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Despite great advances in research and treatment, lung cancer is still one of the most
leading causes of cancer-related deaths worldwide. Evidence is mounting that dynamic
communication network in the tumor microenvironment (TME) play an integral role in tumor
initiation and development. Cancer-associated fibroblasts (CAFs), which promote tumor
growth and metastasis, are the most important stroma component in the tumor
microenvironment. Consequently, in-depth identification of relevant molecular
mechanisms and biomarkers related to CAFs will increase understanding of tumor
development process, which is of great significance for precise treatment of lung
cancer. With the development of sequencing technologies such as microarray and
next-generation sequencing, lncRNAs without protein-coding ability have been found
to act as communicators between tumor cells and CAFs. LncRNAs participate in the
activation of normal fibroblasts (NFs) to CAFs. Moreover, activated CAFs can influence the
gene expression and secretion characteristics of cells through lncRNAs, enhancing the
malignant biological process in tumor cells. In addition, lncRNA-loaded exosomes are
considered to be another important form of crosstalk between tumor cells and CAFs. In
this review, we focus on the interaction between tumor cells and CAFs mediated by
lncRNAs in the lung cancer microenvironment, and discuss the analysis of biological
function and molecular mechanism. Furthermore, it contributes to paving a novel direction
for the clinical treatment of lung cancer.
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INTRODUCTION

According to global statistics, lung cancer probably accounts for one-fifth of all cancer deaths and is
one of the most deadly malignancies (Bray et al., 2020). In recent years, despite a large number of
novel discoveries that have been achieved in treatment, the prognosis of patients with advanced lung
cancer is still poor due to the delayed diagnosis of the disease, with the 5-year survival rate less than
5% (Hirsch et al., 2017). Therefore, it is an urgent problem to dig into the pathogenesis of lung cancer
and improve the therapeutic effect of patients.

Tumor cells do not exist independently, but are surrounded by tumor microenvironment rich in
stromal components and vascular networks. Microenvironment-mediated tumor initiation,
progression, metastasis, and even drug resistance are the result of continuous interactions
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between tumor cells and the surrounding stroma. Cancer-
associated fibroblasts, a type of permanently activated
fibroblasts, are the most prominent stromal components and
have been proved to have profound effects on tumor regulation.
CAFs are the most dominant cells that synthesize and reshape
extracellular matrix (ECM) in the tumor microenvironment,
which contribute to increasing the hardness of tumor tissue
and thus increase the ability of local invasion and metastasis.
Meanwhile, CAFs are also important sources of many growth
factors, chemokines, cytokines, such as vascular endothelial
growth factor (VEGF), fibroblast growth factor (FGF), platelet-
derived growth factor (PDGF), transforming growth factor-β
(TGF-β), interleukin-6 (IL-6) and stromal cell-derived factor-1
(SDF-1). CAFs play multiple carcinogenic roles by regulating
these factors and participating in various signaling pathways. A
better understanding of the contribution of CAFs to tumor
progression will lead to promising therapeutic approach
interventions for stroma.

Ultimately, tumor is a genetic disease that alters the flow of
information in cells to change cell homeostasis and promote its
proliferation. The Cancer Genome Atlas (TCGA) and the Cancer
LncRNA Census (CLC) have provided cancer researchers with
useful datasets and annotated data that accelerate our
understanding of molecular level of tumor, including the role
of lncRNAs in tumor development (Taniue and Akimitsu, 2021).
A growing body of evidence shows that lncRNAs participate in
crosstalk between tumor cells and microenvironment. Here, we
summarize the relationship between lncRNAs and CAFs, as well
as specific role and mechanism of lncRNAs in CAFs’ promotion
of lung cancer invasion, immunosuppression and therapeutic
resistance, finally explore the diagnostic, prognostic and
therapeutic value of lncRNAs in the TME.

THE CURRENT UNDERSTANDING OF
CANCER-ASSOCIATED FIBROBLAST
BIOLOGY
Tumor is a complex ecosystem, including not only tumor cells,
but also many stromal components. The stroma is made up of
many distinct cell types, including fibroblasts, adipocytes,
myeloid-derived suppressor cells (MDSCs), macrophages,
lymphocytes, smooth muscle, blood vessels, and extracellular
matrix (ECM). Together, they compose the microenvironment
in which the tumor is located, known as the tumor
microenvironment (TME) (Li et al., 2007; Zhang H. et al.,
2020). Although the “seed and soil” theory was first proposed
in the 1880s, the role of TME in affecting cancer initiation and
development has not received widespread concern until recent
decades (Paget, 1989; Chen and Song, 2019). There are
differences between TME and normal tissue environment in
terms of tissue structure, pH level, cell nutritional status,
metabolism, and so on. Although TME may have some
anticancer actions, it generally provides the best conditions for
the growth, invasion and metastasis of various types of tumor
cells. It can be said that TME is the essential “soil” for the breeding
of tumor “seeds.” Cancer-associated fibroblasts (CAFs), as one of

the most important and active components in the tumor
microenvironment, regulate tumorigenesis and therapeutic
response by synthesizing ECM and secreting varieties of
soluble factors (Yeh et al., 2015; Sahai et al., 2020). CAFs
isolated from human lung cancer tissue induce EMT and
enhance the metastatic potential of cancer cells by
activating the IL-6/STAT3 signaling pathway (Wang et al.,
2017). Fibroblasts in normal tissues, as the main producers of
ECM, are activated during tissue injury, inflammation, and
fibrosis, and thus play key roles in tissue repair and
regeneration. NFs that are continuously activated in the
tumor stroma are referred to CAFs (Chen and Song, 2019;
Fang et al., 2020). Therefore, we hypothesized that CAFs could
also be used for anticancer therapy in tumors long known as
“wounds that do not heal.” Compared to NFs, CAFs have
increased proliferation and migration characteristics due to
their differential gene and protein expression characteristics
(De Wever et al., 2008; Saadi et al., 2010). In addition, CAFs
secrete elevated levels of ECM proteins, such as fibronectin and
type I collagen, to provide physical scaffolds for tumor tissue
(Chan et al., 2017).

The Origin and Heterogeneity of
Cancer-Associated Fibroblasts
There is growing evidence that CAFs are recognized as
heterogeneous population of cells. This heterogeneity may be
caused by different origins of CAFs (Kalluri, 2016). In-depth
research into the origin and activation of CAFs in human
malignancies has also expanded our understanding of the
phenotypic heterogeneity and functional diversity of CAFs.
Although the origin of CAFs has been further clarified by the
use of lineage tracing mouse models, it is difficult to draw
definitive conclusions about the origin of CAFs when markers
of both normal fibroblasts and CAFs are not quite clear (Alcolea
and Jones, 2013; LeBleu et al., 2013). Despite several CAFs
markers have been identified by immunohistochemistry,
including α-smooth muscle actin (α-SMA), fibroblast
activation protein-α (FAP-α), vimentin, and fibroblast specific
protein-1 (FSP-1) (Kraman et al., 2010). However, the expression
of common fibroblast markers is extremely uneven and varies
considerably among different CAF subsets. This leads to a
limitation in understanding the activation of CAFs. The
current consensus is that most CAFs are probably recruited
and activated by local tissue fibroblasts, but there are clear
examples of other sources (Sahai et al., 2020). CAFs can
originate from normal resident tissue fibroblasts. Transforming
growth factor-β (TGF-β), fibroblast growth factor 2 (FGF2),
epidermal growth factor (EGF), platelet-derived growth factor
(PDGF), hypoxia, reactive oxygen species (ROS) and non-coding
RNAs are key regulators of fibroblasts activation (Tape et al.,
2016; Deng et al., 2020). As a strong inducer of proliferation and
fibrosis, TGF-β activates fibroblasts in pancreatic
adenocarcinoma (Löhr et al., 2001). Activation of hepatic
stellate cells (HSCs) by PDGF results in myofibroid
phenotypes, including features such as α-SMA expression, that
are transformed into CAFs (Yin et al., 2013). Hypoxia induces
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epigenetic reprogramming of normal breast fibroblasts, resulting
in the pro-glycolytic phenotype of CAFs (Becker et al., 2020).

In addition, other cell types in TME (e.g., epithelial cells,
endothelial cells, adipocytes and pericyte) may also participate in
CAFs’ differentiation. In breast cancer, kidney cancer, lung
cancer and liver cancer, epithelial cells and endothelial cells
adjacent to the cancer cells can differentiate into CAFs
through epithelial-mesenchymal transition (EMT) and
endothelial-mesenchymal transition (EndMT) (Kalluri and
Neilson, 2003; LeBleu and Kalluri, 2018). Although conversion
of adipocytes to CAFs is not a universal phenomenon in tumors,
it has been partially reported in breast cancer. Human adipose
tissue-derived stem cells (hASCs) adjacent to breast cancer cells
are also one of the sources of CAFs and play an important role in
tumor aggression (Jotzu et al., 2011). Evidence of pericyte
transformation of CAF is relatively rare (Dulauroy et al., 2012;
Bartoschek et al., 2018). Pericytes can be transferred into CAFs in
a PDGF—dependent manner (Hosaka et al., 2016). In recent
years there has been evidence that cancer stem cells (CSCs),
which are thought to be the origin of cancer, can also differentiate
into CAFs. It provides a new dimension for CAFs heterogeneity
(Osman et al., 2020).

Distant cells outside the TME can also be transformed into
CAFs. When mesenchymal stem cells (MSCs) are recruited by
colorectal carcinoma microenvrionment, CXCR4/TGF-β1
signaling signaling pathway in this environment can mediate
MSCs differentiation into CAFs (Tan et al., 2020). Cancer
progression requires stromal support to maintain tumor
growth. CAFs, as the main producer of ECM and paracrine
signals, play key roles in tumorigenesis, angiogenesis,
metastasis, tumor stem cell maintenance and metabolic
reprogramming, immunosuppression, and drug resistance.
Hence, it’s key to reprogram normal fibroblasts into
tumorigenic CAFs.

Cancer-Associated Fibroblasts: Functional
Overview in Lung Cancer
Due to their heterogeneity, CAFs have been shown to promote
lung cancer development through a variety of unique
mechanisms. CAFs were first shown to promote tumor
progression in a prostate cancer model (Olumi et al., 1999).
Navab et al. (2016) found that CAFs can enhance the interstitial
collagen hardness through overexpression of integrin α11β1,
thereby promoting tumor progression in NSCLC. It is known
that CAFs are large producers of IL-6 in the cancer
microenvironment, inducing EMT through the IL-6/STAT3
signaling pathway and enhancing the metastatic potential of
lung cancer cells (Wang et al., 2017). CAFs are also involved
in maintaining the immunosuppressive and angiogenic
environment that promotes tumor growth and evades immune
surveillance. For example, CAFs can induce immunosuppression
by recruiting immunosuppressive cells to a tumor site. CAFs can
also recruit endothelial progenitor cells into carcinomas by
secreting stromal cell derived factor 1 (SDF1), thereby
stimulating tumor angiogenesis (Orimo et al., 2005). In
addition, CAFs mediated drug resistance was observed in lung

cancer. For example, IL-6 from CAFs significantly increases TGF-
β1-induced EMT in cancer cells, thereby promoting cisplatin
resistance in NSCLC (Shintani et al., 2016). Hepatocyte growth
factor (HGF) from CAFs activated Met/PI3K/Akt, up-regulated
the expression of GRP78, promoting the resistance of A549 cells
to paclitaxel (Ying et al., 2015). Many of these aspects have been
reviewed in the past. We pay particular attention to lncRNAs as
relatively new biomolecules participated in the interactions with
CAFs. Through lncRNAs, the metabolic characteristics of NFs
were changed, leading to the activation of CAFs. Activated CAFs
enhance malignant biological processes in tumor cells by
interacting with lncRNAs, which can promote tumor
progression more effectively. LncRNAs also participate in
bidirectional communication between tumor cells and CAFs
via exosomes, resulting in both types of cells being
reprogrammed to maintain malignancy.

LONG NON-CODING RNA:
CLASSIFICATION AND FUNCTIONAL
CHARACTERISTICS
Based on the Encyclopedia of DNA Elements (ENCODE) project,
93% of the genome is transcribed into RNA, of which only 2% is
translated to protein. Those RNAs that lack the ability of coding
proteins are known as non-coding RNAs (ncRNAs). There are
many types of non-coding RNAs, which can be divided by size
into short non-coding RNAs with length less than 200 bp and
long non-coding RNAs with more than 200 bp (Brosnan and
Voinnet, 2009; Clark et al., 2011; Iyer et al., 2015). Initially, it was
believed that lncRNA was a by-product of RNA polymerase II
transcription, which was the result of transcriptional junk in the
process of genome evolution and had no biological function
(Kopp and Mendell, 2018). The development of whole genome
and transcriptome sequencing technology has allowed in-depth
examination of the noncoding genome. In recent years, the
functional roles of lncRNAs have become clearer than initially
anticipated.

Multiple mechanisms have been involved in the lncRNA-
mediated gene regulation in many diseases, including tumors.
This is probably due to their interactions with DNA, RNA or
protein at three levels of transcriptional regulation, post-
transcriptional regulation and epigenetic regulation. Most
studies have demonstrated that the ability of lncRNAs to
interact with different biomolecules extensively is of great
significance in tumor development, such as tumor
proliferation, metabolism, differentiation, apoptosis, migration
and drug resistance. A recent series of experimental evidence
indicates that their roles in TME are being recognized (Fang et al.,
2020). In addition, tumor cells and CAFs can communicate more
directly through lncRNA-loaded exosomes. Exosomes are a class
of extracellular vesicles (evs) with a diameter of 30–100 nm,
carrying microRNAs, lncRNAs, proteins, metabolites, and
other bioactive substances. Exosomes secreted by CAFs can
influence tumor progression. While exosomes released by
cancer cells can also promote the transformation and
activation of CAFs. Although the study of lncRNAs in TME
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has just begun, it can be predicted that significant progress can be
made in the study of lncRNAs interaction with CAFs. The
heterogeneous origin of CAFs and their interactions with
tumor cells via lncRNAs are illustrated in Figure 1. Figure
created with BioRender (https://biorender.com).

Normal fibroblasts mainly transformed into CAFs through
coordination of cytokines, growth factors, lncRNAs, etc.
Epithelial cells, endothelial cells, adipocytes, pericytes and
mesenchymal stem cells may also participate in the
differentiation of CAFs through different mechanisms. CAFs
interact with lncRNAs to maintain tumor proliferation,
migration, immunosuppression and therapeutic resistance.
LncRNA-loaded exosomes are also widely involved in crosstalk
between tumor cells and CAFs.

THE DYNAMIC CROSSTALK BETWEEN
TUMOR CELLS AND
CANCER-ASSOCIATED FIBROBLASTS
MEDIATED BY LONG NON-CODING RNAS

The crosstalk between tumor cells and the tumor
microenvironment is deemed to be necessary for tumor
progression (Gascard and Tlsty, 2016). CAFs are major
participants in TME, promoting tumor progression and
metastasis through communication with adjacent tumor cells

directly or indirectly. Now accumulating evidence has revealed
that lncRNAs, as relatively novel regulatory factors, play critical
roles not only in tumor cells but also in the tumor
microenvironment. The dysregulation of lncRNAs and
exosomal lncRNAs are involved in the dynamic crosstalk
between CAFs and tumor cells. By exploring the relationship
between lncRNAs, CAFs and cancer cells, using lncRNAs as
biomarkers or targets may be a potential way to predict the
prognosis of patients and improve the therapeutic effect of lung
cancer in the future (Wang et al., 2018). The following details
describe the CAFs-related lncRNAs and their potential
mechanisms in lung cancer (Table 1).

Role in the Formation and Activation of
Cancer-Associated Fibroblasts
Compared with resting fibroblasts, hyperactivated fibroblasts
(i.e., CAFs) have stronger tumor-promoting ability in NSCLC
(Navab et al., 2011). In addition to the well-known miRNAs,
some studies have confirmed that lncRNAs are also one of the
regulatory factors that contribute to the formation and activation
of CAFs. By integrating the gene expression profiles of 32 cancer
types and clustering the associated lncRNAs, 16 lncRNAmodules
were obtained. Twelve lncRNAs in one of these were associated
with cancer fibroblasts activation. Differentiation of quiescent
fibroblasts into cancer-associated phenotypes was reduced by
siRNA knockdown experiment (Walters et al., 2019). Snail1

FIGURE 1 | The heterogeneous origin of CAFs and their interactions with tumor cells via lncRNAs.
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activates cancer-associated fibroblasts (CAF), which require
signals from tumor cells such as TGF-β (Alba-Castellón et al.,
2016). It was found that lncRNA FLJ22447 promoted the
reprogramming of NFs into CAFs by up-regulating IL-33 level
in oral squamous cell carcinoma (Ding et al., 2018). LncRNA
LINC00092 interactes with 6-phosphofructo-2-kinase/fructose-
2,6-biphosphatase 2 (PFKFB2) to sustain the CAFs-like features
of fibroblasts within tumor microenvironment and promote
ovarian cancer metastasis (Zhao et al., 2017). The transfer of
bioactive molecules from malignant cells to stromal cells via
exosomes is also a key regulator of CAF differentiation. To
date, at least two dozen miRNAs have been identified in
various cancer types mediate CAF differentiation through
exosomes (Shoucair et al., 2020). Some studies have confirmed
that the expression of lncRNA-containing exosomes released by
some tumor cells upregulates in the stroma and also participate in
the activation of CAFs, but researches hitherto remain sparse. A
recent study found that exosomal lncRNA PCAT-1 involved in
tumor stroma remodeling in lung cancer. High expression of
PCAT-1 can trigger the differentiation of fibroblasts into CAFs.
Rather, PCAT-1 knockdown impaired CAF-mediated stromal
activation and tumor growth in vivo (Domvri et al., 2020).

Tumor Proliferation and Migration
Perhaps the best-known function of CAFs is to promote tumor
progression. Microarray gene expression analysis of CAF and NF
cell lines showed that differentially expressed genes were mainly
regulated by the TGF-β signaling pathway. CAFs can promote
EMT and tumor cell metastasis in a variety of ways through TGF-
β-dependent mechanisms (Calon et al., 2014). TGF-β1, which is
partially secreted by CAFs, is a critical medium for CAFs to
induce EMT andmetastasis of lung cancer cells, and an important
medium for the interaction between stroma and cancer cells
(Kalluri, 2016). It has been previously reported that CAF-derived
TGF-β11 promotes EMT and invasion of bladder cancer cells
through lncRNA-ZEB2NAT (Zhuang et al., 2015). In breast
cancer, CAFs activate HOTAIR transcription by secreting
TGF-β1, thereby promoting the metastasis activity tumor cells
(Ren et al., 2018). Similarly, TGF-β1 secreted by CAFs leads to
overexpression of lncRNA (TBILA) in NSCLC tissues, which can
be induced by the classical TGF-β1 /Smad2/3 signaling pathway,
cis-regulating HGAL (a TGF-β-induced gene), and activating the
S100A7/JAB1 signaling pathway, thereby promoting the progress
of NSCLC (Lu et al., 2018). As a tumor suppressor gene in
NSCLC, lncRNA ANCR inhibits the migration and invasion of

NSCLC cells by down-regulating TGF-β1 expression (Wang et al.,
2018). Evidence shows that CAF-derived exosome lncRNAs also
play an increased role in tumor proliferation. Exosome-lncRNA
SNAI1 secreted by CAFs induces EMT in lung cancer cells.
However, treatment of CAFs with exosome release inhibitor
GW4869 significantly inhibited the induction of EMT in
recipient cancer cells (You et al., 2019).

Tumor Immunosuppression
In recent years, immunotherapy has become a hot topic in cancer
treatment. Nevertheless, only a small percentage of cancer
patients benefit from tumor immunotherapy, and a number of
patients develop resistance to the therapy (Cristescu et al., 2018;
Horvath et al., 2020). There is growing evidence that TME is one
of the vital factors in the regulation of tumor immune response,
not only tumor cells themselves. CAFs interact with a variety of
immune cells, both innate immune cells (macrophages,
neutrophils, dendritic cells, natural killer cells, and bone
marrow cells) and adaptive immune cells (T and B
lymphocytes), to modulate tumor immune response
(i.e., immunosuppression) and promote tumor progression
(Piersma et al., 2020). CAFs-mediated effects can directly
increase the amount of inhibitory T lymphocytes and
counteract effector T cell function. In addition, CAFs produce
ECM components that form a physical barrier against immune
cell infiltration (Mhaidly and Mechta-Grigoriou, 2021).
LncRNAs can also act as tumor promoter genes and
suppressor genes to regulate immune cell and immune
response in TME (Xue et al., 2021). For example, lncRNA
NKILA promotes tumor immune escape in the lung cancer
microenvironment by regulating T cell sensitivity to
activation-induced cell death (AICD) and increasing CTL
infiltration (Huang et al., 2018). Exosomes contain membrane
surface related antigens, immune stimulation and inhibitory
factors, and biological active substances, which can participate
in the immune response (Xu et al., 2020).

There is evidence that the interaction between CAFs and
lncRNAs can also mediate immune responses. Domvri et al.
found that PCAT-1 in the lung tumor microenvironment
promotes a pre-metastatic niche formation by
immunosuppressive miR-182/miR-217 signaling and p27/
CDK6 regulation. PCAT-1-activated CAFs also enhanced the
transformation of tumor-associated macrophages (TAMs) into a
tumor-supporting M2 phenotype. This leads to an increase in
infiltrating macrophages in the microenvironment, which then

TABLE 1 | CAFs-related lncRNAs and their potential mechanisms in lung cancer.

LncRNA Expression Target molecules
or pathways

Cell lines Principal functions References

PCAT-1 Upregulation miR-182/miR-217 signaling H1975, A549 Activate CAFs, Immunosuppression, Chemoresistance Domvri et al. (2020)
TBILA Upregulation S100A7/JAB1 A549 promoting progression Lu et al. (2018)
ANCR Downregulaton TGF-β signaling NCI-H23, NCI-H522 inhibit migration and invasion Wang et al. (2018)
Snail-1 Upregulation Snail1 signaling A549 promote EMT of epithelial lung cancer cells You et al. (2019)
HOTAIR Upregulation caspase-3/BCL-2 signaling A549 promote cisplatin resistance Sun and Chen (2021)
ANRIL Upregulation caspase-3/BCL-2 signaling A549 Promote cisplatin resistance Zhang et al. (2017)
KCNQ1OT1 Upregulation G1/S transformation A549 Radiotherapy resistance Mao (2019)
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progresses to an immunosuppressive phenotype (Hegab et al.,
2019; Domvri et al., 2020). Teng et al. (2019) showed lncRNA
profiling in NSCLC. The lncRNAs differentially expressed
between the paired CAFs and adjacent normal fibroblasts of
the three patients were detected by gene microarray. Compared
with NFs, we found 322 up-regulated and 444 down-regulated
lncRNAs in CAFs. Bioinformatics analysis methods such as Gene
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) were used to analyze these differentially expressed
lncRNAs, and it was found that these dysregulated lncRNAs
were associated with immune function. These results suggest that
CAF-specific lncRNAs mediate immune responses during the
progression of lung cancer. However, there are relatively few
studies on CAFs directly regulating lncRNAs to induce
immunosuppression. Most of them are due to the interaction
between various cytokines secreted by CAFs (such as TGF, IL-6,
IL-8, etc.) and lncRNAs to exert immunosuppression (Ghafouri-
FardAbak et al., 2021). For example, lncRNA LINC00301
significantly accumulated Tregs and inhibited CD8+ T cell
infiltration in the nude mouse tumor microenvironment of
NSCLC cell lines by targeting TGF-β (Sun et al., 2020). The
mechanism of CAF regulating lncRNAs to further play immune
escape needs to be further explored. This provides a promising
target for further study of immune regulation in lung cancer.

Therapeutic Resistance
Accumulating studies have found that tumor drug resistance is
not only related to tumor cells, but also closely related to TME.
TME-mediated resistance can be induced by chemokine and
cytokine secreted by tumor cells and stroma. Mink et al. (2010)
found that 24% of CAFs in tumor matrix were generated by
EMT-derived tumor cells via green fluorescent protein-tagging
experiment, and expressed epithelial membrane protein-1, a
gefitinib resistance biomarker, to promote EGFR-TKI
resistance. LncRNAs also play significant roles in the
regulation of drug resistance. CAFs can directly or
indirectly lead to abnormal expression of lncRNAs in tumor
cells. This abnormality may alter the drug sensitivity of tumor
cells by affecting downstream ceRNA. Zhang et al. (2017)
found Midkine derived from CAFs increases the expression
of lncRNA ANRIL in lung cancer cells, ovarian cancer cells,
and oral squamous cell carcinoma cells through paracrine
action, thereby promoting the upregulation of ABC family
proteins MRP1 and ABCC2, and ultimately leading to the
resistance of tumor cells to cisplatin. In contrast, silencing
lncRNA ANRIL can overcome MK-induced cisplatin
resistance via activating the caspase-3-dependent apoptotic
pathway. Similarly, CAFs upregulate the expression of lncRNA
HOTAIR to inactivate caspase-3/BCL-2 signaling pathway and
promote cisplatin resistance (Sun and Chen, 2021).

In addition, it has been shown that CAFs affect the therapeutic
resistance behavior of tumor cells through the release of exosomes
containing lncRNA. CAFs can activate the β-catenin pathway by
transferring exosome lncRNA H19, promoting chemotherapy
resistance in colorectal cancer (Ren et al., 2018). Exosomes
with high expression of H19 can also promoted gefitinib
resistance of NSCLC cells (Lei et al., 2018). Based on the

above studies, it is possible to explore whether H19-exosomes
in NSCLC also derive from CAF. LncRNA KCNQ1OT1 is also
packaged into exosomes and secreted by CAFs, thus inducing
cancer cell proliferation, promoting the G1/S transformation of
cancer cells, and increasing radiotherapy resistance (Mao, 2019).
The development of potential drugs that can target lncRNA and
CAFs may be a solution to improve treatment resistance.

THE DIAGNOSTIC, PROGNOSTIC AND
THERAPEUTIC VALUE OF LONG
NON-CODING RNAS IN TUMOR
MICROENVIRONMENT

As functional RNA molecules, lncRNAs and lncRNAs-enriched
exosomes control crucial pathways in microenvironment and are
expressed in specific ways at specific stages of progression. They have
gradually become new biomarkers and therapeutic targets for cancer.
We provide our perspective on the clinical use of lncRNAs as
therapeutic targets or prognostic/predictive biomarkers,
contributing to the development of precision therapy.

Application of Long Non-Coding RNAs as
Biomarkers
Previous studies have found that abnormal expression of
lncRNAs can regulate the interaction between tumor cells
and stromal cells, which can be used to predict tumor
behavior and patient prognosis. The ability to capture
tumor interstitial correlation signals may be of great
significance. The lipid bilayer of exosomes provides a
protective membrane that encapsulates and protects
biologically active molecules. Therefore, exosomes exist
stably in various body fluids such as blood, saliva,
bronchoalveolar lavage fluid, and sputum. Due to their
small size, exosomes are easier to penetrate into a variety of
body fluids, mediating signal and substance exchange between
tumor cells and CAFs. Exosomes can be used as promising
diagnostic and prognostic value due to these unique
characteristics (Chung et al., 2020). Precise liquid biopsies
can be performed by non-invasive methods to obtain exosomes
abundant in body fluids. It is a promising method to improve
early diagnosis and cancer prognosis. Abnormal expression of
exosomes from tumor cells and mesenchymal cells are also
associated with different stages of cancer (Barile and Vassalli,
2017). Dynamic monitoring of differential expression of
bioactive molecules (such as lncRNAs, miRNAs) in
exosomes can reflect tumor development more accurately
and timely. However, the reliability and stability of
extraction technology are the premise of exosome research.
However, due to their nanoscale volume, efficient purification
of exosomes from body fluids is full of challenges. In addition,
the high cost of the test may limit its widespread use and large
prospective clinical trials must be conducted to provide
evidence of its clinical utility. At present, these are still
great challenges to its clinical application as biomarker.
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Potential of Targeted Long Non-Coding
RNAs Therapy
The roles of CAFs in cancer development makes them potential
therapeutic targets. Nevertheless, due to the lack of specific CAFs
markers, it is difficult to accurately target CAFs without damaging
normal tissues. In addition, CAFs have both protumorigenic and
antitumorigenic effects. Ongoing attempts to treat CAFs still face
a number of challenges. A few of receptor antagonists targeting
CAFs-derived paracrine factors are being developed to prevent
tumor-stromal interactions. Siltuximab, as an anti-IL-6
monoclonal antibody, was found to have strong tumor
suppressive effects in lung cancer xenograft models treated
with CAFs (Nikanjam et al., 2019).

According to recent studies, targeting lncRNAs in CAFs is also a
promising direction of exploration. Although miRNAs in the tumor
microenvironment have been extensively studied. The regulation of
mRNAs is realized by targeting miRNAs, and then the transcription
and post-transcription regulation of functional genes are realized.
Because onemiRNA can regulate multiple mRNAs, and onemRNA
is regulated by different miRNAs. Compared to targeting miRNAs,
lncRNAi is equivalent to simultaneously targeting multiple different
miRNAs molecules, thus improving the efficiency of tumor growth
inhibition. Several approaches can target lncRNAs, such as antisense
oligonucleotides (ASOs), short hairpin RNAs (shRNAs), short
interfering RNAs (siRNAs), small molecule antagonists, and
nucleic acid aptamers (Chen et al., 2019a). The degradation of
lncRNAs in CAFs by ASO interferes with their phenotypes and
tumor-friendly functions. In a mouse xenograft model, MALAT1
ASO is a potential treatment targeting cancer-associated lncRNAs,
which can effectively inhibit lung cancer spreading (Gutschner et al.,
2013). As a large hydrophilic compound, delivery of ASOs to target
organs in vivo is one of the biggest problems encountered in drug
development (Levin, 2019). The efficacy of oligonucleotide drugs in
locally administered diseases is significantly better than that in
systemic diseases. Nusinersen, the most successful antisense
oligonucleotide drug, is administered by intrathecal injection for
spinal muscular atrophy (Chiriboga, 2017). As the stable structure
gradually became the marker of lncRNA, the specific identification
of lncRNA domain by small molecule drugs was used to regulate the
phenotype. And compared with ASOs, small molecule drugs have
higher tunability properties. With molecular docking and high-
throughput screening, a small-molecule compound AC1Q3QWB
was identified to interfere with the expression of lncRNA HOTAIR
and increase the expression of tumor suppressor (Li et al., 2019). It is
currently difficult that targeting lncRNAs in a scalable and replicable
way with small, drug-like molecules. In addition, screening methods
should be improved to identify drug-like lead molecules with
appropriate pharmacological properties and identify RNA motifs
with sufficient informative content (Warner et al., 2018).

Exosomes are effective carriers for communication of genetic
material and other information between cells. Inhibiting the
production and secretion of exosomes can be a potential
therapeutic method. Several compounds have been identified as
potential inhibitors of exosome production. The most common
exosome inhibitor is a non-competitive inhibitor of membrane
neutral sphingomyelinase (nSMase) inhibitor GW4869.

According to the bilayer lipid structure of exosomes, exogenous
SMase can induce exosomes formation. Accordingly, the use of
GW4869 can inhibit lipid metabolism and reduce exosome
production, thus interfering with tumor progression (Catalano
and O’Driscoll, 2020). Some studies have found that GW4869
blocks lncRNA ASLNCS5088-enriched exosomes in M2
macrophages, and then inhibits the regulation of M2
macrophages on fibroblast activation (Chen et al., 2019b). Ras-
related protein RAB27A belonging to the RAB GTPase superfamily
is involved in protein transport and small GTPase mediated signal
transduction as a membrane binding protein. It has been found to
play an important role in the production and secretion of exosomes.
Reducing the expression of RAB27A can effectively reduce the
secretion of exosomes (Zhang Y. et al., 2020). Sulfisoxazole
(SFX), an FDA-approved oral antibiotic, has recently been found
to act as an inhibitor of exosomes by interfering with endothelin
receptor A (ETA) in breast cancer (Im et al., 2019). Interestingly, the
mechanisms by which these compounds block exosome secretion
vary from each other. Further studies are needed to better
understand the role and targets of exosome in intercellular
communication. In addition, most exosome inhibitors cannot
selectively identify exosomes that are involved in pathology,
rather than those that perform necessary physiological roles
currently. The study of targeted inhibition of exosome secretion
still needs substantial efforts.

CONCLUSION AND PERSPECTIVES

Cancer-associated fibroblasts (CAFs) are key components in TME
that support tumor growth, generate a physical barrier against drug
and immune invasion, and help regulate malignant progression.
Activation and function of CAFs are mainly controled by a large
number of factors, among which lncRNAs act in indispensable roles.
Through lncRNAs, CAFs regulate tumor cell proliferation,
metabolism, immune escape and treatment resistance. Tumor
cells and CAF-derived lncRNA-loaded exosomes are also
extensively involved in this interaction. Therefore, it is widely
accepted that therapies designed to block the interaction between
tumor cells and CAFs can enhance the effectiveness of anti-cancer
therapies. Although there are only a few reports of lncRNAs inCAFs.
To sum up, the results provide new insights into the communication
between tumor stroma and cancer cells, and demonstrate the
therapeutic potential of targeting lncRNA mediated cross-talk
between cancer and stromal cells in cancer therapy. At present,
there are still many obstacles and challenges to carry out targeted
work on CAFs. The design of novel therapies targeting the tumor
stroma depends on a better understanding of TME’s interactions
with cancer cells.

AUTHOR CONTRIBUTIONS

YC and JW contributed to the conception of the study; WT
collected the data analyses and wrote the manuscript; YC
supervised the study; All authors read and approved the final
version of the manuscript.

Frontiers in Cell and Developmental Biology | www.frontiersin.org January 2022 | Volume 9 | Article 7141257

Ti et al. Interactions Between lncRNAs and CAFs

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


FUNDING

This work was supported by the Special Fund for Taishan Scholar
Project (No. ts20190973).

ACKNOWLEDGMENTS

The authors greatly appreciate the valuable support and useful
discussionwith othermembers of the RadiationOncologyDepartment.

REFERENCES

Alba-Castellón, L., Olivera-Salguero, R., Mestre-Farrera, A., Peña, R., Herrera,
M., Bonilla, F., et al. (2016). Snail1-Dependent Activation of Cancer-
Associated Fibroblast Controls Epithelial Tumor Cell Invasion and
Metastasis. Cancer Res. 76 (21), 6205–6217. doi:10.1158/0008-5472.Can-
16-0176

Alcolea, M. P., and Jones, P. H. (2013). Tracking Cells in Their Native Habitat:
Lineage Tracing in Epithelial Neoplasia. Nat. Rev. Cancer 13 (3), 161–171.
doi:10.1038/nrc3460

Barile, L., and Vassalli, G. (2017). Exosomes: Therapy Delivery Tools and
Biomarkers of Diseases. Pharmacol. Ther. 174, 63–78. doi:10.1016/
j.pharmthera.2017.02.020

Bartoschek, M., Oskolkov, N., Bocci, M., Lövrot, J., Larsson, C., Sommarin, M.,
et al. (2018). Spatially and Functionally Distinct Subclasses of Breast Cancer-
Associated Fibroblasts Revealed by Single Cell RNA Sequencing.Nat. Commun.
9 (1), 5150. doi:10.1038/s41467-018-07582-3

Becker, L. M., O’Connell, J. T., Vo, A. P., Cain, M. P., Tampe, D., Bizarro, L., et al.
(2020). Epigenetic Reprogramming of Cancer-Associated Fibroblasts
Deregulates Glucose Metabolism and Facilitates Progression of Breast
Cancer. Cell Rep. 31 (9), 107701. doi:10.1016/j.celrep.2020.107701

Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A.
(2020). Erratum: Global Cancer Statistics 2018: GLOBOCAN Estimates of
Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA A.
Cancer J. Clin. 70 (4), 313. doi:10.3322/caac.21609

Brosnan, C. A., and Voinnet, O. (2009). The Long and the Short of Noncoding
RNAs. Curr. Opin. Cell Biol. 21 (3), 416–425. doi:10.1016/j.ceb.2009.04.001

Calon, A., Tauriello, D. V. F., and Batlle, E. (2014). TGF-beta in CAF-Mediated
Tumor Growth and Metastasis. Semin. Cancer Biol. 25, 15–22. doi:10.1016/
j.semcancer.2013.12.008

Catalano, M., and O’Driscoll, L. (2020). Inhibiting Extracellular Vesicles
Formation and Release: a Review of EV Inhibitors. J. Extracell. Vesicles 9
(1), 1703244. doi:10.1080/20013078.2019.1703244

Chan, J. S. K., Tan, M. J., Sng, M. K., Teo, Z., Phua, T., Choo, C. C., et al. (2017).
Cancer-associated Fibroblasts Enact Field Cancerization by Promoting
Extratumoral Oxidative Stress. Cell Death Dis. 8 (1), e2562. doi:10.1038/
cddis.2016.492

Chen,D., Lu, T., Tan, J., Li, H.,Wang, Q., andWei, L. (2019a). LongNon-Coding RNAs
as Communicators and Mediators between the Tumor Microenvironment and
Cancer Cells. Front. Oncol. 9, 739. doi:10.3389/fonc.2019.00739

Chen, J., Zhou, R., Liang, Y., Fu, X., Wang, D., and Wang, C. (2019b). Blockade
of lncRNA-ASLNCS5088-Enriched Exosome Generation in M2
Macrophages by GW4869 Dampens the Effect of M2 Macrophages on
Orchestrating Fibroblast Activation. FASEB J. 33 (11), 12200–12212.
doi:10.1096/fj.201901610

Chen, X., and Song, E. (2019). Turning Foes to Friends: Targeting Cancer-
Associated Fibroblasts. Nat. Rev. Drug Discov. 18 (2), 99–115. doi:10.1038/
s41573-018-0004-1

Chiriboga, C. A. (2017). Nusinersen for the Treatment of Spinal Muscular Atrophy.
Expert Rev. Neurotherapeutics 17 (10), 955–962. doi:10.1080/
14737175.2017.1364159

Chung, I.-M., Rajakumar, G., Venkidasamy, B., Subramanian, U., and
Thiruvengadam, M. (2020). Exosomes: Current Use and Future
Applications. Clin. Chim. Acta 500, 226–232. doi:10.1016/j.cca.2019.10.022

Clark, M. B., Amaral, P. P., Schlesinger, F. J., Dinger, M. E., Taft, R. J., Rinn, J. L.,
et al. (2011). The Reality of Pervasive Transcription. PLoS Biol. 9 (7), e1000625.
doi:10.1371/journal.pbio.1000625

Cristescu, R., Mogg, R., Ayers, M., Albright, A., Murphy, E., Yearley, J., et al. (2018).
Pan-tumor Genomic Biomarkers for PD-1 Checkpoint Blockade-Based
Immunotherapy. Science 362 (6411). doi:10.1126/science.aar3593

De Wever, O., Demetter, P., Mareel, M., and Bracke, M. (2008). Stromal
Myofibroblasts Are Drivers of Invasive Cancer Growth. Int. J. Cancer 123
(10), 2229–2238. doi:10.1002/ijc.23925

Deng, X., Ruan, H., Zhang, X., Xu, X., Zhu, Y., Peng, H., et al. (2020). Long
Noncoding RNA CCAL Transferred from Fibroblasts by Exosomes Promotes
Chemoresistance of Colorectal Cancer Cells. Int. J. Cancer 146 (6), 1700–1716.
doi:10.1002/ijc.32608

Ding, L., Ren, J., Zhang, D., Li, Y., Huang, X., Hu, Q., et al. (2018). A Novel Stromal
lncRNA Signature Reprograms Fibroblasts to Promote the Growth of Oral
Squamous Cell Carcinoma via LncRNA-CAF/interleukin-33. Carcinogenesis 39
(3), 397–406. doi:10.1093/carcin/bgy006

Domvri, K., Petanidis, S., Anestakis, D., Porpodis, K., Bai, C., Zarogoulidis, P., et al.
(2020). Exosomal lncRNA PCAT-1 Promotes Kras-Associated
Chemoresistance via Immunosuppressive miR-182/miR-217 Signaling and
p27/CDK6 Regulation. Oncotarget 11 (29), 2847–2862. doi:10.18632/
oncotarget.27675

Dulauroy, S., Di Carlo, S. E., Langa, F., Eberl, G., and Peduto, L. (2012). Lineage
Tracing and Genetic Ablation of ADAM12(+) Perivascular Cells Identify a
Major Source of Profibrotic Cells during Acute Tissue Injury. Nat. Med. 18 (8),
1262–1270. doi:10.1038/nm.2848

Fang, Z., Xu, J., Zhang, B., Wang, W., Liu, J., Liang, C., et al. (2020). The Promising
Role of Noncoding RNAs in Cancer-Associated Fibroblasts: an Overview of
Current Status and Future Perspectives. J. Hematol. Oncol. 13 (1), 154.
doi:10.1186/s13045-020-00988-x

Gascard, P., and Tlsty, T. D. (2016). Carcinoma-Associated Fibroblasts:
Orchestrating the Composition of Malignancy. Genes Dev. 30 (9),
1002–1019. doi:10.1101/gad.279737.116

Ghafouri-Fard, S., Abak, A., Tavakkoli Avval, S., Shoorei, H., Taheri, M., and
Samadian, M. (2021). The Impact of Non-Coding RNAs on Macrophage
Polarization. Biomed. Pharmacother. 142, 112112. doi:10.1016/
j.biopha.2021.112112

Gutschner, T., Hämmerle, M., Eissmann, M., Hsu, J., Kim, Y., Hung, G., et al.
(2013). The Noncoding RNAMALAT1 is a Critical Regulator of the Metastasis
Phenotype of Lung Cancer Cells. Cancer Res. 73 (3), 1180–1189. doi:10.1158/
0008-5472.Can-12-2850

Hegab, A. E., Ozaki, M., Kameyama, N., Gao, J., Kagawa, S., Yasuda, H., et al.
(2019). Effect of FGF/FGFR Pathway Blocking on Lung Adenocarcinoma and
its Cancer-Associated Fibroblasts. J. Pathol. 249 (2), 193–205. doi:10.1002/
path.5290

Hirsch, F. R., Scagliotti, G. V., Mulshine, J. L., Kwon, R., Curran, W. J., Jr., Wu, Y.-
L., et al. (2017). Lung Cancer: Current Therapies and New Targeted
Treatments. The Lancet 389 (10066), 299–311. doi:10.1016/s0140-6736(16)
30958-8

Horvath, L., Thienpont, B., Zhao, L., Wolf, D., and Pircher, A. (2020). Overcoming
Immunotherapy Resistance in Non-small Cell Lung Cancer (NSCLC) - Novel
Approaches and Future Outlook. Mol. Cancer 19 (1), 141. doi:10.1186/s12943-
020-01260-z

Hosaka, K., Yang, Y., Seki, T., Fischer, C., Dubey, O., Fredlund, E., et al. (2016).
Pericyte-Fibroblast Transition Promotes Tumor Growth and Metastasis. Proc.
Natl. Acad. Sci. U.S.A. 113 (38), E5618–E5627. doi:10.1073/pnas.1608384113

Huang, D., Chen, J., Yang, L., Ouyang, Q., Li, J., Lao, L., et al. (2018). NKILA
lncRNA Promotes Tumor Immune Evasion by Sensitizing T Cells to
Activation-Induced Cell Death. Nat. Immunol. 19 (10), 1112–1125.
doi:10.1038/s41590-018-0207-y

Im, E.-J., Lee, C.-H., Moon, P.-G., Rangaswamy, G. G., Lee, B., Lee, J. M., et al.
(2019). Sulfisoxazole Inhibits the Secretion of Small Extracellular Vesicles by
Targeting the Endothelin Receptor A. Nat. Commun. 10 (1), 1387. doi:10.1038/
s41467-019-09387-4

Iyer, M. K., Niknafs, Y. S., Malik, R., Singhal, U., Sahu, A., Hosono, Y., et al. (2015).
The Landscape of Long Noncoding RNAs in the Human Transcriptome. Nat.
Genet. 47 (3), 199–208. doi:10.1038/ng.3192

Frontiers in Cell and Developmental Biology | www.frontiersin.org January 2022 | Volume 9 | Article 7141258

Ti et al. Interactions Between lncRNAs and CAFs

https://doi.org/10.1158/0008-5472.Can-16-0176
https://doi.org/10.1158/0008-5472.Can-16-0176
https://doi.org/10.1038/nrc3460
https://doi.org/10.1016/j.pharmthera.2017.02.020
https://doi.org/10.1016/j.pharmthera.2017.02.020
https://doi.org/10.1038/s41467-018-07582-3
https://doi.org/10.1016/j.celrep.2020.107701
https://doi.org/10.3322/caac.21609
https://doi.org/10.1016/j.ceb.2009.04.001
https://doi.org/10.1016/j.semcancer.2013.12.008
https://doi.org/10.1016/j.semcancer.2013.12.008
https://doi.org/10.1080/20013078.2019.1703244
https://doi.org/10.1038/cddis.2016.492
https://doi.org/10.1038/cddis.2016.492
https://doi.org/10.3389/fonc.2019.00739
https://doi.org/10.1096/fj.201901610
https://doi.org/10.1038/s41573-018-0004-1
https://doi.org/10.1038/s41573-018-0004-1
https://doi.org/10.1080/14737175.2017.1364159
https://doi.org/10.1080/14737175.2017.1364159
https://doi.org/10.1016/j.cca.2019.10.022
https://doi.org/10.1371/journal.pbio.1000625
https://doi.org/10.1126/science.aar3593
https://doi.org/10.1002/ijc.23925
https://doi.org/10.1002/ijc.32608
https://doi.org/10.1093/carcin/bgy006
https://doi.org/10.18632/oncotarget.27675
https://doi.org/10.18632/oncotarget.27675
https://doi.org/10.1038/nm.2848
https://doi.org/10.1186/s13045-020-00988-x
https://doi.org/10.1101/gad.279737.116
https://doi.org/10.1016/j.biopha.2021.112112
https://doi.org/10.1016/j.biopha.2021.112112
https://doi.org/10.1158/0008-5472.Can-12-2850
https://doi.org/10.1158/0008-5472.Can-12-2850
https://doi.org/10.1002/path.5290
https://doi.org/10.1002/path.5290
https://doi.org/10.1016/s0140-6736(16)30958-8
https://doi.org/10.1016/s0140-6736(16)30958-8
https://doi.org/10.1186/s12943-020-01260-z
https://doi.org/10.1186/s12943-020-01260-z
https://doi.org/10.1073/pnas.1608384113
https://doi.org/10.1038/s41590-018-0207-y
https://doi.org/10.1038/s41467-019-09387-4
https://doi.org/10.1038/s41467-019-09387-4
https://doi.org/10.1038/ng.3192
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Jotzu, C., Alt, E., Welte, G., Li, J., Hennessy, B. T., Devarajan, E., et al. (2011).
Adipose Tissue Derived Stem Cells Differentiate into Carcinoma-Associated
Fibroblast-like Cells under the Influence of Tumor Derived Factors.Cell Onc. 34
(1), 55–67. doi:10.1007/s13402-011-0012-1

Kalluri, R., and Neilson, E. G. (2003). Epithelial-mesenchymal Transition and its
Implications for Fibrosis. J. Clin. Invest. 112 (12), 1776–1784. doi:10.1172/
jci2053010.1172/jci200320530

Kalluri, R. (2016). The Biology and Function of Fibroblasts in Cancer. Nat. Rev.
Cancer 16 (9), 582–598. doi:10.1038/nrc.2016.73

Kopp, F., and Mendell, J. T. (2018). Functional Classification and Experimental
Dissection of Long Noncoding RNAs. Cell 172 (3), 393–407. doi:10.1016/
j.cell.2018.01.011

Kraman, M., Bambrough, P. J., Arnold, J. N., Roberts, E. W., Magiera, L., Jones,
J. O., et al. (2010). Suppression of Antitumor Immunity by Stromal Cells
Expressing Fibroblast Activation Protein-α. Science 330 (6005), 827–830.
doi:10.1126/science.1195300

LeBleu, V. S., and Kalluri, R. (2018). A Peek into Cancer-Associated Fibroblasts:
Origins, Functions and Translational Impact. Dis. Model. Mech. 11 (4).
doi:10.1242/dmm.029447

LeBleu, V. S., Taduri, G., O’Connell, J., Teng, Y., Cooke, V. G., Woda, C., et al.
(2013). Origin and Function of Myofibroblasts in Kidney Fibrosis. Nat. Med. 19
(8), 1047–1053. doi:10.1038/nm.3218

Lei, Y., Guo, W., Chen, B., Chen, L., Gong, J., and Li, W. (2018). Tumor-Released
lncRNA H19 Promotes Gefitinib Resistance via Packaging into Exosomes in
Non-Small Cell Lung Cancer. Oncol. Rep. 40 (6), 3438–3446. doi:10.3892/
or.2018.6762

Levin, A. A. (2019). Treating Disease at the RNA Level with Oligonucleotides. N.
Engl. J. Med. 380 (1), 57–70. doi:10.1056/NEJMra1705346

Li, H., Fan, X., and Houghton, J. (2007). Tumor Microenvironment: the Role of the
Tumor Stroma in Cancer. J. Cell. Biochem. 101 (4), 805–815. doi:10.1002/
jcb.21159

Li, Y., Ren, Y., Wang, Y., Tan, Y., Wang, Q., Cai, J., et al. (2019). A Compound
AC1Q3QWB Selectively Disrupts HOTAIR-Mediated Recruitment of PRC2
and Enhances Cancer Therapy of DZNep. Theranostics 9 (16), 4608–4623.
doi:10.7150/thno.35188

Löhr, M., Schmidt, C., Ringel, J., Kluth, M., Müller, P., Nizze, H., et al. (2001).
Transforming Growth Factor-Beta1 Induces Desmoplasia in an Experimental
Model of Human Pancreatic Carcinoma. Cancer Res. 61 (2), 550–555.

Lu, Z., Li, Y., Che, Y., Huang, J., Sun, S., Mao, S., et al. (2018). The TGFβ-Induced
lncRNA TBILA Promotes Non-small Cell Lung Cancer Progression In Vitro
and In Vivo via cis-Regulating HGAL and Activating S100A7/JAB1 Signaling.
Cancer Lett. 432, 156–168. doi:10.1016/j.canlet.2018.06.013

Mao, Y. C. (2019). Cancer-associated Fibroblasts Promote Radioresistance of Lung
Cancer by Transfering Exosomal lncRNA KCNQ1OT1: The Mechanisms. MA
thesis. Kunming Medical University.

Mhaidly, R., and Mechta-Grigoriou, F. (2021). Role of Cancer-associated
Fibroblast Subpopulations in Immune Infiltration, as a New Means of
Treatment in Cancer. Immunol. Rev. 302 (1), 259–272. doi:10.1111/imr.12978

Mink, S. R., Vashistha, S., Zhang, W., Hodge, A., Agus, D. B., and Jain, A. (2010).
Cancer-associated Fibroblasts Derived from EGFR-TKI-Resistant Tumors
Reverse EGFR Pathway Inhibition by EGFR-TKIs. Mol. Cancer Res. 8 (6),
809–820. doi:10.1158/1541-7786.Mcr-09-0460

Navab, R., Strumpf, D., Bandarchi, B., Zhu, C.-Q., Pintilie, M., Ramnarine, V. R.,
et al. (2011). Prognostic Gene-Expression Signature of Carcinoma-Associated
Fibroblasts in Non-small Cell Lung Cancer. Proc. Natl. Acad. Sci. 108 (17),
7160–7165. doi:10.1073/pnas.1014506108

Navab, R., Strumpf, D., To, C., Pasko, E., Kim, K. S., Park, C. J., et al. (2016).
Integrin α11β1 Regulates Cancer Stromal Stiffness and Promotes
Tumorigenicity and Metastasis in Non-small Cell Lung Cancer. Oncogene
35 (15), 1899–1908. doi:10.1038/onc.2015.254

Nikanjam, M., Yang, J., and Capparelli, E. V. (2019). Population Pharmacokinetics
of Siltuximab: Impact of Disease State. Cancer Chemother. Pharmacol. 84 (5),
993–1001. doi:10.1007/s00280-019-03939-7

Olumi, A., Grossfeld, G., Hayward, S., Carroll, P., Cunha, G., Hein, P., et al. (2000).
Carcinoma-associated Fibroblasts Stimulate Tumor Progression of Initiated
Human Epithelium. Breast Cancer Res. 2 (19), 5002–5011. doi:10.1186/bcr138

Orimo, A., Gupta, P. B., Sgroi, D. C., Arenzana-Seisdedos, F., Delaunay, T., Naeem,
R., et al. (2005). Stromal Fibroblasts Present in Invasive Human Breast

Carcinomas Promote Tumor Growth and Angiogenesis Through Elevated
SDF-1/CXCL12 Secretion. Cell 121 (3), 335–348. doi:10.1016/j.cell.2005.02.034

Osman, A., Afify, S. M., Hassan, G., Fu, X., Seno, A., and Seno,M. (2020). Revisiting
Cancer Stem Cells as the Origin of Cancer-Associated Cells in the Tumor
Microenvironment: A Hypothetical View from the Potential of iPSCs. Cancers
12 (4), 879. doi:10.3390/cancers12040879)

Paget, S. (1989). The Distribution of Secondary Growths in Cancer of the Breast.
1889. Cancer Metastasis Rev. 8 (2), 98–101.

Piersma, B., Hayward, M. K., and Weaver, V. M. (2020). Fibrosis and Cancer: A
Strained Relationship. Biochim. Biophys. Acta Rev. Cancer 1873 (2), 188356.
doi:10.1016/j.bbcan.2020.188356

Ren, J., Ding, L., Zhang, D., Shi, G., Xu, Q., Shen, S., et al. (2018). Carcinoma-
associated Fibroblasts Promote the Stemness and Chemoresistance of
Colorectal Cancer by Transferring Exosomal lncRNA H19. Theranostics 8
(14), 3932–3948. doi:10.7150/thno.25541

Ren, Y., Jia, H.-h., Xu, Y.-q., Zhou, X., Zhao, X.-h., Wang, Y.-f., et al. (2018). Paracrine
and Epigenetic Control of CAF-Induced Metastasis: the Role of HOTAIR
Stimulated by TGF-ß1 Secretion. Mol. Cancer 17 (1), 5. doi:10.1186/s12943-018-
0758-4

Saadi, A., Shannon, N. B., Lao-Sirieix, P., O’Donovan, M., Walker, E., Clemons, N.
J., et al. (2010). Stromal Genes Discriminate Preinvasive from Invasive Disease,
Predict Outcome, and Highlight Inflammatory Pathways in Digestive Cancers.
Proc. Natl. Acad. Sci. U.S.A. 107 (5), 2177–2182. doi:10.1073/pnas.0909797107

Sahai, E., Astsaturov, I., Cukierman, E., DeNardo, D. G., Egeblad,M., Evans, R.M., et al.
(2020). A Framework for Advancing Our Understanding of Cancer-Associated
Fibroblasts. Nat. Rev. Cancer 20 (3), 174–186. doi:10.1038/s41568-019-0238-1

Shintani, Y., Fujiwara, A., Kimura, T., Kawamura, T., Funaki, S., Minami, M., et al.
(2016). IL-6 Secreted from Cancer-Associated Fibroblasts Mediates
Chemoresistance in NSCLC by Increasing Epithelial-Mesenchymal Transition
Signaling. J. Thorac. Oncol. 11 (9), 1482–1492. doi:10.1016/j.jtho.2016.05.025

Shoucair, I., Weber Mello, F., Jabalee, J., Maleki, S., and Garnis, C. (2020). The Role
of Cancer-Associated Fibroblasts and Extracellular Vesicles in Tumorigenesis.
Int. J. Mol. Sci. 21 (18), 6837. doi:10.3390/ijms21186837

Sun, C.-C., Zhu, W., Li, S.-J., Hu, W., Zhang, J., Zhuo, Y., et al. (2020). FOXC1-
mediated LINC00301 Facilitates Tumor Progression and Triggers an Immune-
Suppressing Microenvironment in Non-Small Cell Lung Cancer by Regulating
the HIF1α Pathway. Genome Med. 12 (1), 77. doi:10.1186/s13073-020-00773-y

Sun, X., and Chen, Z. (2021). Cancer-Associated Fibroblast-Derived CCL5
Contributes to cis Platin Resistance in A549 NSCLC Cells Partially Through
Upregulation of lncRNA HOTAIR Expression. Oncol. Lett. 22 (4), 696.
doi:10.3892/ol.2021.12957

Tan, H.-X., Xiao, Z.-G., Huang, T., Fang, Z.-X., Liu, Y., and Huang, Z.-C. (2020).
CXCR4/TGF-β1 Mediated Self-Differentiation of Human Mesenchymal Stem
Cells to Carcinoma-Associated Fibroblasts and Promoted Colorectal
Carcinoma Development. Cancer Biol. Ther. 21 (3), 248–257. doi:10.1080/
15384047.2019.1685156

Taniue, K., and Akimitsu, N. (2021). The Functions and Unique Features of
LncRNAs in Cancer Development and Tumorigenesis. Int. J. Mol. Sci. 22 (2),
632. doi:10.3390/ijms22020632

Tape, C. J., Ling, S., Dimitriadi, M., McMahon, K. M., Worboys, J. D., Leong, H. S.,
et al. (2016). Oncogenic KRAS Regulates Tumor Cell Signaling via Stromal
Reciprocation. Cell 165 (4), 910–920. doi:10.1016/j.cell.2016.03.029

Teng, C., Huang, G., Luo, Y., Pan, Y., Wang, H., Liao, X., et al. (2019). Differential
Long Noncoding RNAs Expression in Cancer-Associated Fibroblasts of Non-
Small-Cell Lung Cancer. Pharmacogenomics 20 (3), 143–153. doi:10.2217/pgs-
2018-0102

Walters, K., Sarsenov, R., Too, W. S., Hare, R. K., Paterson, I. C., Lambert, D. W.,
et al. (2019). Comprehensive Functional Profiling of Long Non-Coding RNAs
Through a Novel Pan-Cancer Integration Approach and Modular Analysis of
their Protein-Coding Gene Association Networks. BMC Genomics 20 (1), 454.
doi:10.1186/s12864-019-5850-7

Wang, L., Cao, L., Wang, H., Liu, B., Zhang, Q., Meng, Z., et al. (2017). Cancer-
Associated Fibroblasts Enhance Metastatic Potential of Lung Cancer Cells
Through IL-6/STAT3 Signaling Pathway. Oncotarget 8 (44), 76116–76128.
doi:10.18632/oncotarget.18814

Wang, L., Ma, L., Xu, F., Zhai, W., Dong, S., Yin, L., et al. (2018). Role of Long Non-
Coding RNA in Drug Resistance in Non-Small Cell Lung Cancer. Thorac.
Cancer 9 (7), 761–768. doi:10.1111/1759-7714.12652

Frontiers in Cell and Developmental Biology | www.frontiersin.org January 2022 | Volume 9 | Article 7141259

Ti et al. Interactions Between lncRNAs and CAFs

https://doi.org/10.1007/s13402-011-0012-1
https://doi.org/10.1172/jci2053010.1172/jci200320530
https://doi.org/10.1172/jci2053010.1172/jci200320530
https://doi.org/10.1038/nrc.2016.73
https://doi.org/10.1016/j.cell.2018.01.011
https://doi.org/10.1016/j.cell.2018.01.011
https://doi.org/10.1126/science.1195300
https://doi.org/10.1242/dmm.029447
https://doi.org/10.1038/nm.3218
https://doi.org/10.3892/or.2018.6762
https://doi.org/10.3892/or.2018.6762
https://doi.org/10.1056/NEJMra1705346
https://doi.org/10.1002/jcb.21159
https://doi.org/10.1002/jcb.21159
https://doi.org/10.7150/thno.35188
https://doi.org/10.1016/j.canlet.2018.06.013
https://doi.org/10.1111/imr.12978
https://doi.org/10.1158/1541-7786.Mcr-09-0460
https://doi.org/10.1073/pnas.1014506108
https://doi.org/10.1038/onc.2015.254
https://doi.org/10.1007/s00280-019-03939-7
https://doi.org/10.1186/bcr138
https://doi.org/10.1016/j.cell.2005.02.034
https://doi.org/10.3390/cancers12040879
https://doi.org/10.1016/j.bbcan.2020.188356
https://doi.org/10.7150/thno.25541
https://doi.org/10.1186/s12943-018-0758-4
https://doi.org/10.1186/s12943-018-0758-4
https://doi.org/10.1073/pnas.0909797107
https://doi.org/10.1038/s41568-019-0238-1
https://doi.org/10.1016/j.jtho.2016.05.025
https://doi.org/10.3390/ijms21186837
https://doi.org/10.1186/s13073-020-00773-y
https://doi.org/10.3892/ol.2021.12957
https://doi.org/10.1080/15384047.2019.1685156
https://doi.org/10.1080/15384047.2019.1685156
https://doi.org/10.3390/ijms22020632
https://doi.org/10.1016/j.cell.2016.03.029
https://doi.org/10.2217/pgs-2018-0102
https://doi.org/10.2217/pgs-2018-0102
https://doi.org/10.1186/s12864-019-5850-7
https://doi.org/10.18632/oncotarget.18814
https://doi.org/10.1111/1759-7714.12652
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Wang, S., Lan, F., and Xia, Y. (2018). lncRA ANCR Inhibits Non-Small Cell Lung
Cancer Cell Migration and Invasion by Inactivating TGF-β Pathway. Med. Sci.
Monit. 24, 6002–6009. doi:10.12659/msm.911492

Warner, K. D., Hajdin, C. E., and Weeks, K. M. (2018). Principles for Targeting
RNA with Drug-Like Small Molecules. Nat. Rev. Drug Discov. 17 (8), 547–558.
doi:10.1038/nrd.2018.93

Xu, Z., Zeng, S., Gong, Z., and Yan, Y. (2020). Exosome-Based Immunotherapy: A
Promising Approach for Cancer Treatment. Mol. Cancer 19 (1), 160.
doi:10.1186/s12943-020-01278-3

Xue, C., Chen, C., Gu, X., and Li, L. (2021). Progress and Assessment of lncRNA
DGCR5 in Malignant Phenotype and Immune Infiltration of Human Cancers.
Am. J. Cancer Res. 11 (1), 1–13.

Yeh, C. R., Hsu, I., Song, W., Chang, H., Miyamoto, H., Xiao, G. Q., et al. (2015).
Fibroblast ERα Promotes Bladder Cancer Invasion via Increasing theCCL1 and IL-6
Signals in the Tumor Microenvironment. Am. J. Cancer Res. 5 (3), 1146–1157.

Yin, C., Evason, K. J., Asahina, K., and Stainier, D. Y. R. (2013). Hepatic Stellate
Cells in Liver Development, Regeneration, and Cancer. J. Clin. Invest. 123 (5),
1902–1910. doi:10.1172/jci66369

Ying, L., Zhu, Z., Xu, Z., He, T., Li, E., Guo, Z., et al. (2015). Cancer Associated
Fibroblast-Derived Hepatocyte Growth Factor Inhibits the Paclitaxel-Induced
Apoptosis of Lung Cancer A549 Cells by Up-Regulating the PI3K/Akt and
GRP78 Signaling on a Microfluidic Platform. PLoS One 10 (6), e0129593.
doi:10.1371/journal.pone.0129593

You, J., Li, M., Cao, L. M., Gu, Q. H., Deng, P. B., Tan, Y., et al. (2019). Snail1-
Dependent Cancer-Associated Fibroblasts Induce Epithelial-Mesenchymal
Transition in Lung Cancer Cells via Exosomes. QJM 112 (8), 581–590.
doi:10.1093/qjmed/hcz093

Zhang, D., Ding, L., Li, Y., Ren, J., Shi, G., Wang, Y., et al. (2017). Midkine Derived
from Cancer-Associated Fibroblasts Promotes Cisplatin-Resistance via Up-
Regulation of the Expression of lncRNAANRIL in Tumour Cells. Sci. Rep. 7 (1),
16231. doi:10.1038/s41598-017-13431-y

Zhang, H., Lu, J., Liu, J., Zhang, G., and Lu, A. (2020). Advances in the Discovery of
Exosome Inhibitors in Cancer. J. Enzyme Inhib. Med. Chem. 35 (1), 1322–1330.
doi:10.1080/14756366.2020.1754814

Zhang, Y., Liu, Q., and Liao, Q. (2020). Long Noncoding RNA: A Dazzling Dancer
in Tumor Immune Microenvironment. J. Exp. Clin. Cancer Res. 39 (1), 231.
doi:10.1186/s13046-020-01727-3

Zhao, L., Ji, G., Le, X., Wang, C., Xu, L., Feng, M., et al. (2017). Long Noncoding
RNA LINC00092 Acts in Cancer-Associated Fibroblasts to Drive Glycolysis
and Progression of Ovarian Cancer. Cancer Res. 77 (6), 1369–1382.
doi:10.1158/0008-5472.Can-16-1615

Zhuang, J., Lu, Q., Shen, B., Huang, X., Shen, L., Zheng, X., et al. (2015). TGFβ1
Secreted by Cancer-Associated Fibroblasts Induces Epithelial-Mesenchymal
Transition of Bladder Cancer Cells through lncRNA-ZEB2NAT. Sci. Rep. 5,
11924. doi:10.1038/srep11924

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ti, Wang and Cheng. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org January 2022 | Volume 9 | Article 71412510

Ti et al. Interactions Between lncRNAs and CAFs

https://doi.org/10.12659/msm.911492
https://doi.org/10.1038/nrd.2018.93
https://doi.org/10.1186/s12943-020-01278-3
https://doi.org/10.1172/jci66369
https://doi.org/10.1371/journal.pone.0129593
https://doi.org/10.1093/qjmed/hcz093
https://doi.org/10.1038/s41598-017-13431-y
https://doi.org/10.1080/14756366.2020.1754814
https://doi.org/10.1186/s13046-020-01727-3
https://doi.org/10.1158/0008-5472.Can-16-1615
https://doi.org/10.1038/srep11924
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	The Interaction Between Long Non-Coding RNAs and Cancer-Associated Fibroblasts in Lung Cancer
	Introduction
	The Current Understanding of Cancer-Associated Fibroblast Biology
	The Origin and Heterogeneity of Cancer-Associated Fibroblasts
	Cancer-Associated Fibroblasts: Functional Overview in Lung Cancer

	Long Non-Coding RNA: Classification and Functional Characteristics
	The Dynamic Crosstalk Between Tumor Cells and Cancer-Associated Fibroblasts Mediated by Long Non-Coding RNAs
	Role in the Formation and Activation of Cancer-Associated Fibroblasts
	Tumor Proliferation and Migration
	Tumor Immunosuppression
	Therapeutic Resistance

	The Diagnostic, Prognostic and Therapeutic Value of Long Non-Coding RNAs in Tumor Microenvironment
	Application of Long Non-Coding RNAs as Biomarkers
	Potential of Targeted Long Non-Coding RNAs Therapy

	Conclusion and Perspectives
	Author Contributions
	Funding
	Acknowledgments
	References


