation but may
regulate SMAD nuclear levels by functioning, directly or indirectly, as retention factors
and/or by altering TGF-βR activity. It is apparent, moreover, that YAP and TAZ integrate
bidirectional responses between tumor and stromal cells functioning, thereby, as signaling
hubs, perhaps as a consequence of increasing cellular tensile forces as well as the changing
mechanical properties (i.e., progressive stiffening) of the TME [24,34,35].
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Figure 1. KEGG Pathway map illustrating crosstalk between the TGF-β1 and the Hippo pathways 
leading to expression of the profibrotic SERPINE1 (PAI-1) and CCN2 (CTGF) genes. TGF-β1 acti-
vates a canonical signaling network involving SMAD2/3-dependent transcription of SERPINE1 and 
CCN2. Noncanonical pathway engagement in response to TGF-β1 (e.g., Hippo) stimulates 
YAP/TAZ activation and nuclear translocation that cooperate with the TGF-βR-phosphorylated 
SMAD2/3 transcriptional effectors and the shuttle SMAD4 to induce high-level SERPINE1 (PAI-1) 
and CCN2 (CTGF) expression. Adapted from the KEGG integrated database [36]. 

2. CAF Functional Complexity 
Single-cell RNAseq studies identified five to seven fibroblast subtypes and several sub-

populations just in the cutaneous compartment [37,38]. Functionally distinct disease-as-
sociated fibroblast subsets, moreover, can be found in a number of relatively common 
inflammatory disorders as well as in bleomycin-induced pulmonary fibrosis [39–41]. A 
similar diversity is evident in the tumor-associated fibroblastoid population (reviewed in 
[3]) with CAF plasticity, molecular variants and their individual pathophysiologic fea-
tures contributing to tumor progression and chemoresistance [2,15,19,42,43]. CAFs secrete 
proinflammatory, growth- and immune-regulating cytokines, senescence-associated fac-
tors and ECM elements that collectively promote aggressive behavior, an attenuated re-
sponse to therapy, and increased tumor cell survival and proliferation [2,3,8,13,44–48]. 
CAFs circumvent tumor chemo-/radiosensitivity by elevating DNA repair capacities and 
expression of antioxidants as well as multidrug resistance factors implicating CAFs as 
“abettors” of tumor progression [48,49]. CAFs in the renal TME, for example, express ele-
vated levels of tryptophan 2,3-dioxygenase, which stimulates kynurenine secretion, lead-
ing to the upregulation of the aromatic hydrocarbon receptor and subsequent AKT/STAT3 
pathway activation [50]. This directly impacts renal tumor progression as AKT inhibition 

Figure 1. KEGG Pathway map illustrating crosstalk between the TGF-β1 and the Hippo pathways
leading to expression of the profibrotic SERPINE1 (PAI-1) and CCN2 (CTGF) genes. TGF-β1 acti-
vates a canonical signaling network involving SMAD2/3-dependent transcription of SERPINE1 and
CCN2. Noncanonical pathway engagement in response to TGF-β1 (e.g., Hippo) stimulates YAP/TAZ
activation and nuclear translocation that cooperate with the TGF-βR-phosphorylated SMAD2/3
transcriptional effectors and the shuttle SMAD4 to induce high-level SERPINE1 (PAI-1) and CCN2
(CTGF) expression. Adapted from the KEGG integrated database [36].

2. CAF Functional Complexity

Single-cell RNAseq studies identified five to seven fibroblast subtypes and several
subpopulations just in the cutaneous compartment [37,38]. Functionally distinct disease-
associated fibroblast subsets, moreover, can be found in a number of relatively common
inflammatory disorders as well as in bleomycin-induced pulmonary fibrosis [39–41]. A
similar diversity is evident in the tumor-associated fibroblastoid population (reviewed
in [3]) with CAF plasticity, molecular variants and their individual pathophysiologic fea-
tures contributing to tumor progression and chemoresistance [2,15,19,42,43]. CAFs secrete
proinflammatory, growth- and immune-regulating cytokines, senescence-associated factors
and ECM elements that collectively promote aggressive behavior, an attenuated response to
therapy, and increased tumor cell survival and proliferation [2,3,8,13,44–48]. CAFs circum-
vent tumor chemo-/radiosensitivity by elevating DNA repair capacities and expression of
antioxidants as well as multidrug resistance factors implicating CAFs as “abettors” of tumor
progression [48,49]. CAFs in the renal TME, for example, express elevated levels of trypto-
phan 2,3-dioxygenase, which stimulates kynurenine secretion, leading to the upregulation
of the aromatic hydrocarbon receptor and subsequent AKT/STAT3 pathway activation [50].
This directly impacts renal tumor progression as AKT inhibition attenuates tumor cell
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proliferation, while interference with STAT3 signaling blunts kynurenine-induced drug
resistance and carcinoma cell migration.

Although several factors serve as fibroblast activators, members of the TGF-β and in-
terleukin cytokine superfamilies are, perhaps, the predominant contributors to the creation
of the highly fibrotic desmoplastic tumor stroma while also promoting cell migration and
tissue invasion [20,23,51–55]. TGF-β signaling regulates both positively and negatively the
core elements in the diverse repertoire of fibroblast functions [56]. TGF-β1 governs the
myofibroblastic differentiation of vascular pericytes, resident fibroblasts and other TME
cellular lineages while coordinating a program of pathologic ECM synthesis, increased
tensional force and advancing fibrosis [20,57–59]. Secretion of TGF-β1 by CAFs also initi-
ates a plastic response in neighboring cancer cells [13]. There is a clear inter-relationship
among chronic inflammation, progressive tissue fibrosis and metastatic dissemination,
particularly for malignancies of the head and neck, lung, pancreas, ovary, breast and colon
with CAF-derived TGF-β as a major contributor to cancer stem cell self-renewal, tissue
invasion and distal spread [54,60,61]. These particular tumors frequently exhibit a robust
desmoplastic reaction typified by a marked accumulation of ECM with abundant num-
bers of embedded CAFs [62]. This dense fibrotic stroma increases matrix stiffness, which
promotes an epithelial-to-mesenchymal transition (EMT) in cancer cells, more aggressive
behavior and a poor prognosis [63–68]. Matrix stiffness, in fact, negatively correlates with
the response to paclitaxel in several cell lines and in pancreatic ductal adenocarcinoma
(PDAC), while increased environmental tension significantly decreases tumor sensitivity to
gemcitabine [69–71].

CAFs mechanically contract the ECM; the resulting enhanced tension is communicated
to neoplastic cells via integrin-mediated mechanotransduction [64,72,73]. CAFs utilize
Rho-dependent signaling to reorganize the tumor matrix and create fibronectin-, collagen-
and tenascin-C-rich guidance tracks to promote migration [74,75]. The leading cell in this
motile cohort is usually a fibroblast that, unlike the follower tumor cells, employs Rho-
ROCK signaling and protease-mediated stromal remodeling to effectively direct carcinoma
invasion [74,76].

Spatial heterogeneity is also evident among CAF subtypes [77,78]. In PDAC, at
least two different CAF phenotypes, defined based on expression of α-SMA and IL-6,
are evident in specific regions in the tumor mass [79]. Depending on their location (i.e.,
the fibrotic and hypoxic center vs. peripheral areas), CAFs may be exposed to distinct
environmental conditions (e.g., varying oxygen and nutrient levels, progressive changes
in matrix tension) that will either alter or sustain a specific phenotype. A more matrix-
secreting, high-α-SMA and low-cytokine (e.g., IL-6, IL-11)-expressing CAF population
is enriched in the peripheral areas, while inflammatory-type CAFs (high IL-6 and IL-11,
low α-SMA) are found in the fibrotic center [79]. CAF IL-6 expression is upregulated in
response to IL-1 secreted by malignant cells, whereas production of TGF-β (by tumor
cells) downregulates CAF surface IL-1R, favoring increased matrix secretion by this CAF
subtype [80]. Targeting this loop may have clinical utility. Indeed, elevated levels of IL-6 in
pancreatic stellate cells activate the JAK/STAT pathway and stimulate growth in PDAC [79].
Similarly, coculture of mouse pancreatic tumor organoids with IL-6-expressing pancreatic
stellate cells significantly enhanced cancer cell growth, whereas IL-6-deficient stellate cells
failed to support extended tumor survival [79]. Clarifying the impact of the dynamic
CAF environment on tumor growth and metastasis may inform novel treatment strategies
targeting specific CAF populations.

3. Heterotypic Spheroids: A Specialized CAF–Tumor Microenvironment

While solid tumors in most human malignancies disseminate via the vascular and
lymphatic systems, ovarian and gastrointestinal neoplasms metastasize by means of a
transcoelomic route [81]. In ovarian cancer (OVCA), EMT-induced loss of cellular cohesion
facilitates a “shedding” event whereby certain tumor cells leave the primary lesion to seed
throughout the peritoneal cavity [82]. When such shedding occurs, tumor cells initially lose
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their original ECM and/or cell-to-cell attachments, creating an elevated risk for anoikis and
subsequent apoptosis [83]. As a protective mechanism, disseminated OVCA cells cluster
in the peritoneal fluid where they form heterotypic aggregates or spheroid-like structures
composed of tumor cells and modified stromal cells including CAFs, TAMs, adipocytes
and mesothelial cells [84,85]. These multicellular aggregates provide a unique opportunity
to assess the contribution of the component cell types to the acquisition of a progressively
malignant phenotype.

The isolation of tumor spheroids from OVCA patients with metastatic ascites led to
the identification of two subgroups, highly heterotypic and multicellular spheroids, which
have a greater metastatic potential than those with no or low numbers of incorporated
stromal cells [86]. The various elements within these heterotypic spheroids synthesize ECM
proteins that provide the tumor cells with an initial primitive fibronectin–collagen-rich
matrix and, thus, additional adhesion-based prosurvival signals. Indeed, upregulation
of >700 genes was evident in heterotypic spheroids compared to <30 genes in spheroids
formed with OVCA cells alone [86]. The most upregulated include LRP1 (a signaling
receptor for PAI-1) [87], uPAR (uPA receptor and a signaling mediator for PAI-1) [88] and
PAI-1 itself. These structured niches are more than just havens that facilitate tumor viability.
There is growing evidence that heterotypic spheroids in OVCA ascites are highly malignant
and increase cancer cell proliferation as well as the overall metastatic burden and are an
important conduit for the development of chemoresistance [89–92]. These heterocellular
aggregate structures are designated “metastatic units” because of their unique contributions
to tumor spread within the peritoneal cavity and construction of the metastatic niche [86].
Indeed, recent transcriptomic, epigenomic, mass spectroscopy, spatial transcriptomic and
multiplexed imaging approaches, at both the bulk tumor and single-cell levels, clarified the
complexity of the cellular interactions in the ovarian tumor microenvironment underlying
development of resistance to chemotherapy (e.g., [93–95]).

While heterotypic intraperitoneal spheroids are drivers of transcoelomic metastasis in
high-grade aggressive ovarian cancers [96,97], more current studies identified the critical
cellular component in this process as a subpopulation of CAFs (CAFshighα5) that express
elevated levels of integrin α5 (ITGA5). ITGA5 recognizes a corresponding β1 integrin
subunit (ITGB1), also upregulated in spheroids from patient ascites [98], to form the func-
tional α5β1 heterodimer. CAFshighα5 promote tumor cell interaction with the provisional
fibronectin–collagen matrix, and α5β1 is involved in spheroid maintenance [86] since
targeting heterotypic spheroids, constructed with OVCA cell lines and mesothelial cells,
with ITGB1-specific antibodies or ITGB1 siRNA resulted in a loss of spheroid integrity
in vitro [98]. Crosstalk between OVCA cells and CAFshighα5, moreover, leads to secretion
of EGF, which initiates a bidirectional paracrine loop and subsequent increase in tumor cell
ITGA5, further stabilizing tumor–stroma interactions [86,99]. Embedded CAFs release EGF,
stimulating EGFR-positive cancer cells to produce TGF-β. TGF-β, in turn, further activates
fibroblasts to provide tumor prosurvival signals, including elevated expression of ITGA5,
while promoting ECM production [92] and upregulation of EGF to maintain persistence of
the signaling loop. The relevance of this complex system is highlighted by the findings that
inhibition of fibronectin/ITGA5 binding, or interrupting the EGF/EGFR axis, decreases
the number of stable spheroids and attenuates OVCA dissemination/invasion in vitro [86]
while pharmacologic blockade of the EGF signaling pathway attenuates spheroid formation
and OVCA progression in vivo [100].

Cooperation between CAFshighα5 and TAMs appears to drive heterotypic spheroid
formation and transcoelomic metastasis and both, together with resident cancer stem cells,
may contribute to disease recurrence and chemoresistance [101]. Clinical data indicate that
elevated expression of ITGA5 correlates with poor outcomes [102], although administration
of selective ITGA5 antibodies to patients with later-stage disease failed to provide any
protective effect in a phase I pharmacokinetic study [103]. Depletion of CAFs using a
PDGFR inhibitor (imatinib) and targeting TAMs (with liposome clodronate), however,
disrupted heterotypic spheroids and reduced the overall peritoneal tumor burden in
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OVCA-implanted mice [86]. This strategy may have clinical significance in solid cancers as
well since elimination of CAFs in lung tumors [104] and PDAC [105] decreased metastatic
burden; although for PDAC, this is controversial since, in one report, CAF ablation led to
the development of invasive, undifferentiated tumors [106].

4. CAFs Confer Resistance to Chemotherapy

Interactions between tumors and CAF subpopulations occur at several levels and may
have therapeutic implications [14]. Malignant cells direct resident CAFs to express a fibrotic,
protumorigenic and niche-forming genetic program. These newly acquired ECM remodel-
ing capabilities likely contribute to the initiation and maintenance of cancer stemness and,
in turn, the development of resistance to conventional therapies [68]. Indeed, CAFs play an
active and integral role in the development of a drug-resistant phenotype [10,17,107,108].
Coculture of PDAC spheroids with pancreatic stellate cells, for example, increases tumor
invasion, ECM remodeling, invadopodia formation, cell plasticity and drug resistance [109].
The involved mechanisms, however, are varied and appear to be both shared as well as
exhibit some tumor-type specificity. In highly fibrotic tumors, the intense desmoplastic
response, driven in large part by CAFs and TAMs, creates a dense ECM barrier that limits
effective drug delivery. The development of a progressively noncompliant fibrotic stroma
reduces the chemotherapeutic efficiency of epirubicin, cyclophosphamide and doxoru-
bicin in breast cancer patients [110,111]. Stratification of ovarian malignancies into two
subgroups, fibrotic and nonfibrotic, by transcriptome-based approaches, moreover, con-
firmed that patients with fibrotic signature tumors exhibited significantly shorter overall
survival times [112]. This appears to be due, in large part, to the activation of pathways
that regulate tumor cell viability and aggressive behavior. Indeed, stromal nicotinamide
N-methyltransferase (NNMT) is necessary and sufficient for CAF function (i.e., expression
of CAF biomarkers, cytokine secretion, deposition of an oncogenic ECM [113]) in high-
grade serous carcinoma [114]. Elevated NNMT expression defined, in part, the metastatic
stromal proteome and supports ovarian cancer proliferation, migration and distal spread.
CAFs also protect pancreatic cancer cells from gemcitabine-induced apoptosis through
a NF-κB→IL-1β→IL-1R/associated kinase-4 (IRAK4) pathway; inhibition of IL-1β, or
knockdown of IRAK4, dramatically augment gemcitabine chemosensitivity [115]. IL-6
secretion by esophageal squamous cell carcinoma (ESCC) CAFs, furthermore, increases
upon coculture with tumor cells, activating STAT3/NF-κB signaling leading to an induction
in CXCR7 expression enhancing chemoresistance to cisplatin [116]. Such drug-induced
CAF modulation may be more common than currently appreciated. Gastric cancer cells
are protected from chemotherapy-induced cell apoptosis through a CAF-activated IL-
6→JAK/STAT3 pathway [117] but only when CAFs are cocultured with gastric tumor
cells previously exposed to chemotherapeutics suggesting a drug-dependent mechanism
of therapy resistance [117]. Incubation of bladder cancer cells with cisplatin, moreover,
increases the transition rate of normal fibroblasts into chronically activated CAFs in the
TME. Finally, cisplatin increases expression of PAI-1 by ESCC CAFs leading to an increase
in tumor growth and development of chemoresistance [118]. It appears that some drugs
commonly used in cancer treatment can have the untoward consequence of engaging new
pathways in CAFs that contribute to tumor cell survival, self-renewal and chemoresistance.

It has become apparent, moreover, that multiple CAF-derived cytokines give rise
to drug insensitivity perhaps as a function of tumor type. Early studies indicated that
conditioned medium (CM) from cultured CAFs imposes enhanced chemoresistance in
various malignancies including non-small cell lung cancer (NSCLC) [119–121]. CM from
cultured CAFs also protect OVCA cells from cisplatin-induced apoptosis [122]; CAF-CM
activates STAT3 signaling while increasing expression of the anti-apoptotic protein Bcl-2, a
downstream target of STAT3 [123]. The clinical relevance of these findings is highlighted
by the fact that inhibition of STAT3 phosphorylation reduces Bcl-2 expression and elimi-
nates the protective effect of CAF-CM on OVCA cells to cisplatin-induced apoptosis [122].
There is abundant evidence implicating individual cytokines (IGFs, interleukins, TGF-β)
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in acquired chemoresistance. IGF-1 and IGF-2 synthesis by PDAC CAFs confers reduced
responsiveness to gemcitabine and paclitaxel in murine models. Treatment of mice with
li-gand-blocking IGF antibodies reduced the pool of activated IGF receptors and, in combi-
nation with gemcitabine, significantly increased caspase-3 cleavage and the rate of tumor
cell death [124]. Gastric cancer CAFs mobilize the PI3K/AKT signaling pathway by pro-
duction of IL-8, resulting in activation of NF-κB and insensitivity to cisplatin [125]. IL-6
and IL-8 secretion by CAFs in breast cancer appears causative in the generation of resis-
tance to chemotherapy as knockdown of both cytokines re-established drug sensitivity
to paclitaxel and doxorubicin [126]. Paracrine interaction between bladder cancer cells
and CAFs stimulates synthesis of IGF-1 by tumor cells, upregulating ERβ via an activated
IGF-1/IGF-R/AKT/c-Jun signaling axis resulting in an increase in Bcl-2. Silencing ERβ
or blocking IGF-1 activity reversed Bcl-2 expression and significantly decreased CAF-
promoted resistance to cisplatin in vitro and in vivo [127]. Secretion of IL-6, CXCL1 and
the prostaglandin-regulating enzyme COX-2 by stromal CAFs promotes tumor growth in
breast and ovarian cancer [128]. Expression of TGF-β by ESCC CAFs, furthermore, confers
resistance to multiple chemotherapeutics (cisplatin, carboplatin, docetaxel) [129]. While the
various functions of TGF-β in the TME were discussed previously (e.g., [20,130]), analysis
of the Protein–Protein Interaction (PPI) network implicated CTGF (CNN2), IGF-1, BMP2,
MMP13, TGF-β3, MMP3 and SERPINE1 (PAI-1) as major hub genes in the TGF-β-induced
differentiation of human mesenchymal stem cells [131]. The protumorigenic actions of
TGF-β likely involve the coordination of multiple signaling pathways in both CAF and
non-CAF target cells within the TME. TGF-β signaling engages the EGFR, PDGFR, ERK and
AKT/STAT pathways to stimulate cell migration (e.g., Figure 2) as well as activate alternate
tumor survival pathways (e.g., elevated expression of the ABC multidrug transporters),
resulting in suppression of apoptosis [130].
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Figure 2. TGF-β1 requires EGFR and ERK signaling to promote a migratory phenotype. Confluent
monolayers of T2 epithelial cells were scrape-injured prior to addition of serum-free medium (0%) or
serum-free medium containing EGF (10 ng/mL) or TGF-β1 (1 ng/mL) with or without the EGFR
kinase inhibitor AG1478 or the MEK1/2 inhibitor U0126. While ERK1/2 are required signaling
effectors in TGF-β1-stimulated cell migration [132], TGF-β1 also transactivates the EGFR, likely
upstream of MEK/ERK engagement, as part of the cellular motile program [133,134]. Pharmacological
blockade with AG1478 or U0126 effectively mitigated both EGF- and TGF-β1-stimulated motility.
These same pathways are involved in TGF-β1-induced expression of the promigratory SERPIN
PAI-1. Modified from [132–135]. Data plotted are the mean ± SD of 3 independent experiments.
Asterisks = p < 0.001.
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5. CAF-Derived PAI-1 as a Poor Prognosis Biomarker

The clade E member 1 serine protease inhibitor SERPINE1, also known as plasminogen
activator inhibitor-1 (PAI-1), is a potent negative regulator of the pericellular proteolytic
cascade [3,136,137]. High tumor PAI-1 levels (z-score >2) are constantly prognostic for
poor disease outcomes and shorter disease-free survival in various malignancies [138–141],
such as node-negative breast cancer, ovarian serous carcinoma, glioblastoma, renal clear
cell carcinoma and gastric cancer as well as head and neck squamous cell carcinoma
(HNSCC) [142–146]. PAI-1 expression in the TME is regulated by growth factors, cytokines
and hormones including EGF [147–149] and TGF-β [150–155] via different, perhaps tumor-
specific, pathways. In glioblastomas, EGF signals through c-SRC/PKC-δ/sphingosine
kinase-1 [156], whereas in breast cancer and OVCA EGF signaling is mediated via NF-κB
and ELK1 [157,158]. TGF-β1 also stimulates interaction between phosphorylated receptor
SMADs and p53, resulting in the formation of SMAD/p53 transcriptional complexes
to activate TGF-β1 target genes [159–161], but may also synergize with glucocorticoids
(dexamethasone) and the p38MAPK/ERK1/2/SMAD2/3 pathways in OVCA [162]. EGF
and TGF-β1 function cooperatively, moreover, to create an aggressive phenotype with
upregulation of PAI-1 expression in human cutaneous squamous cell carcinoma [163,164].

SERPINE1 is a member of the validated five-member EMT- or plasticity-related prog-
nostic gene set in gastric cancer and the six-gene signature that accurately predicts reduced
overall survival in patients with HNSCC, where it partitions to the aggressive tumor sig-
nature subset, indicative of poor prognosis and higher risk score. SERPINE1 is generally
classified as a hub or core gene in a wide spectrum of cancer types [50,118,141,146,165–183].
For many of the poor outcome cancers, identification of SERPINE1 in the complement of
hub or signature genes is a strong indicator of reduced patient survival [141,184–189]. Fur-
thermore, hypoxia is a characteristic of many solid tumors and, in several cancers, a hypoxic
TME is associated with patient mortality [115,190]. SERPINE1 is highly upregulated in such
tumors, likely via recognition of hypoxia response elements in the SERPINE1 promoter
by HIF-1α and HIF-2α, where it serves as a prognostic hypoxia-associated hub gene [190].
Cytoscape profiling, moreover, similarly implicates SERPINE1 as a major core gene in the
genomic program of tissue fibrosis, where it modulates focalized uPA/uPAR-dependent
pericellular proteolysis and functions as a signaling activator for LRP1. String Protein–
Protein Interaction Network and Gene Ontology analyses confirmed the cooperative role
of SERPINE1 and TGF-β1 in the global process of normal and maladaptive (fibrotic) repair;
both significantly contribute to the desmoplastic reaction and subsequent enhanced tissue
stiffness [32]. This stromal barrier, and the associated increase in interstitial fluid, attenuates
the effective delivery of chemotherapeutics to the TME (e.g., [7,191]).

While many cell types in the TME produce PAI-1, CAFs are a prominent source of PAI-
1 expression in esophageal malignancies [168]. There is also a strong positive correlation
between CAF α-SMA and PAI-1 colocalization in human lung adenocarcinoma [192], and
PAI-1 distributes to α-SMA-positive fibroblastoid cells at the invasive margins and stroma-
enriched regions in cutaneous squamous cell carcinomas (Figure 3). Since the transition
of fibroblasts into CAFs can take different routes, resulting in a diverse group of CAF
subtypes, the myofibroblastoid phenotype (α-SMAhigh/PAI-1high) is likely involved in the
development of chemotherapeutic resistance in cancer cells [162] and/or acquisition of a
more aggressive, invasive phenotype [164]. The role of PAI-1 in this process may be more
pivotal than previously appreciated. PAI-1 is, in fact, a prominent member of the activated
fibroblast gene signature in bleomycin-induced pulmonary fibrosis as well as in serum-
stimulated human fibroblasts, and the small-molecule PAI-1 inhibitor SK-216 mitigates
TGF-β1-induced myofibroblast differentiation and lung fibrosis [41,193,194]. Similarly,
SK-216 dose-dependently attenuates TGF-β-induced expression of α-SMA in both the MLF
and MRC-5 lines of human fibroblasts, as well as in CAFs isolated from pleural effusions
from lung cancer patients, while reducing CAF viability [192,195,196]. siRNA-mediated
PAI-1 knockdown generated a similar result. Collectively, these data suggest that PAI-1
may be a downstream effector of TGF-β1-induced myofibroblast differentiation and the



Cancers 2022, 14, 1231 9 of 29

profibrotic genetic program [194]. Notably, proliferation of lung cancer cells cocultured with
CAFs significantly increased compared to tumor cells cultured without CAFs; moreover,
the apoptotic effect of cisplatin on lung cancer cells cocultured with CAFs is markedly
attenuated compared to cells cultured without CAFs [192]. In contrast, incubation of
CAFs with SK-216 diminishes CAF α-SMA expression and restores the apoptotic response
of CAFs and lung tumor cells to cisplatin. These findings suggest that pharmacologic
inhibition of PAI-1 limits drug resistance, perhaps by suppressing the myofibroblastic
characteristics of CAFs, and that the PAI-1 functional blockade may be one approach to
enhance the efficacy of cisplatin-based chemotherapy in lung cancer cells [192].
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Figure 3. Immunohistochemical localization of PAI-1 (red) and α-smooth muscle cell actin (green)
in early invasive cutaneous squamous cell carcinoma (SCC). PAI-1-positive cells are evident at the
tumor invasive margins (thin arrows in left and top-right panels), in large fibroblastoid elements
(barbed arrowheads, top-right panel) and in complex stromal–cellular PAI-1 aggregates (large arrows,
top-right panel). Examples of significant colocalization of PAI-1- and α-smooth muscle cell actin
(α-SMA)-positive fibroblastoid cells (barbed arrowheads, top- and bottom-right panels, respectively)
is depicted. Barbed arrows indicate PAI-1/α-SMA expression in cells at the tumor periphery, while
arrow heads depict PAI-1/α-SMA in the stroma. Asterisks identify vascular structures (in top- and
bottom-right panels). Modified from [163].
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6. The CAF/PAI-1 Axis in the Tumor Immune Response

Consistent with the growing appreciation for the complex roles of PAI-1 in cancer
biology, which transcend the classic roles of control of thrombosis and fibrinolysis, this
SERPIN also regulates the immune response in several malignancies. Immunosuppression
in the TME is crucial for accelerated tumor growth and disease progression and, in this
regard, PAI-1 effectively modulates the immune environment in NSCLC by promoting
expression of TGF-β through an IL-6-dependent pathway, as well as the TAM-associated
chemo-/cytokines CCL-17, CCL-22 and IL-6 [197]. In an immunosuppressive feed-forward
loop, PAI-1 activates the NF-κB→IL-6→STAT3 pathway in TAMs, leading to enhanced
TGF-β signaling and subsequently increasing PAI-1 secretion. PAI-1 decreases the num-
ber of tumor-infiltrating lymphocytes while stimulating PD-L1 endocytosis in melanoma
cells, negatively impacting, thereby, the effectiveness of anti-PD1 antibody immune ther-
apy [198,199].

Analysis of the interplay between hepatocellular carcinoma cells, hepatic stellate cells,
CAFs and immune cells established a more complex role for PAI-1 in tumor progression. In
this context, liver tumor cells escalate the transition of stellate cells into CAFs and both CAFs
and hepatoma cells polarize local TAMs to M2-type macrophages [200]. It appears, more-
over, that PAI-1 promotes recruitment and M2 polarization of monocytes/macrophages via
different functional domains in the PAI-1 molecule with the LRP1 interaction region facili-
tating macrophage migration and the uPA recognition domain involved in M2 polarization
through a p38→NF-kB→IL-6→STAT3 pathway [201]. Tumor-derived PAI-1 expression is
clearly associated, thereby, with increased tumorigenicity, M2 macrophage density and
elevated STAT3 signaling, suggesting one possible mechanism for the protumorigenic role
for this SERPIN. Moreover, while both CAF- and carcinoma-induced macrophage popu-
lations increase the proliferative and metastatic capabilities of hepatocellular carcinoma
cells, only the CAF-induced TAMs significantly upregulate PAI-1 expression, which di-
rectly correlates with elevated CXCL12 secretion by CAFs; these responses were abolished
by CXCL12-specific inhibitory antibodies. Although CXCL12 stimulates PAI-1 transcript
expression through the CXCR4 receptor in astroglioma [202], PAI-1 upregulates CXCR4
in CAF-induced TAMs while increasing malignant traits in hepatic tumor cells. PAI-1
functional disruption with the small-molecule inhibitor Tiplaxtinin [203] attenuates the
TAM-promoting effects on proliferation, migration and invasion in CAF-induced, but not
liver-tumor-cell-induced, TAMs.

7. Role of PAI-1 and the CAF/PAI-1 Axis in Tumor Survival and Cell Migration

The PI3K/AKT signaling pathway is a key effector of tumor progression [204–208]
and a promising therapeutic target for anticancer therapy (as reviewed in [209]). Al-though
the underlying mechanisms may be cell-type-dependent, CAF-associated PAI-1 activates
AKT and ERK1/2 via LRP1 signaling stimulating, thereby, squamous cell car-cinoma and
macrophage migration and invasive behavior [168]. While ERK1/2 are required signaling
effectors in the TGF-β1-induced program of cell migration, other pathways (e.g., EGFR)
appear to be involved as well (Figure 2). The complexities of signal integration and the
placement of AKT relative to the engagement of the EGFR and MEK/ERK pathways in
TGF-β1-dependent cell motility remain to be determined. Expression of PAI-1, moreover,
is both induced and regulated by the PI3K/AKT network [210,211], and increased PAI-
1 levels activate the PI3K/AKT survival pathway [212]. Exposure of PAI-1-expressing
wild-type (WT) or PAI-1-deficient murine fibrosarcoma cells to etoposide confirmed that
WT cells are more resistant to drug-induced apoptosis compared to the more sensitive
PAI-1-deficient cells, which exhibit a significant downregulation in PI3K/AKT activity.
Incubation of PAI-1-expressing WT fibrosarcoma cells with inhibitors to PI3K (Ly294002) or
AKT (Akt inhibitor VIII) restores sensitivity to etoposide-induced cell death [212]. Further
highlighting the role of PAI-1 in this process, introduction of a PAI-1 expression construct
into PAI-1-gene-deficient cells increases both AKT activity and protection against drug
treatment, whereas siRNA knockdown of PAI-1 in WT fibrosarcoma cells reduces AKT
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activity and induces sensitivity to etoposide [212]. These findings are consistent with the
significant increase in pAKT levels in cells genetically engineered to overexpress PAI-1 and
the induction of both AKT and ERK1/2 phosphorylation in response to exogenous delivery
of recombinant PAI-1 protein to serum-starved cells (Figure 4). Recently, a novel PAI-1
inhibitor, ACT001, currently in phase I clinical trials for glioblastoma treatment, attenuated
phosphorylation of PI3K and its downstream target AKT, inhibiting U118MG proliferation,
migration, invasion and metastasis while triggering a pro-apoptotic response [213,214].
Importantly, similar results accompanied siRNA-induced PAI-1 knockdown. Furthermore,
ACT001, when applied together with cisplatin, synergistically mitigated U118MG cell
migration and invasion as well as PI3K/AKT phosphorylation, significantly reducing, via
enhanced apoptosis, tumor weight and size in an in vivo xenograft model [214]. Elevated
expression of PAI-1, therefore, may support tumor growth and cisplatin resistance in glioma
cells through the PI3K/AKT pathway and, perhaps more importantly, it appears that PAI-1
is a druggable target, at least in glioblastoma.
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Figure 4. Vector-driven expression and exogenous addition of recombinant PAI-1 protein stimulates
AKT and ERK1/2 phosphorylation. A pEGFP-1-based expression construct, in which a chimeric
transcript consisting of 1.3 kb of human PAI-1 coding sequences and GFP is transcribed under the
control of a 0.8 kb PAI-1 promoter segment, was transfected into R22 cells and stable expressing
clones selected (A). pAKT levels in chimera transfectants were 6- to 8-fold those of GFP-only vector
controls (B). Addition of recombinant PAI-1 (20–40 nM) to serum-starved cells induces a rapid (within
30 min) and transient increase in AKT (C,D) and ERK1/2 (E) phosphorylation. Asterisks = p < 0.001;
Modified from [215].

While the mechanisms are unclear, the available data suggest that the anti-apoptotic ac-
tion of PAI-1 plays a crucial role in drug resistance in multiple cancers, likely involving acti-
vation of the PI3K/AKT or ERK1/2 signaling pathways, suppression of plasmin generation
or caspase-3 activity or regulation of vitronectin-mediated cell adhesion [139,143,216,217].
It appears, moreover, that the PAI-1-mediated rescue from spontaneous apoptosis in re-
sponse to serum deprivation or plasminogen-induced cell detachment (Figure 5) may be
dependent, in part, on control of plasmin activation and/or inhibition of Fas/Fas ligand-
mediated cell death [218,219]. These findings may have clinical implications. Esophageal
squamous cell carcinoma patients with high levels of PAI-1-expressing CAFs (i.e., 2-4.5-
fold relative to patients with low-expressing CAFs) have a significantly worse prognosis
than the low-expressing cohort [118]. More importantly, treatment of isolated CAFs with
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cisplatin stimulates extracellular PAI-1 accumulation and engagement of a paracrine sig-
naling loop in which PAI-1 activates the PI3K/AKT and ERK1/2 pathways and inhibits
caspase-3. siRNA-induced downregulation of PAI-1 in ES2 human OVCA cells, as well as
pharmacological inhibition of ES2-secreted PAI-1 activity by the small-molecule inhibitor
of PAI-1 TM5275 [220], results in G2/M cell cycle arrest, an increase in caspase-3 activity
and reduced caspase-8 levels, indicating a downregulation of the extrinsic apoptotic path-
way. The accompanying increase in cytochrome C release, a biomarker of mitochondrial
damage [139], additionally suggests involvement of the intrinsic apoptotic pathway. Fur-
thermore, TM5275 blocks PAI-1 binding to its signaling receptor, LRP1 [221], highlighting a
potential role for LRP1-mediated signaling in these PAI-1-dependent processes. In corre-
sponding pairs of paclitaxel-resistant and parental MDA-MB-231 and MCF-7 human breast
cancer cell lines [222,223], PAI-1 is greatly upregulated in drug-resistant cells [224]. shRNA
knockdown of PAI-1 upregulates cleaved caspase-3, induces apoptosis and attenuates cell
survival in vitro. PAI-1 knockdown in paclitaxel-resistant cells also significantly reduces tu-
mor growth in mice, suggesting a critical role for PAI-1 in maintaining paclitaxel resistance
in breast cancer [224]. Collectively, these findings underscore the contribution of PAI-1 to
the acquisition of the aggressive phenotype and shed light on the consistent inclusion of
PAI-1 among the biomarkers of poor prognosis and reduced disease-free survival times in
cancer patients. Elevated PAI-1 expression, moreover, stimulates migration of tumor cells as
well as macrophages and increases tumor invasion through a LRP1/PI3K/AKT signaling
cascade, while incubation of ESCC cells with Tiplaxtinin attenuates PI3K and AKT phos-
phorylation and reduces resistance to cisplatin in vitro. As a proof of principle, mice were
implanted with ESCC cells combined with either a control or PAI-1-expressing NIH3T3 cells
prior to xenografting and administration of Tiplaxtinin via oral gavage [118]. Cotreatment
with cisplatin and Tiplaxtinin reduced tumor size in vivo, suggesting that targeting PAI-1
in ESCC during cisplatin infusion may be a promising therapeutic approach [118].
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Figure 5. PAI-1 rescues epithelial cells from serum deprivation-induced apoptosis and plasminogen-
mediated substrate detachment. T2 cells undergo a significant apoptotic response (involving >60%
of the population) following a 3-day incubation in serum-free medium. Addition of the 14-1b
recombinant PAI-1 protein (but not BSA), in final concentrations of 0.02 to 100 nM at the time of
change-over to FBS-deficient medium, dose-dependently protected T2 cells from apoptosis due to the
stress of serum removal (top panel). The significant (p < 0.005) PAI-1-induced apoptotic “rescue”
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evident in cultures incubated in 20 nM PAI-1 (bottom-left panel) correlated with the PAI-1- related
increase in AKT/ERK1/2 phosphorylation (Figure 4) and is consistent with previous observations
that PAI-1 initiates signaling events in various cell types. The rapid plasminogen (Plg)-induced
detachment of human cutaneous squamous carcinoma cells from the culture substratum and loss of
viability was significantly attenuated by simultaneous addition of recombinant PAI-1 (bottom, right
panel). The survival index for Plg+PAI-1 cultures was >4-fold that of non-PAI-1-treated keratinocytes,
suggesting that exogenous PAI-1 protected cells from Plg-induced anoikis. Data plotted are the
mean ± SD of triplicate independent experiments. Asterisks = p < 0.05. Modified from [225,226].

Drug-induced changes to CAFs and/or tumor cells, however, may have unanticipated
consequences. Incubation of the cisplatin-resistant ovarian cancer cell line A2780cp with
carboplatin increases expression and secretion of PAI-1 and is accompanied by a strong EMT
response (e.g., reduction in E-cadherin, upregulation of mesenchymal markers vimentin,
Snail and Twist, increased cell migration and invasion in vitro) [227]. Conversely, siRNA-
mediated knockdown of PAI-1 in A2780cp cells inhibits EMT and increases sensitivity
to carboplatin. PAI-1 also plays a critical role during the mesothelial-to-mesenchymal
transition (MMT) in OVCA, which involves the transdifferentiation of mesothelial cells into
cancer-associated mesothelial (CAM) cells [228]. In vitro experiments with human ovarian
tumor cell lines (ES2, SKOV3, Hey), all expressing PAI-1, confirmed that PAI-1 initiates
the formation of CAMs by activating the NF-kB signaling pathway in mesothelial cells.
CAMs, in turn, express several cytokines, including IL-8 and CXCL5, establishing a positive
feedback loop and metastatic phenotype in OVCA cells that is inhibited by shRNA-based
knockdown of PAI-1 in CAMs [229]. These findings are clinically relevant as IL-8 and
CXCL5 both increase metastasis in OVCA cells [230,231]. Similarly, when untreated and
PAI-1 shRNA-treated ES2 OVCA cells were cocultured with human explanted omentum,
PAI-1 knockdown significantly mitigates cell invasion into the omental tissue; this inhibition
could be reversed by addition of recombinant PAI-1 [229].

PAI-1 is a major downstream TGF-β1 target gene, and both PAI-1 and TGF-β1 pro-
mote tumor cell aggressiveness and tissue invasion, epithelial migration and amoeboid
motility [165,167] (Figure 6). TGF-β1-induced cell mobility, moreover, is effectively and
dose-dependently attenuated by Tiplaxtinin (Figure 6), suggesting that the PAI-1 func-
tionis required for TGF-β1-stimulated locomotion, which is consistent with the finding
that PAI-1 or TGF-β1 deficiency reduces cell motility [225]. Expression of a PAI-1-GFP,
fusion protein under the inducible control of +800 bp of the injury-activated PAI-1 pro-
moter prominently “marks” keratinocyte migration trails, while the use of PAI-1-null cells,
knockdown approaches, PAI-1 add-back rescue and neutralizing antibodies confirmed the
requirement for PAI-1 in cell movement [225]. Addition of active recombinant PAI-1 to
wounded wild-type keratinocyte monolayers as well as to PAI-1−/− MEFs and PAI-1−/−

keratinocytes significantly stimulates directional motility above basal levels in all cell types,
while the attenuated migratory activity as a consequence of antisense-mediated PAI-1
downregulation is effectively reversed by addition of recombinant PAI-1. Since CAFs are a
major source of PAI-1 in the immediate TME of several aggressive malignancies [168,192],
it may well be that PAI-1 signals in a paracrine fashion to promote tumor aggressiveness,
chemoresistance and tissue invasion [162]. Indeed, addition of CAF conditioned medium
stimulates tumor cell migration in response to monolayer wounding compared to monolay-
ers receiving medium from normal fibroblasts (Figure 6). PAI-1 functional blockade may
be one approach to enhance the efficacy of cisplatin-based chemotherapy in lung cancer
cells [192].
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of PAI-1 from CAF-CM significantly reduced cell locomotion. These data are consistent with the
PAI-1 requirement for optimal planar migration in RK cells [225]. Asterisks = p < 0.05. Modified
from [215,232].

8. Future Directions

CAFs are prominent members of the complement of cellular elements in the TME,
coexisting in a dynamic interaction with the growing tumor mass as well as with various
resident and recruited cell types. CAFs facilitate tumor initiation and progression, foster
cancer cell plasticity and stemness, stimulate stromal remodeling and contribute to the
acquisition of the highly lethal drug-resistant metastatic phenotype. The considerable
heterogeneity in CAF subsets likely reflects such differential functions and is underscored
by the wide spectrum of biomarkers that characterize protumorigenic CAFs (Table 1;
adapted from [233]).
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Table 1. CAF biomarkers and protumorigenic functions.

Marker Function

FAP ECM remodeling, protease activity
PDGFα,β Receptor tyrosine kinase, angiogenesis, immune cell modulation

CD10 Protease activity, cancer stemness, drug resistance
CD74 Protein trafficking, chaperone activity, immunomodulation

GRP77 Proinflammatory signaling, tumor stemness
α-SMA Cell contractility, proliferation, desmoplasia
S100A4 Tumor cell migration, proliferation, fibrosis, metastasis
PDPN Cell motility
CD70 T-cell regulation, tumor cell migration

Vimentin Cytoskeletal organization, cell motility, tumor invasion
POSTN ECM remodeling
CDK1 Cell cycling

The construction of an increasingly fibrotic stroma, a characteristic of desmoplastic
tumors largely under the direction of CAF-produced growth factors and cytokines, serves as
a barrier to limit accessibility of chemotherapeutics to the TME, enabling tumor cell survival
and proliferation as well as the development of aggressive behavior and an attenuated
response to therapy (Table 2; adapted from [12,44]). Multiple CAF-derived cytokines
contribute to drug resistance. In many cases, these target specific genes causally involved
in the development of chemo-insensitivity. SERPINE1 or PAI-1 is one such candidate
and a prominent core or hub gene in various cancer types, where the level of expression
is a predictor of patient outcomes. PAI-1 regulates pericellular proteolysis and, thereby,
TME mechanics and barrier status. This multifunctional protease inhibitor also impacts
the tumor immune response [197] through the reprogramming of immune cells newly
recruited into the TME, enhances tissue invasive traits and modulates tumor survival
pathways (Figure 7). The combination of in vitro and in vivo approaches confirmed the
regulatory role of PAI-1 in cellular auto- and paracrine signaling processes within the TME.
These findings support the conclusion that PAI-1 is, in fact, a major contributor to the
drug-resistant phenotype and that targeting PAI-1 function with small-molecule inhibitors
may restore chemo-sensitivity. In this regard, the development of the CAF/tumor cell
3D coculture model [234,235] presents an opportunity to identify additional paracrine
acting factors and pathways that contribute mechanistically to cancer progression. This
system, designed using specified biomaterials and component cell types, approximates the
complexity of the in vivo TME. Such near-physiological tissue constructs may provide a
platform to clarify the cooperative and bidirectional signaling processes underlying CAF–
tumor cell interaction as well as define new targets for drug-based therapies [236]. The
available data suggest that the combined CAF–cancer cell model may have clinical utility
both in assessing the efficacy of established chemotherapeutics in a more pathophysiologic
context and as a screening tool for drug discovery [234,235,237,238].

Such coculture systems may also be adapted to delineate the basis for biochemical
crosstalk among tumor and stromal cells. Indeed, it is now evident that CAFs secrete
metabolites (e.g., lactate, pyruvate, amino acids, free fatty acids), which are incorporated by
their neoplastic neighbors and support tumor progression [239–242]. Export of metabolites
can also occur through exosomal transport [243–245]. In response to cancer-derived factors,
CAFs rewire their metabolic profile to overproduce and secrete those metabolites, which
will be reabsorbed rapidly by cancer cells due to upregulation of required transporters
in the tumor cell plasma membrane [246–249]. In breast cancer cells, stromally expressed
TGF-β not only leads to anticipated fibroblast activation and ECM production but can
also stimulate autocrine signaling in CAFs, leading to a shift in catabolic metabolism,
oxidative stress and increased aerobic glycolysis [250]. CAF metabolic reprogramming also
induces epigenetic changes to maintain the CAF activation state and its protumorigenic
function. Anabolic cancer cells and catabolic CAFs, therefore, are metabolically coupled.
This metabolic dialogue between tumor cells and CAFs is an important contributor to
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the development of an aggressive chemo-resistant tumor phenotype and reflects the in-
creased need for nutrients and metabolic intermediates to support anabolic processes in the
growing tumor [251–255] while modulating the immune response [256–258]. Therapeutic
approaches aimed at deactivating myofibroblast-type CAFs could be a promising strategy
to interrupt the metabolic connection between those CAFs and cancer cells in the TME [259].

Recently, the application of microRNA technology has expanded the repertoire of PAI-
1-focused therapeutics. MicroRNAs are short sequences of noncoding RNAs
(~20 nucleotides) that affect expression of specific target genes by binding to their 3′

untranslated region (3′-UTR). Single miRNAs can target multiple transcripts, and several
may be useful in cancer diagnostics and therapy as well as provide new biomarkers to
monitor disease progression [260–265]. Conversion of normal fibroblasts into CAFs is
accompanied by up- or downregulation of specific miRNAs [57,265–268] that facilitate
communication between “activated” fibroblasts and cancer cells [269]. Since dysregulation
of CAF-specific miRNAs affects tumor cell growth, migration, invasion and adaptation to
chemotherapy [141,270], pharmaceutical approaches utilizing miRNAs and the miRNA-
mediated transition of tissue fibroblasts to CAFs is the focus of several recent clinical
trials [264]. Certain miRNAs that target the 3’-UTR of PAI-1 mRNA transcripts, identified
using TargetScanHuman, mitigate tumor growth and progression in breast, bladder and
gastric cancers and osteosarcoma [142]. Progressive hypoxia in the fibrosing TME also
increases PAI-1 expression via reductions in miRNA 449a/b [270,271]. Similarly, in bladder
cancer, the miRNA-143/-145 cluster, which recognizes the 3’-UTR of PAI-1, is attenuated
in all disease stages leading to PAI-1 upregulation [272], while in human osteosarcoma
mouse models injection of miRNA-143 suppressed lung metastasis [273]. PAI-1 down-
regulation by targeting siRNA results in lower expression and secretion of MMP-13 and
elimination of lung metastasis [274]. These findings are consistent with the realization that
the most upregulated plasticity-associated gene expressed in the TME, which confers a
highly aggressive, invasive phenotype, encodes PAI-1 [274,275].

Table 2. Bioactive cytokines and growth factors secreted by CAFs.

Mitogens Proinvasion Factors

EGF HGF
HGF TGF-β
IGF-1 CCL5
SDF-1 POSTN
FGF-1 IL-6
FGF-3 IL-11

Inflammatory Mediators Stemness Factors

IL-1 IL-6
IL-6 IL-8
IL-8 HGF

IL-11 IGF-2
LIF POSTN

Various chemokines

Proangiogenic Factors Survival Factors

VEGFA IGF-1
SDF-1 IGF-2
FGF-2 IL-6
IL-8 OPN

PDGF-C
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Figure 7. CAF-derived PAI-1 is a central regulator of multicellular functions in the TME. Modulation
of the TME includes paracrine signaling circuits between cancer-associated fibroblasts (CAF) and
cancer cells (CA) through GF-driven (TGF-β, EGF, IGF-1, IGF-2) and cytokine- (IL-1β, IL-6, IL-8)
and chemokine-stimulated (CXCL-1, CXCL-5) expression and secretion of PAI-1. CAF-released EGF
stimulates EGFR-dependent TGF-β secretion in malignant cells through a paracrine signaling loop,
additionally transdifferentiating resident fibroblasts to CAFs, thereby ultimately further increasing
extracellular PAI-1 levels. PAI-1 promotes the recruitment and polarization of M2-type macrophages
(MΦ) to TAMs and the transition of mesothelial cells (Meso) to cancer-associated mesothelial (CAM)
cells. Infiltration of the TME by modified stromal cells initiates remodeling of the tumor ECM through
increased secretion of fibronectin (FN) and collagen (Coll) and expression of specific ECM receptors
(ITGA5, ITGB1), ultimately generating a modified fibrotic desmoplastic TME. Increased mechanical
tension and CAF-asserted contractility of this tumor matrix induces signaling pathways (e.g., NF-κB,
JAK/STAT3), in conjunction with the direct interaction of PAI-1 with cell surface receptors (LRP1,
uPAR) on inflammatory and cancer cells. Collectively, these events stimulate survival pathways
(PI3K/AKT, ERK1/2) and block pro-apoptotic signals (caspase-3), leading to multidrug resistance,
cancer stem cell self-renewal and metastatic spread. Chemotherapy itself can prompt production of
PAI-1 by CAFs and thereby activate mechanisms protecting neighboring cancer cells from such drugs.
Ultimately, activated expression and increased accumulation of extracellular PAI-1 in the multicellular,
fibrotic TME will manifest a poor disease outcome and be prognostic for shorter disease-free survival
in patients with epithelial malignancies. Fibro = fibroblast; CAF = cancer-associated fibroblast;
CA = cancer cell; Meso = mesothelial cell; CAM = cancer-associated mesothelial cell;
MΦ = macrophage; TAM = tumor-associated macrophage; FN = fibronectin; Coll = collagen).
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9. Conclusions

Various CAF subpopulations support tumor progression and cancer cell phenotypic
transitions largely through paracrine signaling by a diverse complement of secreted growth
factors and cytokines. This cooperative dialogue between CAFs and cancer stem cells
promotes cellular plasticity and tumor progression, maintenance of cancer cell stemness,
metabolic reprogramming, extracellular matrix (ECM) remodeling and metastasis. Clarify-
ing the critical pathways in the CAF–tumor interacting network may provide new venues
for therapeutic intervention. The mounting evidence of CAF heterogeneity [233] and
protumorigenic functional complexity, including their ability to continuously modify the
stromal structure of the TME through several cooperative SMAD/non-SMAD pathways,
suggests that the development of targeted therapies will require a multidimensional ap-
proach. Exploring new strategies for the therapeutic use of specific miRNAs in the TME,
perhaps in combination with pharmacologic approaches to inhibit the function of key tu-
mor progression genes (e.g., SERPINE1), may have therapeutic utility and improve patient
outcomes [132,269,276].
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composition of malignant ascites determines high aggressiveness of undifferentiated ovarian tumors. Med. Oncol. 2016, 33, 94.
[CrossRef] [PubMed]

232. Czekay, R.-P.; Higgins, C.E.; Archambeault, J.; Higgins, S.P.; Simone, T.M.; Higgins, P.J. The small molecule PAI-1 functional
inhibitor Tiplaxtinin attenuates vascular smooth muscle cell migration in vitro and neointimal hyperplasia/fibrosis in vivo. In
Carotid Artery Disease; Avid Science: Dallas, TX, USA, 2017; pp. 2–40.

233. Han, C.; Liu, T.; Yin, R. Biomarkers for cancer-associated fibroblasts. Biomark. Res. 2019, 8, 64. [CrossRef]
234. Nii, T.; Makino, K.; Tabata, Y. Three-dimensional culture system of cancer cells combined with biomaterials for drug screening.

Cancers 2020, 12, 2754. [CrossRef]
235. Cao, H.; Cheng, H.S.; Wang, J.K.; Tan, S.N.; Tay, C.Y. A 3D physio-mimetic interpenetrating network-based platform to decode

the pro and anti-tumorigenic properties of cancer-associated fibroblasts. Acta Biomater. 2021, 132, 448–460. [CrossRef]
236. Nii, T.; Makino, K.; Tabata, Y. A cancer invasion model combined with cancer-associated fibroblast aggregates incorporating

geltain hydrogen microspheres containing a p53 inhibitor. Tissue Eng. Part C Methods 2019, 25, 711–720. [CrossRef] [PubMed]

http://doi.org/10.1038/s41419-019-1986-2
http://www.ncbi.nlm.nih.gov/pubmed/31591377
http://doi.org/10.1016/j.cellsig.2015.01.009
http://www.ncbi.nlm.nih.gov/pubmed/22593487
http://doi.org/10.1038/sj.onc.1208193
http://doi.org/10.1093/jnci/djs377
http://doi.org/10.1016/j.ccr.2008.08.012
http://www.ncbi.nlm.nih.gov/pubmed/18835034
http://doi.org/10.3892/mmr.2020.11360
http://www.ncbi.nlm.nih.gov/pubmed/32945412
http://doi.org/10.1161/ATVBAHA.113.301224
http://www.ncbi.nlm.nih.gov/pubmed/23471233
http://doi.org/10.1039/C3MB70428A
http://doi.org/10.18632/oncotarget.15125
http://www.ncbi.nlm.nih.gov/pubmed/28187446
http://doi.org/10.3892/or.2020.7770
http://doi.org/10.1007/s00403-008-0845-2
http://www.ncbi.nlm.nih.gov/pubmed/18386027
http://www.ncbi.nlm.nih.gov/pubmed/20953304
http://doi.org/10.1007/s00404-017-4547-x
http://www.ncbi.nlm.nih.gov/pubmed/28975405
http://doi.org/10.1016/j.ygyno.2015.08.010
http://doi.org/10.1016/j.canlet.2018.10.027
http://doi.org/10.1158/0008-5472.CAN-09-4341
http://www.ncbi.nlm.nih.gov/pubmed/20570895
http://doi.org/10.1007/s12032-016-0810-4
http://www.ncbi.nlm.nih.gov/pubmed/27431203
http://doi.org/10.1186/s40364-020-00245-w
http://doi.org/10.3390/cancers12102754
http://doi.org/10.1016/j.actbio.2021.03.037
http://doi.org/10.1089/ten.tec.2019.0189
http://www.ncbi.nlm.nih.gov/pubmed/31621504


Cancers 2022, 14, 1231 28 of 29

237. Brancato, V.; Gioiella, F.; Imparato, G.; Guamieri, D.; Uriciuolo, F.; Netti, P.A. 3D breast cancer microtissue reveals the role of
tumor microenvironment on the transport and efficacy of free-doxorubicin in vitro. Acta Biomater. 2018, 75, 200–212. [CrossRef]
[PubMed]

238. Kay, E.J.; Zanivan, S. Metabolic pathways fuelling protumourigenic cancer-associated fibroblast functions. Curr. Opin. Syst. Biol.
2021, 29, 100377. [CrossRef]

239. Yoshida, G.J. Metabolic reprogramming: The emerging concept and associated therapeutic strategies. J. Exp. Clin. Cancer Res.
2015, 34, 111. [CrossRef]

240. Lee, M.; Yoon, J.-H. Metabolic interplay between glycolysis and mitochondrial oxidation: The reverse warburg effect and its
therapeutic implication. J. Biol. Chem. 2015, 6, 148–161. [CrossRef]

241. Pavlides, S.; Whitaker-Menezes, D.; Castello-Cros, R.; Flomengerg, N.; Kitkiewicz, A.K.; Frank, P.G.; Casimiro, M.C.; Wang, C.;
Fortina, P.; Addya, S.; et al. The reverse Warburgh effect: Aerobic glycolysis in cancer associated fibroblasts and the tumor stroma.
Cell Cycle 2009, 8, 3984–4001. [CrossRef]

242. Yang, X.; Li, Y.; Zou, L.; Zhu, Z. Role of exosomes in crosstalk between cancer-associated fibroblasts and cancer cells. Front. Oncol.
2019, 9, 356. [CrossRef]

243. Santi, A.; Caselli, A.; Ranaldi, F.; Paoli, P.; Mugnaioni, C.; Michelucci, E.; Cirri, P. Cancer associated fibroblasts transfer lipids and
proteins to cancer cells through cargo vesicles supporting tumor growth. Biochim. Biophys. Acta 2015, 1853, 3211–3223. [CrossRef]

244. Grasso, C.; Jansen, G.; Giovannetti, E. Drug resistance in pancreatic cancer: Impact of altered energy metabolism. Crit. Rev. Oncol.
Hematol. 2017, 114, 139–152. [CrossRef]

245. Chiarugi, P.; Cirri, P. Metabolic exchanges within tumor microenvironment. Cancer Lett. 2016, 380, 272–280. [CrossRef]
246. Fiaschi, T.; Marini, A.; Giannoni, E.; Taddei, M.L.; Gandellini, P.; De Donatis, A.; Lanciotti, M.; Serni, S.; Cirri, P.; Chiarugi, P.

Reciprocal metabolic reprogramming through lactate shuttle coordinately influences tumor-stroma interplay. Cancer Res. 2012, 72,
5130–5140. [CrossRef]

247. Shim, H.; Dolde, C.; Lewis, B.C.; Wu, C.-S.; Dang, G.; Jungmann, R.A.; Dalla-Favera, R.; Dang, C.V. C-myc transactivation of
LDH-A: Implications for tumor metabolism and growth. Proc. Natl. Acad. Sci. USA 1997, 94, 6658–6663. [CrossRef]

248. Gong, J.; Lin, Y.; Zhang, H.; Liu, C.X.; Cheng, Z.; Yang, X.; Xhang, J.; Xiao, Y.; Sang, N.; Qian, X.; et al. Reprogramming of
lipid metabolism in cancer-associated fibroblasts potentiates migration of colorectal cancer cells. Cell Death Dis. 2020, 11, 267.
[CrossRef] [PubMed]

249. Guido, C.; Whitaker-Menezes, D.; Capparelli, C.; Balliet, R.; Lin, Z.; Prestell, R.G.; Howell, A.; Aquila, S. Metabolic programming
of cancer-associated fibroblasts by TGF-β drives tumor growth: Connecting TGF−β signaling with “Warburg-like” cancer
metabolism and L-lactate production. Cell Cycle 2012, 11, 3019–3035. [CrossRef]

250. Zaal, E.A.; Berkers, C.R. The influence of metabolism on drug response in cancer. Front. Oncol. 2018, 8, 500. [CrossRef] [PubMed]
251. Pranzini, E.; Pardella, E.; Paoli, P.; Fendt, S.-M.; Taddei, M.L. Metabolic reprogramming in anti-cancer drug resistance: A focus on

amino acids. Trends Cancer 2021, 7, 682–699. [CrossRef]
252. Bacci, M.; Lorito, N.; Smiriglia, A.; Morandi, A. Fat and furious: Lipid metabolism in antitumoral therapy response and resistance.

Trends Cancer 2021, 7, 198. [CrossRef]
253. Li, Z.; Sun, C.; Qin, Z. Metabolic reprogramming of cancer-associated fibroblasts and its effect on cancer cell reprogramming.

Theranostics 2021, 11, 8322–8336. [CrossRef] [PubMed]
254. Vander-Heiden, M.G.; DeBerardinis, R.J. Understanding the intersections between metabolism and cancer biology. Cell 2017, 168,

657–669. [CrossRef]
255. Vecchio, E.; Caiazza, C.; Mimmi, S.; Avagliano, A.; Iaccino, E.; Brusco, T.; Nisticò, N.; Maisano, D.; Aloisio, A.; Quinto, I.; et al.

Metabolites profiling of melanoma interstitial fluids reveals uridine diphosphate as potent immune modulator capable of limiting
tumor grwoth. Front. Cell Dev. Biol. 2021, 9, 730736. [CrossRef] [PubMed]

256. Fadaka, A.; Ajiboye, B.; Ojo, O.; Adewale, O.; Olayide, I.; Emuowhochere, R. Biology of glucose metabolization in cancer cells. J.
Oncol. Sci. 2017, 3, 45–51. [CrossRef]

257. Vander-Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg effect: The metabolic requirements of cell
proliferation. Science 2009, 324, 1029–1033. [CrossRef]

258. Liberti, M.V.; Locasale, J.W. The Warburg effect: How does it benefit cancer cells? Trends Biochem. Sci. 2016, 41, 211–218. [CrossRef]
259. Granato, G.; Ruocco, M.R.; Iaccarino, A.; Masone, S.; Cali, G.; Avagliano, A.; Russo, V.; Bellevicine, C.; Di Spigna, G.; Fiiume,

G.; et al. Generation and analysis of spheroids from human primary skin myofibroblasts: An experimental system to study
myofibroblasts deactivation. Cell Death Dis. 2017, 3, 17038. [CrossRef] [PubMed]

260. Van Jaarsveld, M.T.; Helleman, J.; Berns, E.M.; Wiemer, E.A. MicroRNAs in ovarian cancer biology and therapy resistance. Int. J.
Biochem. Cell Biol. 2010, 42, 1282–1290. [CrossRef]

261. Iorio, M.V.; Croce, C.M. MicroRNA involvement in human cancer. Carcinogenesis 2012, 33, 1126–1133. [CrossRef] [PubMed]
262. Zuberi, M.; Khan, I.; Mir, R.; Gandhi, G.; Ray, P.C.; Saxena, A. Utility of serum miR-125b as a diagnostic and prognostic indicator

and its alliance with a panel of tumor suppressor genes in epithelial ovarian cancer. PLoS ONE 2016, 11, e0153902. [CrossRef]
[PubMed]

263. Rupaimoole, R.; Slack, F.J. MicroRNA therapeutics: Towards a new era for the management of cancer and other diseases. Nat.
Rev. Drug Discov. 2017, 16, 203–222. [CrossRef] [PubMed]

http://doi.org/10.1016/j.actbio.2018.05.055
http://www.ncbi.nlm.nih.gov/pubmed/29864516
http://doi.org/10.1016/j.coisb.2021.100377
http://doi.org/10.1186/s13046-015-0221-y
http://doi.org/10.4331/wjbc.v6.i3.148
http://doi.org/10.4161/cc.8.23.10238
http://doi.org/10.3389/fonc.2019.00356
http://doi.org/10.1016/j.bbamcr.2015.09.013
http://doi.org/10.1016/j.critrevonc.2017.03.026
http://doi.org/10.1016/j.canlet.2015.10.027
http://doi.org/10.1158/0008-5472.CAN-12-1949
http://doi.org/10.1073/pnas.94.13.6658
http://doi.org/10.1038/s41419-020-2434-z
http://www.ncbi.nlm.nih.gov/pubmed/32327627
http://doi.org/10.4161/cc.21384
http://doi.org/10.3389/fonc.2018.00500
http://www.ncbi.nlm.nih.gov/pubmed/30456204
http://doi.org/10.1016/j.trecan.2021.02.004
http://doi.org/10.1016/j.trecan.2020.10.004
http://doi.org/10.7150/thno.62378
http://www.ncbi.nlm.nih.gov/pubmed/34373744
http://doi.org/10.1016/j.cell.2016.12.039
http://doi.org/10.3389/fcell.2021.730726
http://www.ncbi.nlm.nih.gov/pubmed/34604232
http://doi.org/10.1016/j.jons.2017.06.002
http://doi.org/10.1126/science.1160809
http://doi.org/10.1016/j.tibs.2015.12.001
http://doi.org/10.1038/cddiscovery.2017.38
http://www.ncbi.nlm.nih.gov/pubmed/28725488
http://doi.org/10.1016/j.biocel.2010.01.014
http://doi.org/10.1093/carcin/bgs140
http://www.ncbi.nlm.nih.gov/pubmed/22491715
http://doi.org/10.1371/journal.pone.0153902
http://www.ncbi.nlm.nih.gov/pubmed/27092777
http://doi.org/10.1038/nrd.2016.246
http://www.ncbi.nlm.nih.gov/pubmed/28209991


Cancers 2022, 14, 1231 29 of 29

264. Bronisz, A.; Godlewski, J.; Wallace, J.A.; Merchant, A.S.; Nowicki, M.O.; Mathsyaraja, H.; Srinivasan, R.; Trimboli, A.J.; Martin,
C.K.; Li, F.; et al. Reprogramming of the tumour microenvironment by stromal PTEN-regulated miR-320. Nat. Cell Biol. 2011, 14,
159–167. [CrossRef]

265. Melling, G.E.; Flannery, S.E.; Abidin, S.A.; Clemmens, H.; Prajapati, P.; Hinsley, E.E.; Hunt, S.; Catto, J.W.F.; Coletta, R.D.; Mellone,
M.; et al. A miRNA-145/TGF-β1 negative feedback loop regulates the cancer-associated fibroblast phenotype. Carcinogenesis
2018, 39, 798–807. [CrossRef] [PubMed]

266. Baroni, S.; Romero-Cordoba, S.; Plantamura, I.; Dugo, M.; D’Ippolito, E.; Cataldo, A.; Cosentino, G.; Angeloni, V.; Rossini, A.;
Daidone, M.G.; et al. Exosome-mediated delivery of miR-9 induces cancer-associated fibroblast-like properties in human breast
fibroblasts. Cell Death Dis. 2016, 7, e2312. [CrossRef]

267. Botla, S.K.; Savant, S.; Jandaghi, P.; Bauer, A.S.; Mücke, O.; Moskalev, E.A.; Neoptolemos, J.P.; Costello, E.; Greenhalf, W.; Scarpa,
A.; et al. Early epigenetic downregulation of microRNA-192 expression promotes pancreatic cancer progression. Cancer Res. 2016,
76, 4149–4159. [CrossRef]

268. Yang, F.; Ning, Z.; Ma, L.; Liu, W.; Shao, C.; Shu, Y.; Shen, H. Exosomal miRNAs and miRNA dysregulation in cancer-associated
fibroblasts. Mol. Cancer 2017, 16, 148. [CrossRef]

269. Yu, Z.; Baserga, R.; Chen, L.; Wang, C.; Lisanti, M.P.; Pestell, R.G. MicroRNA, cell cycle, and human breast cancer. Am. J. Pathol.
2010, 176, 1058–1064. [CrossRef] [PubMed]

270. Muth, M.; Theophile, K.; Hussein, K.; Jacobi, C.; Kreipe, H.; Bock, O. Hypoxia-induced down-regulation of microRNA-449a/b
impairs control over targeted SERPINE1 (PAI-1) mRNA - A mechanism involved in SERPINE1 (PAI-1 overexpression). J. Transl.
Med. 2010, 8, 33. [CrossRef] [PubMed]

271. Villardsen, S.B.; Bramsen, J.B.; Ostenfeld, M.S.; Wiklund, E.D.; Fristrup, N.; Gao, S.; Hansen, T.B.; Jensen, T.I.; Borre, M.; Ørntoft,
T.F.; et al. The miR-143/-145 cluster regulates plasminogen activator inhibitor-1 in bladder cancer. Br. J. Cancer 2012, 106, 366–374.
[CrossRef]

272. Osaki, M.; Takeshita, F.; Sugimoto, Y.; Kosaka, N.; Yamamoto, Y.; Yoshioka, Y.; Kobayashi, E.; Yamada, T.; Kawai, A.; Inoue, T.;
et al. MicroRNA-143 regulates human osteosarcoma metastasis by regulating matrix metalloprotease-13 expression. Mol. Ther.
2011, 19, 1123–1130. [CrossRef] [PubMed]

273. Hirahayta, M.; Osaki, M.; Kanda, Y.; Sugimoto, Y.; Yoshioka, Y.; Kosaka, N.; Takeshita, F.; Fujiwara, T.; Kawai, A.; Ito, H.; et al.
PAI-1, a target gene of miR-143, regulates invasion and metastasis by upregulating MMP-13 expression of human osteosarcoma.
Cancer Med. 2016, 5, 892–902. [CrossRef] [PubMed]

274. Yang, J.-D.; Ma, L.; Zhu, Z. SERPINE1 as a cancer-promoting gene in gastric adenocarcinoma: Facilitates tumor cell proliferation,
migration, and invasion by regulating EMT. J. Chemother. 2019, 31, 408–418. [CrossRef]

275. Seker, F.; Cingoz, A.; Sur-Erdem, I.; Erguder, N.; Erkent, A.; Uyulur, F.; Selvan, M.E.; Gumus, Z.H.; Gonen, M.; Bayraktar, H.;
et al. Identification of SERPINE1 as a regulator of glioblastoma cell dispersal with transcriptome profiling. Cancers 2019, 11, 1651.
[CrossRef] [PubMed]

276. Abd-Aziz, N.; Kamaruzman, N.I.; Poh, C.L. Development of microRNAs as potential therapeutics against cancer. J. Oncol. 2020,
2020, 8029721. [CrossRef]

http://doi.org/10.1038/ncb2396
http://doi.org/10.1093/carcin/bgy032
http://www.ncbi.nlm.nih.gov/pubmed/29506142
http://doi.org/10.1038/cddis.2016.224
http://doi.org/10.1158/0008-5472.CAN-15-0390
http://doi.org/10.1186/s12943-017-0718-4
http://doi.org/10.2353/ajpath.2010.090664
http://www.ncbi.nlm.nih.gov/pubmed/20075198
http://doi.org/10.1186/1479-5876-8-33
http://www.ncbi.nlm.nih.gov/pubmed/20356416
http://doi.org/10.1038/bjc.2011.520
http://doi.org/10.1038/mt.2011.53
http://www.ncbi.nlm.nih.gov/pubmed/21427707
http://doi.org/10.1002/cam4.651
http://www.ncbi.nlm.nih.gov/pubmed/26817521
http://doi.org/10.1080/1120009X.2019.1687996
http://doi.org/10.3390/cancers11111651
http://www.ncbi.nlm.nih.gov/pubmed/31731490
http://doi.org/10.1155/2020/8029721

	Cancer-Associated Fibroblasts: Biology of the Fibrotic Tumor Stroma 
	CAF Functional Complexity 
	Heterotypic Spheroids: A Specialized CAF–Tumor Microenvironment 
	CAFs Confer Resistance to Chemotherapy 
	CAF-Derived PAI-1 as a Poor Prognosis Biomarker 
	The CAF/PAI-1 Axis in the Tumor Immune Response 
	Role of PAI-1 and the CAF/PAI-1 Axis in Tumor Survival and Cell Migration 
	Future Directions 
	Conclusions 
	References

