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The Role of Tumor Necrosis Factor α in the Biology of Uterine Fibroids and the 
Related Symptoms
Reprinted from: Int. J. Mol. Sci. 2018, 19, 3869, doi:10.3390/ijms19123869 . . . . . . . . . . . . . . 235

Prince Baffour Tonto, Taro Yasuma, Tetsu Kobayashi, Corina N. D’Alessandro-Gabazza,

Masaaki Toda, Haruko Saiki, Hajime Fujimoto, Kentaro Asayama, Kentaro Fujiwara, Kota

Nishihama, Tomohito Okano, Atsuro Takeshita and Esteban C. Gabazza

Protein S is Protective in Acute Lung Injury by Inhibiting Cell Apoptosis
Reprinted from: Int. J. Mol. Sci. 2019, 20, 1082, doi:10.3390/ijms20051082 . . . . . . . . . . . . . . 261

Hong-Meng Chuang, Li-Ing Ho, Mao-Hsuan Huang, Kun-Lun Huang, Tzyy-Wen Chiou,

Shinn-Zong Lin, Hong-Lin Su and Horng-Jyh Harn

Non-Canonical Regulation of Type I Collagen through Promoter Binding of SOX2 and Its
Contribution to Ameliorating Pulmonary Fibrosis by Butylidenephthalide
Reprinted from: Int. J. Mol. Sci. 2018, 19, 3024, doi:10.3390/ijms19103024 . . . . . . . . . . . . . . 275

Seungtae On, Hyun Young Kim, Hyo Seon Kim, Jeongwoo Park and Keon Wook Kang

Involvement of G-Protein-Coupled Receptor 40 in the Inhibitory Effects of Docosahexaenoic
Acid on SREBP1-Mediated Lipogenic Enzyme Expression in Primary Hepatocytes
Reprinted from: Int. J. Mol. Sci. 2019, 20, 2625, doi:10.3390/ijms20112625 . . . . . . . . . . . . . . 290

Piotr Rubisz, Michał Ciebiera, Lidia Hirnle, Magdalena Zgliczy ńska, Tomasz Łozi ński, 
Piotr Dzięgiel and Christopher Kobierzycki

The Usefulness of Immunohistochemistry in the Differential Diagnosis of Lesions Originating 
from the Myometrium
Reprinted from: Int. J. Mol. Sci. 2019, 20, 1136, doi:10.3390/ijms20051136 . . . . . . . . . . . . . . 305

Taro Yasuma, Tetsu Kobayashi, Corina N. D’Alessandro-Gabazza, Hajime Fujimoto, 
Kentaro Ito, Yoichi Nishii, Kota Nishihama, Prince Baffour Tonto, Atsuro Takeshita, 
Masaaki Toda, Esteban C. Gabazza, Osamu Taguchi, Shigenori Yonemura and Osamu Hataji

Renal Injury during Long-Term Crizotinib Therapy
Reprinted from: Int. J. Mol. Sci. 2018, 19, 2902, doi:10.3390/ijms19102902 . . . . . . . . . . . . . . 328

vi



About the Special Issue Editor

Esteban C. Gabazza is a Full Professor of Medicine, Chairman of the Department of Immunology,

and Director of Mie University Center for Intractable Diseases, Mie University Faculty and Graduate

School of Medicine, Japan. The focus of Dr. Gabazza’s research is on the mechanisms of fibrotic,

malignant, and allergic diseases, diabetes mellitus, diabetic complications, and atherosclerosis, and

on the role of the microbiome in the pathogenesis of chronic intractable disorders. He has received

several grants from the Ministry of Education, Culture, Sports, Science, and Technology of Japan.

He has been the Principal Investigator or Co-Investigator of more than 20 funded grants and has

published over 300 papers in peer-reviewed journals.

vii





 International Journal of 

Molecular Sciences

Editorial

Links between Fibrogenesis and Cancer: Mechanistic
and Therapeutic Challenges

Liqiang Qin 1 and Esteban C. Gabazza 2,*

1 Department of Nephrology, Wenzhou Medical University, Wenzhou 317000, China
2 Department of Immunology, Mie University School of Medicine, Edobashi 2-174, Tsu City,

Mie 514-8507, Japan
* Correspondence: gabazza@doc.medic.mie-u.ac.jp; Tel.: +81-59-231-5037; Fax: +81-59-231-5225

Received: 17 August 2019; Accepted: 3 September 2019; Published: 3 September 2019

Fibrosis is the end-stage of chronic inflammatory diseases and tissue damage resulting from a
dysregulated wound-healing response [1]. Most organs can develop scarring tissue in association with
different pathological states including chronic inflammation, autoimmune disorders, graft rejection,
malignant tumors or unknown factors [1]. Organ fibrosis is the cause of about 45% of the worldwide
total death in developed countries [2]. The high frequency of co-morbidities, the increased mortality
rate, the enigma surrounding the disease pathogenesis and the lack of effective therapeutic modalities
have made organ fibrosis an area of great interest and consequently the focus of many investigations
in recent years [3,4]. This special issue, “Links between Fibrogenesis and Cancer: Mechanistic and
Therapeutic Challenges”, depicts original findings on intracellular signaling pathways playing a role in
fibrogenesis and carcinogenesis associated with chronic diseases and metabolic disorders, and includes
reviews describing recent discoveries on potential pathogenic factors, pathophysiological insights, and
novel treatment options.

The propensity of fibrotic tissue to develop cancer is an old story, although the mechanistic pathways
are still not completely understood [5]. The pro-tumorigenic microenvironment is characterized by the
occurrence of persistent parenchymal cell death, compensatory regenerative overresponse, genome
instability, DNA damage and gene mutations, and by an excessive local release of inflammatory cytokines,
growth factors, and reactive oxygen species [5]. Liver cirrhosis caused by non-alcoholic steatohepatitis
or chronic hepatitis B and C infections is an example of scarring disorder that ends up developing
cancer [6–8]. As reviewed in this collection, new advances in the technology of next-generation sequencing
and whole-genome sequencing have provided a huge amount of information on genetic aberrations
during non-alcoholic steatohepatitis or chronic hepatitis B and C infections that trigger the activation of
several intracellular oncogenic pathways [7,8]. Of these, disruption of the Hippo and the Yes-associated
protein/transcriptional coactivator with PDZ-binding motif signaling pathways appears to be a critical
step in the process of hepatic fibrogenesis, hepatic carcinogenesis, and resistance to therapy, angiogenesis,
and proliferation of cancer-associated fibroblasts [4,9]. In established malignant tumors, the surrounding
tumor microenvironment is a rich source of factors causing uncontrolled activation of intracellular
pathways in cancer cells [10]. Components of the tumor microenvironment such as cancer-associated
fibroblasts, macrophages, lymphocytes, endothelial cells, and the extracellular matrix may weaken
the host immune response and promote the invasiveness and metastatic potential of hepatocellular
carcinoma cells directly by interacting with cancer cells or indirectly by releasing an excessive amount of
regulatory and suppressive factors [11,12]. The tumor microenvironment may also induce resistance to
anti-cancer therapy and, as a proof-of-concept, recent studies have shown amelioration of therapeutic
response to anti-cancer drugs by treatment with tumor microenvironment-modifying agents [12].

Another morbid and frequent association described here is idiopathic pulmonary fibrosis (IPF)
and lung cancer [13]. Idiopathic pulmonary fibrosis is a chronic and devastating disease of unknown
etiology [14]. There are similarities between IPF and cancer in terms of clinical behavior and molecular
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pathways underlying the pathogenesis of the disease [13,15,16]. Both diseases are characterized by poor
response to therapy, short life expectancy, and frequent exposure to harmful environmental factors
(e.g., cigarette smoke) [16]. Indeed, the prognosis of idiopathic pulmonary fibrosis is poorer than most
types of cancer except malignant tumors of the lung or pancreas [17]. As outlined in this special issue,
idiopathic pulmonary fibrosis shares common features with cancer in terms of genetic and epigenetic
changes, abnormalities in cell-to-cell communication, aberrant activation of intracellular signal pathways,
deregulated expression of growth factors/proteolytic enzymes, uncontrolled cell apoptosis and activation
of pro-fibrotic cells [13]. This concept of close-identity between aberrant tissue scarring and cancer is not
restricted to the lungs. Although at variable levels, most organs with either fibrotic, benign or malignant
disease show abnormal activation of similar signaling and mechanistic pathways [15,18–20]. Fibroblast
is one of these common components of cancer and fibrotic disease that plays detrimental roles by
contributing to disease progression [6,10–12,21]. Cancer- and scarring tissue-associated fibroblasts may
further differentiate to myofibroblasts by cytokines and growth factors such as transforming growth
factorβ1 to expand the desmoplastic tissue in both pathologies and to promote cell invasiveness and
resistance to therapy in malignant tumors [6,10,11]. Studies evaluating the phenotypic and behavioral
alterations of cellular mediators, and biochemical and molecular abnormalities common to organ injury,
fibrosis and malignant diseases may provide hints for the development of new diagnostic approaches
and effective and less toxic therapeutic modalities for both diseased conditions [22–26].

Recent discoveries in science and advances in technology have revolutionized the diagnostic
procedures and therapeutic approaches of many diseases leading to a significant amelioration of
quality-of-life and prognosis. However, the incidence and burden of organ fibrosis and cancer are still
increasing worldwide [27–29]. Much work remains to be done to achieve more timely diagnosis and to
improve the therapeutic management of fibrotic and malignant diseases. The recent insights into the
pathogenesis of organ fibrogenesis and malignancy and the new potential therapeutic targets described
in the present special issue may be useful for identifying new biological markers and for drug discovery.
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Abstract: Liver cancer is the fourth leading cause of cancer-related death globally, accounting for
approximately 800,000 deaths annually. Hepatocellular carcinoma (HCC) is the most common type
of liver cancer, making up about 80% of cases. Liver fibrosis and its end-stage disease, cirrhosis,
are major risk factors for HCC. A fibrotic liver typically shows persistent hepatocyte death and
compensatory regeneration, chronic inflammation, and an increase in reactive oxygen species, which
collaboratively create a tumor-promoting microenvironment via inducing genetic alterations and
chromosomal instability, and activating various oncogenic molecular signaling pathways. In this
article, we review recent advances in fields of liver fibrosis and carcinogenesis, and consider several
molecular signaling pathways that promote hepato-carcinogenesis under the microenvironment of
liver fibrosis. In particular, we pay attention to emerging roles of the Hippo-YAP/TAZ signaling
pathway in stromal activation, hepatic fibrosis, and liver cancer.

Keywords: hepatocellular carcinoma; cirrhosis; regeneration; inflammation; cytokines; genetic
instability; reactive oxygen species

1. Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver cancer in adults, leading to an
increasing number of cancer-related deaths, especially in developing economies of Asia and Africa [1].
According to the World Health Organization (WHO), about 9.5 million deaths worldwide were related
to cancer in 2018, among which 800,000 deaths were due to liver cancer, making it the fourth leading
cause of cancer-related death (http://gco.iarc.fr/today/fact-sheets-cancers). Various risk factors for
HCC development are known, such as hepatitis B virus infection, hepatitis C virus infection, alcohol
abuse, intake of aflatoxin B1 (a fungal carcinogen present in food supplies associated with mutations
in a tumor suppressor gene TP53), and metabolic syndrome [2].

One of the most important features in liver cancer is that it is closely associated with liver fibrosis.
Persistent liver damage caused by a variety of factors commonly leads to fibrosis in the liver. Hepatic
fibrosis is accompanied in approximately 90% of patients with liver cancer, and the incidence rate of
liver cancer within 5 years in patients with advanced liver fibrosis, or cirrhosis is as high as 5–30% [3,4].
Although a substantial increase in HCC development has been reported in cirrhotic patients as well as
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in animal models for hepatic fibrosis, the mechanism underlying enhanced hepato-carcinogenesis in
hepatic fibrosis is not fully understood [5,6]. Several key features typically observed in fibrotic livers
are suggested to create a pro-tumorigenic microenvironment, which are persistent hepatocyte death
and compensatory regeneration, elevated inflammatory cytokines and growth factors, and an increase
in reactive oxygen species. Recent years have seen a great advance in understanding the molecular
mechanism linking liver fibrosis and cancer. Several molecular signaling pathways are found to be
upregulated following liver damages and to promote hepatic fibrogenesis and liver cancer (Figure 1).
Among the signaling pathways that include platelet-derived growth factor (PDGF), tumor growth
factor beta (TGF-β), and sonic hedgehog (SHH) signaling pathways, we pay particular attention to
the Hippo-YAP/TAZ signaling pathway in this review and introduce recent findings of new roles of
YAP/TAZ signaling in hepatic fibrosis and cancer.

Figure 1. Schematic illustration of the mechanistic links between liver fibrosis and cancer. Persistent
liver damage caused by viral infection, alcohol, fat, etc. lead to chronic inflammation and activation of
various molecular signaling pathways, which contribute to both fibrogenesis and carcinogensis.

2. Liver Fibrosis

A fibrotic liver exhibits major alterations in tissue architecture and function, which results from a
chronic liver damage [7–9] induced by a variety of etiological factors including hepatitis viruses, alcohol
and drug abuse, autoimmune disease and hereditary disorders of metabolism [10]. Most chronic liver
diseases follow a rather common pathogenic pathway. A persistent hepatic injury induces a series of
pathogenic processes from mild inflammation to more severe inflammation, to fibrosis, and finally to
cirrhosis. Advanced fibrosis or cirrhosis is irreversible and associated with a significant morbidity and
mortality, thus it is of a importance to understand the molecular mechanism underlying liver fibrosis
and to prevent or decelerate the pathological process.

In normal liver, the extracellular matrix (ECM) provides structural support of surrounding cells
including various molecules for cell adhesion, and allows cells to proliferate, grow, and migrate.
It also enhances hepatic function and cell differentiation, and regulates cellular behavior and tissue
formation [11]. Fibrosis, or excessive deposition of extracellular matrix components in hepatic
tissue, however, compromises the structure and function of the tissue as signified by decreased
macromolecular transfer between sinusoids and hepatocytes. Hepatic fibrosis leads to a distorted
structure of sinusoids, which not only affects hepatocytes but also non-parenchymal cells such as
hepatic stellate cells and myofibroblasts [12].

Activated ECM proteins, such as type I collagen, proteoglycans and glycoproteins, and hepatic
stellate cells (HSC, also known as perisinusoidal cells or Ito cells) are the major components of
fibrosis in the liver [13,14]. Continuous ECM protein accumulation leads to an increase in matrix

5



Int. J. Mol. Sci. 2019, 20, 581

stiffness and a change in the phenotype and function of hepatocytes, endothelial cells, and HSCs.
In particular, hepatic fibrosis causes the loss of hepatocyte microvilli and accumulation of lipid droplets
in hepatocytes as well as a decrease in endothelial fenestration [15–17]. Distorted vascular structure
and decreased endothelial fenestration reduces transport of solutes from sinusoids to hepatocytes,
further contributing to functional incompetence of hepatocytes. In addition, the alterations induced by
the fibrotic microenvironment enhance a stimulus for HSCs to proliferate, activate, and migrate [12].
When activated, HSCs undergo differentiation into fibrogenic myofibroblasts, this produces α-smooth
muscle actin (α-SMA), collagen type I and III, fibronectin, and etc. [7,18,19].

Hepatic function is significantly compromised in fibrotic microenvironment. For example,
hepatocytes cultured on dishes coated with collagen type I show a rapid change in morphology
along with the loss of hepatocyte-specific functions such as albumin and cytochrome P450 expression,
while hepatocytes maintained on basement membrane proteins show preservation of the functions.
As well, sinusoidal endothelial cells rapidly lose their fenestrae when cultured on a substratum of
collagen type I [14]. Fibrosis can also affect cellular function indirectly via up-regulating various
cytokines. These include transforming growth factor β (TGF-β), platelet derived growth factor (PDGF),
hepatocyte growth factor (HGF), connective tissue growth factor (CTGF), tumor necrosis factor-α
(TNF-α), basic fibroblast growth factor (bFGF), and vascular endothelial growth factor (VEGF). Overall,
these architectural and functional changes provoke a positive feedback loop that further amplifies
fibrogenic processes, resulting in progress to liver cirrhosis and organ failure [20].

Cirrhosis is caused by prolonged liver fibrosis [21], irreversibly destroying the liver structure
and impairing the capability of liver to regenerate. The cirrhotic liver contains high concentrations of
several cytokines or their effectors that influence hepatocyte fates. Defenestration and capillarization
of sinusoidal endothelial cells are a major contributor to hepatic dysfunction in cirrhosis. In addition,
activated Kupffer cells disrupt hepatocytes and facilitate the activation of HSCs. Repeated cycles of
apoptosis and regeneration of hepatocytes promote the pathogenesis of cirrhosis [22].

For homeostasis during liver injury, ECM remodeling occurs with the balance between matrix
metalloproteinases (MMPs) and their inhibitors, tissue inhibitors of matrix metalloproteinases
(TIMPs). While an excessive ECM is down-regulated by MMPs (MMP-1, 2, 8 and 13), progressive
fibrosis is associated with high expression levels of TIMPs (TIMP-1 and TIMP-2) [12,15,23]. Several
studies reported that the down-regulation of TIMPs in HSCs could be an effective therapy for liver
fibrosis [24,25].

3. Genetic Instability in Fibrotic Liver

An adult liver has a remarkable regenerating potential, as demonstrated by efficient restitution
of a fully functional liver mass after acute 70% partial hepatectomy in mice and humans [26,27].
Liver fibrosis is a progressive tissue change with repeated death and compensatory regeneration
of hepatocytes which is induced by chronic liver damage such as infection of hepatitis virus and
consumption of alcohol. Increased cell turnovers in livers with chronic inflammation or fibrosis can
create a pro-tumorigenic condition by increasing genetic mutations. Furthermore, damaged livers
often reveal an increased level of reactive oxygen species (ROS), which further accelerate genetic
mutation in the genome of hepatocytes by creating a mutagenic genetic environment (see below). Thus,
persistent cellular death and compensatory regeneration in a fibrotic liver can lead to genetic instability,
which predisposes liver parenchymal cells to oncogenesis [28]. Genetic instability in hepatocytes in the
fibrotic liver can be achieved in several ways.

First, regenerating hepatocytes in fibrotic livers undergo cycles of DNA replication required
for cell divisions. DNA replication produces random genetic mutations such as base substitution,
insertion, and deletion due to errors generated by DNA polymerase, which are imperfectly corrected
by intracellular enzymes responsible for proofreading and repair. As the number of cell divisions
increases during liver regeneration, mutations accumulate in the genome of hepatocytes, eventually
leading to genetic alterations in cancer-related genes [29]. Tumorigenic processes can be initiated,
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for example, by an activating mutation in proto-oncogenes such as RAS, SMO, and CTNNB1, or a
loss-of-function mutation in tumor suppressor genes such as P53, Rb, p16INK4A, etc. [30].

Secondly, excessive cell divisions in a fibrotic liver induce telomere shortening in hepatocytes,
which increases the risk of tumorigenesis via chromosomal instability. In normal progenitor cells,
a telomerase RNA component (TERC) maintains genomic integrity at the chromosome terminal region
via telomere elongation. Because most mature hepatocytes lack the telomere-maintaining cellular
machinery, continuous cell divisions can lead to substantial shortening of the telomere [31]. Telomere
shortening in normal cells can trigger DNA damages as well as chromosomal instability, which can
result in neoplastic transformation of premalignant cells. Interestingly, cancer cells acquire the ability
to maintain telomere during tumor progression as an increased telomerase activity is found in 90% of
human cancers [32,33]. How telomere shortening, which causes genetic instability and thus promotes
transformation in exhausted hepatocytes, is recovered in cancer cells is currently a topic of intensive
research [34,35].

Lastly, an increased production of ROS in liver fibrosis causes toxicity to cells and tissues
by generating damaged proteins, lipids, and DNA [36,37]. Typically, elevated immune responses
due to chronic infection of hepatitis virus produce an excessive level of ROS, which can further
damage the liver. Notably, ROS cause various DNA adducts such as 4-oxo-2-alkenals, exocyclic
etheno-DNA adducts, and 8-OHdG, which lead to base modifications in DNA [38]. Therefore,
continuous ROS accumulation can significantly contribute to mutation in cancer-related genes and thus
tumorigenesis [39]. Further, P53 cannot efficiently activate DNA repair mechanisms in the presence of
a high level of ROS, enhancing genetic instability [40]. Supporting the mutagenic and carcinogenic
effects, inhibition of ROS formation by antioxidants, butylated hydroxyanisole or N-acetylcysteine
suppressed HCC development [41–43].

Of note, increased intracellular ROS activate various molecular signaling pathways that are
closely related to tumorigenesis [44]. Excessive levels of ROS stimulate the TGF-β and NF-κB signaling
pathways, which promote cancer initiation and progression (see below). Although numerous studies
have shown a strong correlation between ROS and oncogenesis, there has been a controversy regarding
their intracellular actions and precise roles during tumorigenesis, which is fueled by the lack of
appropriate animal models to perform ROS measurements and to study ROS-mediated tumorigenesis
in vivo.

4. Increased Secretion of Growth Factors and Cytokines

The liver is an immunologically complex organ, producing plasma proteins such as TNF-α,
TGF-β and albumin [45] and soluble complement components which function as the innate immune
defense [46,47]. The organ also contains a population of diverse resident immune cells [48–50]. In a
healthy liver, metabolism, tissue remodeling, and exposures to microbial products induce inflammation
to eliminate toxic substances, damaged cells, and hepatotropic pathogens [51]. In a chronically injured
liver, activation of inflammatory cells and inflammatory responses aberrantly increase [52,53], leading
to pathological inflammation and disruption of tissue homeostasis. Chronic inflammation induces
changes in stroma [54], establishes pro-tumorigenic microenvironment [43,55], and activates various
oncogenic molecular signaling pathways [56–58].

Many pro-inflammatory cytokines, including interleukin (IL)-1, IL-6, IL-17, and TNF-α are
elevated in a chronically injured liver [59,60], leading to the activation of the nuclear factor kappa
B (NF-κB) and the janus kinase (JAK)/signal transducer and activator of transcription factor (STAT)
signaling pathways. Increased expression of PDGF, sonic hedgehog (SHH), and TGF-β1 are frequently
observed in fibrotic livers caused by various etiological factors. These cytokines and growth factors
play significant roles in hepatic fibrogenesis [61,62] and tumorigenesis [63,64].
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4.1. Nuclear Factor Kappa B (NF-κB)

The NF-κB transcription factor is a key regulator inducing immune and inflammatory
responses [65–67]. The most potent activators of NF-kB include inflammatory cytokines such as TNF-α
or IL-1, as well as Toll-like receptors (TLRs) [68,69], which can also trigger cell proliferative signals
through NF-Kb [70,71]. They activate NF-κB signaling via IκB kinase (IKK)-dependent phosphorylation
and degradation of the κB inhibitor (IκB) proteins [72]. IKK consists of two catalytic subunits, IKKα

and IKKβ, and regulatory elements, NEMO/IKKγ, which activate IKK mainly through IKKβ [73].
NF-κB is activated by various stimuli causing liver damages such as alcohol, excessive fat

accumulation, hepatitis virus, and bacterial lipopolysaccharide (LPS). These hepatotoxic stimuli
activate NF-κB-mediated pro-inflammatory responses leading to the transcription of hundreds of
NF-κB target genes involved in the regulation of inflammation, immune responses and cell survival [72].
NF-κB also plays major roles in hepatic fibrosis, by regulating hepatocyte injury and triggering
fibrogenic responses in the liver [72,74]. For example, LPS binds to Toll-like receptor-4 (TLR4) in HSC
and activates the NF-κB signaling pathway, promoting survival and activation of HSC. Activated
HSCs secrete chemokines that recruit and activate Kupffer cells, which are liver resident macrophages.
Activated Kupffer cells then secrete TNF-α and IL-1 as well as TGF-β (see below), further enhancing
HSC activation. Activation of NF-κB signaling in HSCs leads them to secrete various inflammatory
cytokines and to induce quantitative and qualitative changes in the extracellular matrix [72]. TNF-α
and IL-1 are frequently up-regulated in livers of chronic inflammation, which persistently activate the
NF-kB signaling pathway in hepatocytes as well as non-parenchymal cells in the liver.

NF-κB can exert a pro-tumorigenic effect via suppressing apoptosis during tumor development [75,76]
through the positive regulation of anti-apoptotic factors, such as cIAPs, c-FLIP, and BclX [77].
Constitutive activation of NF-κB was frequently found in human HCC tissues compared with
non-tumor tissues, and its activation was also verified in animal models of HCC [78]. Animal models
with dysregulation of the NF-κB signaling pathway have shown spontaneous development of liver
injury, inflammation, fibrosis and HCC, demonstrating that NF-κB acts as a mechanistic link between
liver injury, inflammation, fibrosis and HCC [72,76]. Considering that patients with chronic liver
inflammation and fibrosis exhibit activation of hepatic NF-κB signaling, it is of high significance and
interest to investigate whether an increased incidence of HCC development in the patients can be
attributed to NF-κB signaling [79].

4.2. IL6/STAT3 Signaling

IL-6 signals through a cytokine receptor complex that consists of the ligand-binding IL-6R and the
signal-transducing component gp130 [80,81]. The IL6-bound hexameric signal transducing complex
activates JAK tyrosine kinase, which phosphorylates and activates STAT3. Activated STAT3 dimers
translocate to the nucleus and activate transcription of its target genes [82]. STAT3 inhibits the
expression of mediators activating immune response against tumor cells [83] and has pro-mitogenic
and anti-apoptotic effects on tumor cells [84].

Along with NF-κB signaling, IL6/STAT3 signaling is known as a major pro-inflammatory
regulator in response to chronic liver damage. IL6, produced by activated Kupffer cells, is enriched in
chronic liver inflammation, especially in non-alcoholic steato-hepatitis (NASH). A high STAT3 activity
is also frequently observed in wounded livers, promoting survival and regeneration of hepatocytes.
Upregulation of STAT3 signaling in Kupffer cells and HSC leads to subsequent pro-inflammatory and
fibrogenic responses [79,83].

Expression of IL-6 and activity of STAT3 are found elevated in HCC [85]. STAT3 target genes are
involved in upregulation of proliferation and downregulation of apoptosis, and have been implicated
in the initiation of HCC. In hepatic inflammation, IL-6 secreted macrophages facilitated transformation
of hepatocytes at early stages of hepato-carcinogenesis [86]. Thus, activated IL6/STAT3 signaling
pathway in fibrotic liver due to chronic inflammation may render the liver prone to develop HCC.
Of note, IL6/STAT3 can crosstalk with NF-κB signaling in inducing inflammation and liver cancer [83].
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4.3. Insulin-Like Growth Factors (IGFs)

In mammals, IGFs play important roles in various cellular processes in the liver including cell
growth, proliferation, and differentiation, as well as tissue repair and hepatic pathogenesis [87].
IGFs and their receptors (IGF-1R, IGF-2R) also regulate metabolic processes such as lipogenesis,
and glycogen storage in the liver [88]. Although liver synthesizes IGF-1, IGF-2 and their binding
proteins (IGFBPs) at a high level under the normal condition, the expression levels significantly
decrease under pathogenic conditions like non-alcoholic fatty liver disease (NAFLD), cirrhosis,
and HCC [88].

Experimental studies have demonstrated the roles of IGF-1 in the suppression of liver fibrosis
and hepato-carcinogenesis [89]. IGF-1 reduces lipogenesis in hepatocytes and inactivates hepatic
stellate cells, therefore ameliorating fibrosis with decreased serum AST and ALT levels [89]. In murine
models of NASH and cirrhosis, administration of IGF-1 consistently improved steatosis, inflammation,
and fibrosis with inactivation of HSC [90]. In a carbon tetrachloride (CCl4)–treated cirrhotic
model, ectopic expression of IGF-1 reduced fibrogenesis [91]. Although studies have shown that
decreased levels of IGF-1 are associated with HCC development, there are lines of evidence showing
tumor-promoting effects of IGF-1. IGFs can activate downstream RAS and mitogen-activated protein
kinase (MAPK) signaling pathway which promotes cell proliferation and survival. In human HCC cell
lines, IGF-1 has a positive effect on HCC growth and metastasis [92] and it was found that abundant
IGF-1 was associated with risk of HCC development [93].

4.4. Platelet-Derived Growth Factor (PDGF)

PDGF is one of the key factors involved in hepatic fibrogenesis. Increased expression of PDGF
is detected in rodent livers after liver injury and in human livers with cirrhosis [94–96]. Under
physiological conditions, PDGF is mainly secreted by Kupffer cells. However, when tissue is damaged,
a variety of stromal cells including fibroblasts and vascular endothelial cells can synthesize and secrete
PDGF through autocrine and paracrine manners [97,98]. Members of the PDGF ligand family consist
of 4 polypeptides, PDGF-A, PDGF-B, PDGF-C, and PDGF-D [99]. The function of the PDGF signaling
is mediated through platelet-derived growth factor receptors (PDGFR), tyrosine kinase receptors,
that are activated by PDGFs [100]. Binding of PDGFs to PDGFR triggers activation of RAS, leading
to downstream activation of the Raf-1 and MAPK signaling cascade as well as phosphatidylinositide
3-kinases (PI3K) and the AKT signaling pathway [101]. Accordingly, PDGF signaling can affect a
variety of cellular functions including cell growth, proliferation, and differentiation.

Campbell et al. reported that transgenic mice expressing PDGF-C developed liver fibrosis via
the activation and proliferation of HCSs [102]. Of note, persistent expression of PDGF-C in the
liver for more than 9 months led to the development of hepatocellular adenomas and carcinomas.
Likewise, Maass et al. observed liver fibrosis in the liver of transgenic mice expressing PDGF-B [103].
Interestingly, spontaneous tumor development was rarely observed in the liver expressing PDGF-B.
However, when the mice were treated with diethylnitrosamine and phenobarbital, a method for
chemically induced liver carcinogenesis, the development of dysplastic lesions and their malignant
transformation to HCC were significantly increased in PDGF-B transgenic mice, demonstrating a
pro-tumorigenic role of PDGF in HCC development [103]. Furthermore, PDGFR-α was found to be
up-regulated in early HCC when compared with dysplastic nodules [104], and an increase in PDGFR-α
expression level was found in 64% cases (14/22) of HCC patients when compared with adjacent
non-tumoral parenchyma [105]. Considering PDGF can promote both hepatic fibrosis and cancer, it is
tempting to consider the signaling to be an important mechanistic link between the two pathological
conditions in the liver.
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4.5. Sonic Hedgehog (SHH)

Hedgehog (HH) signaling regulates various cellular processes including proliferation, apoptosis,
migration, and differentiation [106]. The pathway plays a pivotal role in tissue morphogenesis during
fetal development as well. In particular, HH signaling modulates wound-healing responses in a
number of adult tissues, including the liver [107]. The pathway is activated when ligands such
as SHH bind to Patched (Ptch) receptors, leading to the release of Ptch-mediated repression of G
protein-coupled receptor, Smoothened (Smo). Smo can then subsequently induce the activation and
nuclear accumulation of Glioblastoma (Gli) transcription factors, target genes of which are related to
growth, repair, inflammation, and etc. [106]. The HH signaling pathway is found frequently activated
in various types of liver injury [108].

Association of HH signaling with fibrosis has been found in fibrotic human livers and various
animal models of liver fibrosis. In patients with NAFLD and NASH, a strong correlation was
found between the stage of hepatic fibrosis and the degree of HH activation (determined by nuclear
accumulation of Gli transcription factors) [109]. Animal models of liver fibrosis induced by various
methods, such as genetic ablation of Mdr2 or Ikkβ deletion, bile duct ligation, and a methionine and
choline–deficient (MCD) diet, all showed activation of SHH signaling in livers [110–112].

Synthesis of SHH is stimulated by diverse factors that can induce liver damage. SHH molecules
that are released from wounded hepatocytes engage receptors on HH responsive cells, which include
hepatic stellate cells, sinusoidal endothelial cells and hepatic immune cells [113]. Activation of
HH signaling in the stromal cells induces various changes in the microenvironment required for
liver regeneration such as growth of liver progenitor populations, tissue remodeling, angiogenesis,
and hepatocyte regeneration. However, excessive and persistent activation of HH signaling sometimes
overrides successful regeneration of damaged liver and contributes to pathogenesis toward liver
fibrosis and cirrhosis [109,114]. A transgenic mice model ectopically expressing SHH in the liver
revealed hepatic fibrosis, signifying the role of SHH signaling in fibrogenesis in the organ [5].
Secretion of SHH from hepatocytes in the model activated HH signaling in HH-responsive cells
such as cholangiocytes, endothelial cells, as well as HSC. Further, activation of HH signaling in
the liver induced epithelial to mesenchymal transition [108]. As HH signaling is activated in liver,
expression of myofibroblast-associated genes gradually increases [108], along with the accumulation
of myofibroblasts [114].

Several recent papers have demonstrated that HH signaling can significantly contribute to the
initiation and promotion of hepatic cancer. Sicklick et al. reported that HH signaling was found
elevated in human HCC [115], and Eichenmuller et al. showed that blocking the HH signaling pathway
with an antagonist, cyclopamine suppressed cell proliferation of hepatoblastoma [116]. Moreover,
SHH expression in liver promoted tumor progression by inducing the transition from hepatocellular
adenoma to HCC [6]. It is noteworthy that an elevated HH signaling is found in approximately 60%
of human HCC [112,115,117,118]. As HH activation is widely observed in patients with liver fibrosis
induced by NASH, the signaling might contribute to a high incidence of HCC in cirrhotic livers of
NASH patients.

4.6. Tumor Growth Factor Beta 1 (TGF-β1)

TGF-β signaling regulates a wide variety of cellular processes, including apoptosis of hepatocytes,
activation and recruitment of inflammatory cells into injured liver, and activation of quiescent HSCs
making them give rise to collagen-producing myofibroblasts [119,120]. Among the TGF-β ligands
(β1, β2, and β3) TGF- β1 is linked to hepatic fibrogenesis [121]. TGF-β1 is biologically active as s
25kDa homo-dimer linked by disulfide bonds. Receptors for TGF-β1 are present on virtually all cells,
suggesting that ubiquitous distribution of its target cells in tissue.
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TGF-β signaling is highly involved in hepatic fibrosis, and has been known as a mater regulator
of tissue fibrosis [122,123]. TGF-β signaling regulates various biological responses related to liver
fibrosis including hepatic apoptosis, activation of HSC, tissue remodeling, etc. [124,125]. Ironically,
TGF-β is known as a major tumor-suppressive signaling pathway that inhibits cell division and
promotes apoptosis. Under certain cellular and genetic circumstances, however, TGF-β signaling can
act as a tumor promoter via activating various oncogenic signaling pathways. For example, through
non-canonical TGF-β signaling pathways, the signaling promotes phosphoinositide 3-kinase and
various mitogen-activated protein kinase (MAP kinases) [126,127]. As well, under genetic context of
p53 loss [128], YAP activation [129] and Tak1 deletion [130], TGF-β signaling is required for and/or
promote tumorigenesis in the liver. Although it is still not understood how TGF-β signaling can be
a tumor promoter during early stages of hepatic tumorigenesis, considering its pro-apoptotic and
anti-proliferative functions, recent studies suggest that Snail, an EMT inducer and a TGF-β target,
can play a pro-tumorigenic role in the liver [131–133] likely via promoting cellular proliferation.

5. Gas6/TAM Pathway in Liver Fibrosis and Cancer

Growth arrest-specific gene 6 (Gas6) product is a vitamin K-dependent protein [134] that activates
a family of TAM (Tyro3, Axl, MERTK) receptors with tyrosine kinase activity [135]. TAM signaling
plays a role in tissue development and homeostasis, and disposes of apoptotic cells [136]. The ligand
for TAM receptors, Gas6 is overexpressed and secreted in response to both acute and chronic liver
injuries [136].

In normal liver, Gas6 is mainly expressed in Kupffer cells while Axl, which is related to cell
differentiation and carcinogenesis among TAM receptors, is expressed in macrophages and quiescent
HSC [135]. MERTK is expressed in Kupffer cells and sinusoidal endothelial cells, but not in hepatocytes,
while Tyro3 is only found in resident macrophages [137]. Upon liver injury, Gas6 is overexpressed
in Kupffer cells and HSC, which promotes infiltration of monocytes into injured tissue areas [138].
Of note, serum Gas6 levels were high in patients with advanced fibrosis and cirrhosis [139,140]. In line
with the findings, experimental murine models showed that increased Gas6 levels led to activation and
proliferation of HSC via AKT phosphorylation and NF-κB activation, and contributed to fibrogenesis
in the liver [138,140].

Numerous studies have shown that upregulation of Gas6/TAM can promote development of
multiple types of cancer, including lung and gastric cancer [141]. The Gas6/TAM pathway can exert
multiple pro-tumorigenic effects both on tumor cells and stromal cells [142]. Activation of Gas6/TAM
signaling in cancer cells promotes their proliferation and inhibits their apoptosis while the signaling
pathway can lead to a tumor-promoting microenvironment, for example, suppressing anti-tumor
effects by natural killer (NK) cells. As more experimental and clinical studies are performed to reveal
the hepato-carcinogenic roles of Gas6 and TAM, they are expected to uncover a mechanistic link
between liver fibrosis and HCC through the Gas6/TAM signaling pathway.

6. Hippo-YAP/TAZ Signaling in Liver Fibrosis and Cancer

Hippo-YAP/TAZ signaling is activated by a variety of mechanical signals such as cell shape and
ECM stiffness as well as cell–cell interactions, and transduces cell-specific transcriptional programs. Of
note, the signaling is not only activated by the interaction between specific extracellular ligands and
their cellular receptors, but is also regulated by modulation of cell adhesion and cell polarity [143–146].
Hippo-YAP/TAZ signaling has a major role in the regulation of cell proliferation, apoptosis,
migration and differentiation, all essential for both developmental processes and homeostasis in
adult organs [143]. Disruption of the Hippo signaling, or abnormal activation of Yes-associated protein
(YAP; also known as YAP1) and transcriptional co-activator with PDZ-binding motif (TAZ; also known
as WWTR1) leads to a number of diseases including inflammation, fibrosis and cancer [147].
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The Hippo-YAP/TAZ signaling pathway consists of kinase cascades, mammalian sterile 20-like kinase
1 (MST1; also known as STK4) and MST2 (also known as STK3), large tumor suppressor kinase 1 (LATS1)
and LATS2, the adaptor proteins Salvador 1 (SAV1), MOB1A and MOB1B, and YAP/TAZ [148–150]. YAP
and TAZ proteins are inactivated by phosphorylation through the core Mst1/2-Lats1/2 kinase cascade.
Phosphorylation of YAP/TAZ leads to cytoplasmic retention of the proteins via the interaction with
14-3-3 proteins and degradation via the ubiquitin-proteosome pathway [151]. When YAP/TAZ are
dephosphorylated, they can translocate into the nucleus and activate transcription of their target genes
through the interaction with the TEAD transcription factors (TEAD1–TEAD4) [152].

Hippo-YAP/TAZ signaling regulates the organ size and closely related to liver regeneration as
demonstrated in animal models in which activation of YAP/TAZ promoted regeneration of the liver.
Knockdown of MST1/MST2 using siRNAs or a pharmacological inhibitor targeting MST1/MST2,
which led to dephosphorylation and subsequent nuclear accumulation of YAP/TAZ, augmented
hepatocyte proliferation and liver regeneration after partial hepatectomy in mice [153,154]. A recent
study also confirmed the role of YAP/TAZ during liver regeneration after ischemia-reperfusion (I/R).
The proliferation and expansion of HSCs were prominent during liver recovery after I/R injury,
in which the Hippo pathway was inactivated and YAP/TAZ was activated in HSCs. In addition,
inhibition of YAP/TAZ activation by a chemical inhibitor attenuated proliferation of both hepatocytes
and HSC [155]. Furthermore, YAP can function as a stress sensor, leading to the elimination of
damaged hepatocytes [156]. YAP activation in damaged hepatocytes led them to migrate into the
hepatic sinusoids and undergo apoptosis. In contrast, YAP activation in undamaged hepatocytes
promoted cellular proliferation [156].

6.1. Hepatic Fibrosis

YAP/TAZ activation can promote hepatic fibrosis through the activation of HSCs in response
to chronic liver damage [157,158]. A remarkable accumulation of nuclear YAP/TAZ was found
in myofibroblasts and HSCs of human and mouse livers with fibrosis [157]. Activated YAP/TAZ
upregulate ECM deposition and tissue stiffness, which facilitate fibrogenic processes [159]. In a mouse
model of hepatic fibrosis induced by carbon tetrachloride (CCl4) administration, YAP translocated from
the cytoplasm into the nucleus of HSCs, and increased expression of its target genes. Notably, treatment
with pharmacological inhibitors of YAP suppressed HSC activation and hepatic fibrogenesis, indicating
that YAP activation is essential for liver fibrosis in mice [157]. Also, Zhang et al. found that YAP/TAZ
were over-expressed in fibrotic livers of mice treated with CCl4, and that YAP/TAZ degradation by
omega-3 polyunsaturated fatty acids (ω-3 PUFAs) led to down-regulation of pro-fibrogenic genes
in activated HSCs and fibrotic liver [160]. Furthermore, the level of TAZ expression in hepatocytes
was elevated in a murine model of NASH, and the silencing of TAZ in the NASH model prevented
or reversed inflammation, hepatocyte death, and hepatic fibrosis although there was no significant
changes in the degree of steatosis. Of note, hepatocyte-targeted expression of TAZ in the NASH model
promoted NASH features via the activation of the HH signaling pathway [161].

6.2. Liver Cancer

YAP/TAZ signaling is involved in multiple facets of carcinogenesis, including promotion of
cellular proliferation, induction of tissue invasion of tumor cells, and maintenance of cancer stem
cells (CSCs) [148,162–164]. Persistent upregulation of YAP/TAZ activity is capable of initiating
tumorigenesis in the liver [162,163]. The signaling also significantly contributes to chemoresistance,
metastasis, and the recurrence of cancer [162]. Increased cell survival mediated by repression of
apoptosis is also a consequence of activated YAP/TAZ [165]. The connective tissue growth factor
(CTGF) and extracellular matrix protein CCN1 (CYR61), which are targets of YAP/TAZ, have been
reported to inhibit apoptosis in liver cells [166,167]. Additional mechanisms also contribute to
repression of apoptosis by YAP/TAZ, including up-regulation of pro-survival factors such as B
cell lymphoma 2 (BCL 2) family members [168].
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Of note, YAP/TAZ can promote tumorigenesis via cross-talks with diverse oncogenic signaling
pathways [169–172]. Increased ectopic expression of YAP in an immortalized human hepatocyte
cell line confers tumorigenic potentials via AXL, a receptor tyrosine kinase, as a major downstream
factor [173]. A NUAK family SNF1-like kinase 2 (NUAK2) also known as SNF1/AMP kinase-related
kinase (SNARK) participates in a positive feedback loop to maximize YAP activity through promotion
of actin polymerization and myosin activity. The pharmacological inactivation of NUAK2 inhibits
YAP-dependent cancer cell proliferation. These results demonstrate the role of kinase NUAK2 as
a mediator of YAP-driven tumorigenesis [174]. Furthermore, it was reported that YAP expression
reduced cellular senescence while silencing of YAP inhibited cell proliferation and induced premature
senescence [175]. In line with the pro-tumorigenic functions, activation of YAP/TAZ was found at a
high frequency in liver cancer and significantly correlated with poor prognosis [176–178].

Several lines of research using genetically engineered mouse models indicate that the
Hippo-YAP/TAZ signaling pathway can induce cancer initiation and progression. Liver-specific
deletion of both MST1 and MST2, leading to a subsequent activation of YAP/TAZ, was found to induce
liver enlargement in young adult mice due to uncontrolled cell proliferation. MST1/2 ablated livers
in the mice eventually developed liver cancers exhibiting either HCC or mixed hepatocellular and
cholangiocellular carcinoma (mixed HCC-CCA) [179,180]. Similarly, transgenic mice expressing YAP
showed enlarged livers after 8 weeks of YAP induction, and later on exhibited a number of nodules
throughout the hepatic parenchyma [181].

The significance of YAP/TAZ overexpression in liver cancer was also investigated in HCC patients.
In 177 patients with HCC, YAP overexpression was detected in 62% of tumor tissues, most of which
exhibited nuclear accumulation of YAP in tumor cells. In addition, overexpression of YAP in tumor
cells was significantly associated with poorer differentiation and elevated levels of serum α-fetoprotein
(AFP) [182].

6.3. YAP/TAZ Linking Hepatic Fibrosis and Cancer

The Hippo signaling pathway and its downstream effectors, YAP/TAZ have a strong correlation
with hepatic fibrogenesis, and are critical regulators of hepatic tumorigenesis (Figure 2). The Hippo-
YAP/TAZ signaling pathway also exerts significant effects on tumor microenvironment by maintaining
cancer-associated fibroblasts (CAFs) and promoting neo-angiogenesis [147,157,183]. Moreover,
in liver-specific conditional knockout mice, deletion of MST1/2 and SAV1 induced inflammation
and elevated expression of pro-inflammatory cytokines such as IL-6 and TNF-α [179,184]. As well,
it was recently reported that YAP/TAZ promoted liver inflammation and liver cancer. In hepatocytes
with genetic deletion of Mst1/2, monocyte chemoattractant protein-1 (Mcp1) expression was highly
up-regulated which led to massive infiltration of macrophages. In addition, macrophage ablation
or Mcp1 deletion in the Mst1/2 knockout mice showed reduced hepatic inflammation and HCC
development, whereas Yap elimination abolished the induction of Mcp1 expression and restored
normal liver growth [185]. Another study found a strong correlation between TAZ expression in
human liver tumors and secretion of pro-tumorigenic inflammatory cytokines such as IL-6 and C-X-C
motif chemokine ligand 1 (Cxcl1) [186]. As hepatic fibrosis is mainly induced by chronic inflammation
in the liver, YAP/TAZ might be a strong promoter for both hepatic fibrosis and liver cancer.
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Figure 2. Schematic illustration of the roles of YAP/TAZ signaling in hepatic fibrosis and cancer.

7. Conclusions

Liver fibrosis and cirrhosis have long been regarded as major risk factors for HCC. Fibrotic livers
establish a pro-tumorigenic microenvironment via an increase in genetic alterations and chromosomal
instabilities, as well as activation of various oncogenic signaling pathways. Recent studies have found
YAP/TAZ signaling acting as a major mechanistic link between liver fibrosis and HCC. Further study
in this field is needed to better understand the pathogenic process toward liver cancer and to prevent
the development of HCC in cirrhotic background, considering that there are currently no effective
therapies for HCC.
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Abstract: Idiopathic pulmonary fibrosis (IPF) is the most common idiopathic interstitial pulmonary
disease with a median survival of 2–4 years after diagnosis. A significant number of IPF patients
have risk factors, such as a history of smoking or concomitant emphysema, both of which can
predispose the patient to lung cancer (LC) (mostly non-small cell lung cancer (NSCLC)). In fact,
IPF itself increases the risk of LC development by 7% to 20%. In this regard, there are multiple
common genetic, molecular, and cellular processes that connect lung fibrosis with LC, such as
myofibroblast/mesenchymal transition, myofibroblast activation and uncontrolled proliferation,
endoplasmic reticulum stress, alterations of growth factors expression, oxidative stress, and large
genetic and epigenetic variations that can predispose the patient to develop IPF and LC. The current
approved IPF therapies, pirfenidone and nintedanib, are also active in LC. In fact, nintedanib is
approved as a second line treatment in NSCLC, and pirfenidone has shown anti-neoplastic effects in
preclinical studies. In this review, we focus on the current knowledge on the mechanisms implicated
in the development of LC in patients with IPF as well as in current IPF and LC-IPF candidate therapies
based on novel molecular advances.

Keywords: idiopathic pulmonary fibrosis (IPF); lung cancer (LC); non-small cell lung cancer (NSCLC)

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a form of chronic, progressive fibrosing interstitial
pneumonia of unknown cause that occurs primarily in older adults. IPF is associated with the
histopathologic and/or radiologic pattern of usual interstitial pneumonia (UIP) that is limited to
the lungs [1]. The disease course of IPF is variable and somewhat unpredictable, nevertheless,
progression to end-stage respiratory insufficiency and death after the onset of symptoms from diagnosis
is 2–4 years [2]. Pulmonary and extrapulmonary comorbid conditions, such as lung cancer (LC),
are commonly associated to IPF, altering the disease course and mortality. Links between pulmonary
fibrosis and LC have been suggested as early as 1965 [3] and are based on the multiple common genetic,
molecular, and cellular processes that connect both diseases and can predispose the patient to develop
IPF and LC.

On its own, pulmonary fibrosis is a risk factor for developing lung carcinogenesis [4–7]. Moreover,
elder age, male sex, history of smoking, and coexisting emphysema are also strong risk factors that
contribute to developing LC in IPF patients [8–19]. The prevalence of LC in IPF patients ranges
from 2.7% to 48% [8,9,13–20] (Table 1) and is significantly higher than in the general population [21].
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Otherwise, the incidence of LC in IPF patients is reported to be 11.2–36 cases per 1,000 persons per
year [8,20,22], which increases with each year following IPF diagnosis [15,18]. Moreover, IPF patients
that are diagnosed with LC have a reduced mean survival time (1.6–1.7 years), compared to IPF
patients without LC diagnosis [10,17] and Kato et al. reported 53.5%, 78.6%, and 92.9% as 1-, 3-,
and 5-year all-cause mortality rates after LC diagnosis in IPF patients [8].

Table 1. Prevalence of lung cancer (LC) in idiopathic pulmonary fibrosis (IPF) patients.

Study
Number of

Patients with IPF
Prevalence
of LC (%)

LC-IPF
Male (%)

LC-IPF
Median Age

LC-IPF
Smokers (%)

Reference

Nagai (1992) 99 31.3% 87.1% 70.9 87.1% [9]
Matsusitha (1995) 20 48.2% 90% 66.4 74.3% [13]

Park (2001) 281 22.4% 97% 66.8 88.9% [14]
Le Jeune (2007) 1064 2.7% ND ND ND [20]
Ozawa (2009) 103 20.4% 95.2% 65.5 66.7% [15]

Lee (2012) 1685 6.8% 94.7% 68.5 92.3% [16]
Kreuter (2014) 265 16% ND ND ND [17]

Tomasetti (2015) 181 13% 82.6% 66.9 91.3% [18]
Yoon (2018) 1108 2.8% 61% 65 77% [19]
Kato (2018) 632 11.1% 94.3% 66.8 100% [8]

ND: not determined.

2. Histological Subtypes and Parenchymal Distribution of Lung Cancer in Idiopathic
Pulmonary Fibrosis

In the general population, the predominant type of LC is non-small cell lung cancer (NSCLC).
Likewise, NSCLC is the predominant type of LC in LC-IPF patients. Furthermore, adenocarcinoma
(ADC) is the most common subtype of histological NSCLC in the general population [23]. However,
the most frequent histological subtype of LC in IPF has been controversial over the past few years
(Table 2). Recently, the majority of studies have shown that squamous cell carcinoma (SQC) is the most
frequent type of LC in IPF patients, while ADC is the second most frequent [8–10,14,15,17–19,24–29].
Moreover, some isolated cases of large cell carcinoma and small cell lung cancer (SCLC) have also been
reported [8,14,18,27].

Table 2. Lung cancer (LC) histological subtypes in patients with idiopathic pulmonary fibrosis (IPF).

Study
Number of

Patients with
LC-IPF

Squamous Cell
Carcinoma

Adenocarcinoma
Other

Histological
Subtypes

Reference

Kawai (1987) 8 12.5% 75% 12.5% [24]
Nagai (1992) 31 45.2% 35.2% 19.6% [9]
Park (2001) 63 35% 30% 35% [14]
Kawasaki (2001) 53 46% 46% 8% [25]
Aubry (2002) 24 67% 29% 4% [10]
Ozawa (2009) 21 38% 29% 33% [15]
Saito (2011) 28 67.9% 25% 7.1% [26]
Lee (2014) 70 40% 30% 30% [27]
Kreuter (2015) 42 36% 31% 33% [17]
Tomasetti (2015) 23 39% 35% 26% [18]
Khan (2015) 34 41% 38% 21% [28]
Guyard (2017) 18 44% 33% 23% [29]
Yoon (2018) 27 41% 26% 33% [19]
Kato (2018) 70 30% 20% 50% [8]

Similarly to fibrotic lesions, lung carcinomas are generally more frequently found in the peripheral
area of the lungs in IPF patients, i.e., in the lower lobes [3,8,16,25,30–32], and are associated with
honeycomb lesions, developing from honeycomb areas or in the border between honeycombing and
non-fibrotic areas, and epithelial metaplasia [33–35]. In general, squamous metaplasia, but not cuboidal
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cell metaplasia or bronchial cell metaplasia, have been observed more frequently in LC-IPF patients
than in IPF patients without lung carcinoma. Then, it is speculated that it might reflect a constitutional
susceptibility of IPF patients of developing lung carcinoma [36].

3. Cell Types and Cellular Processes Involved in Lung Cancer Associated with
Pulmonary Fibrosis

3.1. Cell Transformations in the Mesenchymal Phenotype

IPF is characterised by an excess of myofibroblasts that are persistently activated in fibrotic
lungs [37]. The activated myofibroblasts are stellate- or spindle-shaped, and are characterised by the
secretion of extracellular matrix (ECM) components (a characteristic shared with fibroblasts), such as
collagen type I, and by the formation of contractile apparatus (a characteristic shared with airway
smooth muscle cells), such as α-smooth muscle actin (α-SMA) microfilaments [38]. In IPF lungs,
myofibroblasts have heterogeneous phenotypes [39] (Figure 1). The classic concept is that tissue injury
induces the activation of resident fibroblasts to proliferate and express constituents of the ECM and
α-SMA fibres [40]. One contemporary theory is that tissue injury in the presence of transforming
growth factor (TGF-β) induces epithelial to mesenchymal cell transition (EMT) [41,42]. In detail,
EMT is part of an unabated form of wound healing in which alveolar type II (ATII) cells [41–43] can
serve as a source for the increased myofibroblast-like pool that eventually leads to organ destruction if
the primary inflammatory insult that triggered the wound healing is not removed or attenuated [44].
Another contemporary theory of myofibroblast activation is that circulating fibrocytes that originate
from the bone marrow are mesenchymal progenitor cells that home and extravasate into sites of
tissue injury, and differentiate into the myofibroblast-like phenotype [45,46] in response to TGF-β
and endothelin 1 [47–49]. Pulmonary arterial endothelial cell to mesenchymal transition (EnMT) has
been suggested as another source of myofibroblasts that potentially contribute to lung fibrosis and
pulmonary hypertension and is often associated with IPF, which portends a poor prognosis [50,51].
Finally, there are two emerging theories that consider pleural mesothelial cells or lung pericytes as
significant sources of lung myofibroblasts in IPF [52–56].

Similarly to IPF, cancer-associated fibroblasts (CAFs) are also important players in LC because
they exhibit mesenchymal-like features and have heterogeneous phenotypes (Figure 1) [57]. Lung
resident fibroblasts surrounding the malignancy are thought to be the first responders to the site of
insult that the tumour creates [58]. Resident epithelial cells—generally bronchiolar epithelial cells—can
also undergo a partial and possibly reversible EMT during the early steps of carcinogenesis, cancer
invasion, and metastasis [44,59]. Likewise, fibrocytes recruited from the peripheral circulation have
also been suggested as a potential source of CAFs [58,60,61]. It has also been observed that up to 40% of
CAFs arise as a consequence of EndMT in two different murine cancer models, suggesting that EndMT
may play a role in tumour angiogenic sprouting into adjacent tissue [62]. In the tumour environment,
vascular pericytes have also been associated with tumour vasculature. Pericytes that detach from
the tumour microvasculature have been shown to undergo differentiation into stromal fibroblasts via
the action of platelet-derived growth factor-BB (PDGF-BB), which significantly contributes to tumour
invasion and metastasis [63]. Finally, pleural mesothelial cells are also hypothesised as a source of
CAFs, where a mesothelial precursor lineage has been identified as being capable of clonally generating
fibroblasts in the lungs, kidney, liver, and gut [64]. Also, it has been reported that an overexpression of
mesothelin in lung ADC is induced by tobacco-related carcinogens [57].
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Figure 1. Cell types and cellular processes involved in lung cancer (LC) and idiopathic pulmonary
fibrosis (IPF). Lung resident fibroblasts, pericytes, pleural mesothelial cells (PMC), circulating fibrocytes,
vascular endothelial cells, and epithelial cells (Alveolar type II cells (ATII) in IPF and cancer epithelial
cells in LC) are transformed to IPF myofibroblast or mesenchymal phenotype and cancer-associated
fibroblasts (CAFs). Myofibroblasts and cancer cells are characterized by altered cell-cell communication,
migration properties, and tissue invasion through basement membranes and the extracellular matrix.
IPF myofibroblasts and ATII cells acquire senescent identities, but the presence of this phenotype is
controversial in LC. Otherwise, endoplasmic reticulum (ER) stress is induced in IPF, while autophagy
is defective in IPF. However, the function of both processes is controversial in LC. Finally, apoptosis is
induced in ATII cells, but IPF myofibroblasts and cancer cells evade apoptosis.

3.2. Common Cellular Processes in Lung Cancer Associated with Pulmonary Fibrosis

3.2.1. Apoptosis and Autophagy

Growing evidence indicates a prominent role of enhanced endoplasmic reticulum (ER) stress
in IPF, resulting in an unfolded protein response (UPR) [65,66]. This response mechanism activates
biochemical pathways to meet the demands of protein folding. However, if that is no longer feasible,
a terminal UPR directs alveolar epithelium cells towards apoptosis. By contrast, IPF myofibroblasts
and cancer cells escape apoptosis [67,68]. Regarding the role of ER-stress in tumourigenesis, it is
controversial [69,70], nevertheless, recent evidence shows that ER stress may attenuate senescence and
promote tumorigenesis [71] (Figure 1).

Despite elevated ER stress, there is evidence that autophagy is defective in IPF [72–74]
(Figure 1), which promotes lung fibroblast differentiation into myofibroblasts via excessive ECM
production [72,74,75] and fibroblast resistance to apoptosis [76]. In LC, autophagy functions as a
double-edged sword because it suppresses tumorigenesis in a limited number of contexts while
facilitating it in most others [77]. In fact, it has been observed that autophagy can promote or
inhibit apoptosis under different cellular contexts within the same tumour cell population. Therefore,
therapeutic targeting of autophagy in cancer is sometimes viewed as controversial [78].

3.2.2. Cellular Proliferation

Evidence strongly supports the persistent activation of proliferative signalling pathways in IPF
(Figure 1). In fact, myofibroblasts sustain their own growth through the autocrine production of TGFβ1
and partly lose their ability to produce anti-fibrotic prostaglandin E2 (PGE2) [79]. Further, they show
a lack of response to the inhibitory activity of PGE2 [80], and to other antiproliferative signals [81].
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The receptors for platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF),
and fibroblast growth factor (FGF) have also recently been implicated in the sustained proliferation
signalling of pulmonary fibroblasts [82]. However, this persistent activation is not definitively linked
with aberrant fibroblast proliferation in vivo [83–85] and the role of excessive fibroblast proliferation
as a pathogenic mechanism of IPF is unclear. By contrast, aberrant proliferation of cancer cells and
sustained proliferative signalling has been described as “arguably the most fundamental trait of
cancer cells” [68].

3.2.3. Altered Cell-Cell Communications

Intercellular channels that are formed by connexins are essential for the synchronisation of cell
proliferation and tissue repair [86]. In particular, the expression of connexin 43 (Cx43) is considered
crucial in fibroblast-to-fibroblast communication. In IPF fibroblasts, Cx43 expression is strongly
down-regulated, leading to a loss of proliferative control [87]. Similarly, cancer cell lines from mouse
and human lung carcinoma have low levels or an absence of Cx43 expression [88], which results
in reduced cell-to-cell communication (Figure 1); this may explain both the release of cells from
contact-inhibition control, and the uncontrolled proliferation that characterises this disease.

3.2.4. Senescence

Analyses of cell types in the lungs of both human IPF and the bleomycin-injured mouse
model have demonstrated that fibroblasts and epithelial cells acquire senescent identities [89].
Senescence appears to be a central phenotype that promotes lung fibrosis through increased
production of a complex senescence-associated secretory phenotype (SASP) based on growth factors,
cytokines, chemokines, and matrix metalloproteinases, as well as acquired apoptosis resistance in IPF
fibroblasts [90] (Figure 1). However, therapeutic management of cell senescence is controversial in
cancer. On the one hand, cell senescence could limit the replicative capacity of cells and ultimately
prevent their proliferation in different stages of malignancy, while providing a protective barrier to
neoplastic expansion [91]. On the other hand, it has been proposed that senescent fibroblasts may
promote tumour progression, possibly by secreting an SASP based on certain matrix metalloproteases,
growth factors, and cytokines [92].

3.2.5. Tissue Invasion

IPF lung fibroblasts are characterised by their ability to invade through the basement membrane
and the ECM via the action of metalloproteinases [93,94]. This characteristic is also an important
hallmark of cancer (Figure 1). Unlike cancers that can disseminate over long distances because they
acquire further invasive mechanisms, fibrotic lung fibroblasts are restricted to local invasion [95].
The capacity of cancer cells to infiltrate the surrounding tissue is strictly related to the expression
of laminin, heat shock protein 27, and fascin [96–98]. Interestingly, in IPF, it has been shown
that bronchiolar basal cells surrounding the fibroblast foci express large amounts of these proteins,
which induce cell motility and invasiveness of myofibroblasts [99]. Therefore, targeting these molecules
may be a feasible strategy to restrain myofibroblast tissue invasion in LC-IPF patients.

3.2.6. Inflammation

The role of inflammation in IPF is controversial, although evidence shows the existence of a
predominant phenotype of fibrosis-associated macrophages (FAMs) that are alternatively activated.
These are an M2 phenotype of FAMs [100] that facilitate the enhanced production of FGFs [101],
profibrotic cytokines [102,103], and matrix metalloproteinases [104]. Like FAMs, tumour-associated
macrophages also display an M2 phenotype and support tumour growth through their ability to
promote angiogenesis, activate mesenchymal cells, remodel the matrix, and suppress effector T-cell
responses [105,106]. Thus, M2 macrophages could be considered key effectors in the development of
LC associated with pulmonary fibrosis.
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4. Principal Fibrogenic Molecules and Signal Transduction Pathways Participating in Lung
Cancer Associated with Pulmonary Fibrosis

4.1. Growth Factors

TGFβ is a major profibrotic growth factor and is often chronically overexpressed in cancer
and fibrosis (Table 3) [107]. TGFβ can be activated by αVβ6 integrin and, in IPF, TGFβ1 mediates
fibrogenesis by antiproliferative action and apoptosis in alveolar epithelial cells (AECs) or by
stimulation of fibroblast differentiation to myofibroblasts, synthesis of ECM proteins, and inhibition
of ECM degradation [108,109]. TGFβ also induces the production of fibrogenic or angiogenic
growth factors and is known to strongly elicit EMT and EndMT. In the early stages of cancer
pathogenesis, TGFβ acts as a tumour suppressor because it inhibits the growth of many cell types and
delays the appearance of primary tumors. However, after the appearance of them, TGFβ promotes
tumour progression, because it can induce EMT and EndMT, and suppresses immune surveillance.
Therefore, during tumour progression, TGFβ triggers the formation of spontaneous lung metastases.
Finally, TGFβ is also central in the development of the tumour stroma because TGFβ1 also activates
CAFs [107,110].

Tyrosine kinase receptor ligands, such as PDGF, VEGF, and FGF, are aberrantly expressed in
LC and IPF (Table 3) [82]. In IPF, PDGF plays an important role in inducing the secretion of ECM
components and growth factors in fibroblasts [111]. It also promotes fibroblast proliferation and
recruits fibrocytes to the lung [112,113]. Furthermore, TGFβ1, FGF, and tumour necrosis factor-α
exhibit PDGF-dependent profibrotic activity [114,115]. Otherwise, PDGF signalling is also important
for tumour growth, angiogenesis, and lymphangiogenesis in cancer [113]. In fact, it has been shown that
crenolanib (PDGF receptor inhibitor) is capable of suppressing proliferation and inducing apoptosis
in a dose-dependent manner using A549 cells as a NSCLC model system. Moreover, it has been
shown that crenolanib-treated A549 cells have reduced migratory activity in response to inducers of
chemotaxis, and the antitumor activity of this drug has been confirmed in an NSCLC xenograft tumor
model [116]. Finally, it has been observed that PDGF regulates VEGF expression in NSCLC via an
autocrine mechanism [117], and is also involved in the recruitment of CAFs to the tumour mass [113].
The contribution of VEGF to IPF is not fully understood because there is still debate on the role of
vascular remodelling in IPF [118]. However, in addition to the role of VEGF in tumour angiogenesis,
accumulating evidence suggests that it can act directly on cancer cells to regulate growth, migration,
and production of several pro-angiogenic factors [119]. FGF is also released by damaged epithelial cells
and activated fibroblasts during the remodelling processes [120,121]. It was found that FGF signalling
is required for fibroblast expansion within fibrotic areas [122]. FGF can also affect the proliferation,
treatment sensitivity, and apoptosis of LC cells [123].

Another important fibrogenic growth factor in LC is connective tissue growth factor (CTGF).
In IPF, CTGF induces fibroblast proliferation and ECM deposition [124]. By contrast, it has been
observed that CTGF inhibits metastasis and invasion of human lung ADC [125], and its expression is
suppressed in many NSCLCs [126] (Table 3).

Several other growth factors are involved in IPF and LC [127–129], but we have not included
them in this review because they are not the focus of the new therapies currently being developed.

4.2. Lysophosphatidic Acid (LPA)

LPA, a profibrotic mediator with proinflammatory activity, is released by platelets during
epithelial injury [130]. Extracellular production of LPA is catalysed by autotaxin (ATX) and further
regulated by phospholipid phosphatases (PLPP). IPF patients have increased LPA levels [131] in
their bronchoalveolar lavage fluid (BALF) (Table 3), and recently, it has been shown that LPA
signalling mediates both the fibroblast recruitment and vascular leakage induced by lung injury
in a bleomycin model of pulmonary fibrosis [131]. Moreover, it has recently been shown that the
ATX/PLPP3-LPA/LPA receptor 1 (LPAR1) axis has a procarcinogenic role in lung carcinogenesis [132].
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Table 3. Principal fibrogenic molecules and signal transduction pathways participating in lung cancer
(LC) and idiopathic pulmonary fibrosis (IPF).

IPF LC

Growth Factors

TGFβ1 Overexpressed Overexpressed
PDGF Overexpressed Overexpressed
VEGF Overexpressed Overexpressed
FGF Overexpressed Overexpressed

CTGF Overexpressed Downregulated

Profibrotic mediators

LPA Overexpressed Overexpressed
Galectin-3 Overexpressed Overexpressed

Cytokines Overexpressed Overexpressed

CCL2 Overexpressed Overexpressed
IL-13 Overexpressed Overexpressed

Mucins

Mucin 1 Overexpressed Overexpressed
Mucin 4 Overexpressed Overexpressed

Mucin 5B Overexpressed Overexpressed

Embryological pathways

Wnt pathway Overexpressed Overexpressed
Shh pathway Overexpressed Overexpressed

Notch pathway Overexpressed Overexpressed

Proliferation-related pathways

PI3K/AKT/mTOR pathway Overexpressed Overexpressed

Migration-related proteins

Laminin Overexpressed Overexpressed
Fascin Overexpressed Overexpressed
Hsp27 Overexpressed Overexpressed

Oxidative stress—related molecules

NOX4 Overexpressed Overexpressed
Nrf2 Downregulated Downregulated

Cell-cell communication—related proteins

Connexin 43 Downregulated Downregulated

TGFβ1: transforming growth factor β1; PDGF: platelet derived growth factor; VEGF: vascular endothelial growth
factor; FGF: fibroblast growth factor; CTGF: connective tissue growth factor; LPA: lysophosphatidic acid; CCL2:
chemokine ligand 2; IL-13: interleukin 13; PI3K: phosphoinositide 3-kinase; AKT: protein kinase B; mTOR:
mammalian Target of Rapamycin; Hsp27: heat shock protein 27; NOX4: NADPH oxidase 4.

4.3. Cytokines and Chemokines

Epithelial injury causes an imbalance in T-helper type 1 (Th1)/type 2 (Th2) cytokine expression,
which results in a stronger Th2 response. In particular, there is evidence that interleukin 13 (IL-13) [133]
plays a dominant role in the pathogenesis of fibrosis in the lungs of IPF patients (Table 3) [134]. IL-13
triggers the transformation of fibroblasts to myofibroblasts via the TGFβ-dependent and -independent
pathways, while also inducing epithelial apoptosis [135–137]. Similarly to IPF, a pattern of Th2 cytokine
expression has also been identified in NSCLC [138]. With respect to IL-13, a recent study observed
the highest expression level of IL-13 in LC in the SQC subtype, followed by the ADC subtype [139].
Moreover, a clear association between IL-13 receptor subunit alpha-2 overexpression and poor survival
in resected NSCLC patients has been shown [140]. There are other profibrotic cytokines besides IL-13
that are also associated with IPF. For example, chemokine ligand 2 (CCL2) has been reported to be
present in the BALF of IPF patients at significant concentrations [141] (Table 3). In IPF, CCL2 has
been shown to induce the differentiation of developing T-cells into type 2 cells [142], and to stimulate
collagen synthesis and TGFβ expression in lung fibroblasts [141]. In LC, the CCL2/CCR2 (chemokine
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receptor type 2) axis is also important in several aspects of tumorigenesis. One of its most important
roles is the generation of new vascular structures that allow tumour growth [140]. However, there is
evidence of an association between CCL2 in cancer cells and better survival in NSCLC patients [143].

4.4. Reactive Oxygen Species (ROS)

ROS production by ATII cells results in oxidative stress, which induces apoptosis of epithelial
cells, activates intracellular signalling pathways, and upregulates the synthesis of profibrotic cytokines
that ultimately leads to tissue injury and fibrosis [144]. In this context, upregulation of NADPH oxidase
4 (NOX4) has been reported in pulmonary fibroblasts and other relevant cells in IPF. In the same way,
NOX4 has been reported to be overexpressed in NSCLC (Table 3), contributing to cell proliferation
and metastasis [145]. Furthermore, following ROS overproduction, alterations in DNA methylation
patterns and specific histone modifications lead to aberrant gene expression, and possibly trigger the
multistage process of carcinogenesis [144]. In addition, antioxidant molecules that mitigate oxidative
stress, such as Nrf2, have also been reported to be dysregulated in both diseases [146,147] (Table 3).
As such, they are proposed to be future targets for anti-IPF/LC treatment.

4.5. Mucins

Significant overexpression of the secreted Mucin 5B (Muc5B) protein has been found in IPF lungs
(Table 3) and it is hypothesised that excess Muc5B impairs the mucosal host defence; in turn, this may
interfere with alveolar repair and leads to the development of idiopathic interstitial pneumonia [148].
In this context, MUC5B expression has been associated with a high risk of distant metastasis in NSCLC
patients and poorer prognosis in ADC patients [149,150].

We have also observed IPF overexpression of the transmembrane mucins, Muc1 [151], Muc4 [152],
and Muc16 (unpublished data), which may be involved in the molecular processes that lead to the
development of pulmonary fibrosis [151–153]. In addition, the extracellular region of Muc1 contains the
KL-6 epitope, which is proposed to be a useful biomarker for evaluating disease activity and predicting
clinical outcomes in IPF [154]. Similarly, these transmembrane mucins have previously been considered
clinically relevant proteins that are aberrantly overexpressed in lung carcinogenesis [155]. In fact,
Muc1 is a target in several preclinical and clinical trials for cancer treatment [156,157]. Concurrently,
there is evidence that galectin 3 is a promising target for IPF [158] because it has a profibrotic action [159]
that is partly mediated by binding to Muc1 [160]. Recently, the potential of galectin-3 as a therapeutic
target in cancer has been highlighted since it is capable of modulating anti-tumour immunity [161].

4.6. Embryological Pathways

There is also evidence that some embryological pathways are reactivated or deregulated in fibrotic
diseases (Table 3) [162]. For example, the Wnt/β-catenin pathway is overexpressed in the lung tissue of
IPF [163] and LC patients [164]. This pathway regulates the expression of molecules involved in tissue
invasion, such as matrilysin, laminin, and cyclin-D1, which induces the EMT process. Most importantly,
this pathway is involved in biologically relevant cross talk with TGF-β [163].

The Sonic hedgehog (shh) pathway is also aberrantly activated in IPF, mainly in epithelial cells
that line honeycomb cysts [165,166]. The overexpression of the shh pathway promotes increased
susceptibility to epithelial cell apoptosis and increased resistance to fibroblast apoptosis [167].
This pathway is also reactivated at the early stage of oncogenesis by cancer stem cells and leads
to paracrine action on other tumour cells, resulting in tumour growth, tumour spread, and EMT. In LC,
reactivation of the shh pathway is involved in the development of resistance to all the main treatments
of LC [168].

Finally, the Notch signalling pathway is also reactivated in AECs, induces α-SMA expression in
fibroblasts, and mediates EMT in AECs [52]. In the same way, abnormal expression of the members of
the Notch signalling pathway is a relatively frequent event in patients with NSCLC [169,170]. It has
been demonstrated that members of the Notch signalling pathway may be potential biomarkers for
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predicting the progression and prognosis of patients with NSCLC. Furthermore, Notch signalling
promotes the proliferation of NSCLC cells or inhibits apoptosis of NSCLC cells [171].

4.7. PI3K/AKT/mTOR Pathway

The phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target of rapamycin
(mTOR)-dependent pathway is dysregulated in fibroproliferative diseases, like pulmonary fibrosis
(Table 3) [172]. In fact, overexpression of class I isoform p110γ in lung homogenates occurs
in IPF patients [173], and has been shown to activate the downstream signalling of several key
profibrotic growth factors implicated in IPF, including PDGF and TGFβ1 [174,175], as well as
abnormal proliferation of epithelial basal cells [173] and TGF-β-induced fibroblast proliferation
and differentiation [176]. Moreover, it has been observed that the suppression of phosphatase
and tensin homologue mediates matrix-mediated resistance to apoptosis [174]. Phosphatase and
tensin homologue are negative regulators of PI3K that in turn activate AKT. De-regulation of the
PI3K/AKT/mTOR pathway is also involved in NSCLC and has been associated with high grade
tumours and advanced disease. Furthermore, abnormalities in this pathway are more common in SQC
than in ADC of the lung [177].

5. Genetic and Epigenetic Alterations in Lung Cancer Associated with Pulmonary Fibrosis

5.1. Genetic Alterations

Most pulmonary fibrosis patients who have a background of familial clustering of familial
interstitial pneumonia show mutations in genes that encode surfactant-associated protein C
(SFTPC) [178,179], surfactant-associated protein A2 (SFTPA2) [180], telomerase components (TERT and
TERC) [181,182], and genes associated with telomere biology, such as poly (a)-specific ribonuclease
deadenylation nuclease (PARN) and regulator of telomere elongation helicase 1 (RTEL1) [183]. Further,
several common variants in TERT, genomic regions near TERC, oligonucleotide-binding fold containing
1 (OBFC1), RTEL1, PARN, and toll-interacting protein (TOLLIP), have all been associated with a sporadic
risk of developing IPF [184–186]. Nevertheless, the most important genetic risk factor for sporadic
IPF is a common variant (rs35705950) in the promoter region of the MUC5B gene, although it is also
associated with familial pulmonary fibrosis [148] (Table 4).

LC development is the result of a stepwise accumulation of multiple acquired mutations of
tumour suppressor genes or candidates, and the overexpression and mutation of oncogenes (Table 4).
In this context, multiple P53 gene mutations have been found during the early stage of bronchial
carcinoma [187,188]. Frequent P53 gene alterations have also been detected in epithelial lesions from
IPF patients [189] and in squamous metaplasia, distributed in the peripheral zone of the fibrotic
area in patients with IPF [190]. Similarly, aberration and loss of function of the candidate tumour
suppressor gene fragile histidine triad (FHIT) has been reported in NSCLC [191], as well as in IPF
lesions [192]. Additionally, FHIT gene allelic loss has been seen more frequently among the metaplasias
and bronchiolar epithelia samples obtained from LC-IPF patients than from IPF patients without
LC [192]. Otherwise, the frequency of expression of Ras protein in ATII cells has been observed as
being significantly greater in lung tissues from LC-IPF patients compared with lung tissues from
IPF patients who did not have lung carcinoma. Moreover, a specific point mutation in codon 12 of
the KRAS gene has been detected in LC-IPF patients [189]. Interestingly, this mutation has not been
identified between the numerous KRAS mutations observed in lung carcinoma tissue [193]. However,
contrasting results regarding the prevalence of KRAS mutations in LC-IPF patients have been reported
recently [194,195]. In addition, a significantly higher prevalence of BRAF mutations in IPF-LC than in
LC has been observed, with an equal distribution between ADC and SQC subtypes. Moreover, some
of these somatic mutations have not been shown to be significant in NSCLC patients [195]. As such,
it is rational to suggest that these somatic mutations in tumour suppressor genes and oncogenes,
as well as oncogene overexpression, predispose IPF patients to develop LC. However, it also raises
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two controversial questions: Why is LC not the cause, instead of a consequence, of IPF?; and why
do LC and IPF not independently and synchronously develop as a result of common pathogenetic
mechanisms? In answering these questions, Hwan et al. [195] revealed a predominance of C>T somatic
transitions in most of the somatic mutations detected in LC-IPF patients. By contrast, in the non-IPF
SQC subtype, C>A transversions are the most frequent [196]. This suggests a potential association
between APOBEC (cytidine deaminase, which converts cytosine to uracil)-related mutagenesis and
the development of LC associated with pulmonary fibrosis.

Recently, germline mutations associated with familial NSCLC and predisposing to it are also
being discovered [197] (Table 4). In this context, several findings suggest that some germline mutations
that predispose patients to develop IPF also predispose them to developing lung carcinoma. Indeed,
two heterozygous missense mutations, and a heterozygous missense mutation in SFTPA2 [198] and
SFTPA1 [199], respectively, have been identified in LC-IPF families. All of these mutations are predicted
to disrupt the structure of surfactant A protein (SP-A) and impair protein secretion [198,199], leading
to protein instability and ER stress of resident ATII cells [179,200]. SP-A is produced by ATII and club
cells [201], which have both been proposed as possible initiators of lung ADC [202]. Although the role
of ER-stress in tumourigenesis is controversial [69,70], recent evidence showing that ER stress may
attenuate senescence and promote tumorigenesis might explain the co-occurrence of LC (histological
subtype ADC) and pulmonary fibrosis in families with an SFTPA1/2 mutation [71]. Two further
germline mutations in TERT (rs2736100) and CDKN1A (rs2395655), which were previously reported to
confer IPF risk [203], have also been identified in several LC-IPF patients [195]. These mutations affect
telomerase function and impair the cellular response to DNA damage, respectively [204]. Accordingly,
they might also explain the co-occurrence of both diseases. Furthermore, the germline variant,
rs2736100, has been reported to be associated with lung ADC risk [205], and other TERT, TERC, OFBC1,
and RTEL1 polymorphisms have also been revealed as risk factors of LC [206,207]. However, telomere
functionality and its contribution to LC development is controversial. In fact, a gain at chromosomal
region 5p15.33 in TERT is the most frequent genetic event in the early stages of NSCLC [208].
However, short telomeres in peripheral blood leukocytes have been related to an increased risk
of lung carcinoma [209], probably via an increased mutation rate and the genomic instability induced
by telomere dysfunction [210]. Therefore, it might be hypothesised that mutations associated with
telomere biology in IPF lesions, which correlate with shortened telomeres in leukocytes and ATII
cells [211], could drive the development of LC via an increased mutation rate and genomic instability.

Finally, the germline or somatic variant (rs35705950) in the MUC5B promoter region that consists of
TT and GT genotypes (risk genotypes for IPF) has been reported to confer a survival advantage among
patients with IPF [212]. However, these genotypes are associated with poorer overall survival in NSCLC
patients [213]. Furthermore, significant associations between the MUC5B promoter polymorphism
and the incidence of radiation pneumonitis in patients with NSCLC have not been identified [213].
This supports the idea that IPF underlies the development of LC and is not a consequence of it.

5.2. Epigenetic Alterations

Due to similar pathogenic mechanisms between IPF and LC, their global methylation patterns
are also somewhat similar (Table 4). However, there are also differences, which may be explained
partly by IPF or cancer-specific changes [214]. For example, it was found that as a consequence of
promoter hypermethylation, the relative expression of the SMAD4 gene was significantly lower in the
tumours of LC-IPF patients compared to those who had LC without IPF [215]. This was a surprising
finding because SMAD4 has been identified as a tumour-suppressor gene [216], but TGFβ1 signalling
is the main effector in pulmonary fibrosis. Thus, SMAD4 over-expression would be expected in this
disease. Another epigenetic alteration involved in IPF is THY-1 promoter hypermethylation and
the absence of fibroblast Thy-1 expression, which is linked to the transformation of fibroblasts into
myofibroblasts [217]. Loss of this molecule has also been documented in cancer and is associated with
a more invasive disease [218]. By contrast, promoter hypermethylation of the O-6-methylguanine
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DNA methyltransferase (MGMT) gene is one of the early epigenetic marks in LC [219], while in IPF
fibroblasts, MGMT is one of the most hypomethylated genes [220].

Otherwise, ~10% of miRNAs are abnormally expressed in IPF [95]. These variations are all
capable of influencing EMT and inducing the regulation of apoptosis or ECM [95]. Some of these
variations are also found in LC. For example, common to IPF, mir-21 is overexpressed in LC [95],
which is an independent negative prognostic factor for overall survival in NSCLC patients [221].
By contrast, Let-7d expression is found to be mostly down-regulated in IPF and LC and acts as an
oncogene [95,219,222].

Table 4. Mutated genes, hypermethylated genes, and non-coding RNAs with altered expression in
Idiopathic pulmonary fibrosis (IPF), lung cancer (LC), and LC-IPF patients.

IPF LC LC-IPF

Mutated Genes

SFTPA1 Yes [199] ND Yes [199]
SFTPA2 Yes [180] ND Yes [198]
TERT Yes [181,184] Yes [206,207] Yes [195]
TERC Yes [181,184] Yes [206,207] ND
PARN Yes [183] ND ND
OBFC1 Yes [184] Yes [207] ND
RTEL1 Yes [183] Yes [207] ND

TOLLIP Yes [186] ND ND
MUC5B Yes [148] Yes [213] ND

P53 Yes [189] Yes [187,188] Yes [190]
FHIT Yes [192] Yes [191] Yes [192]
KRAS ND Yes [193] Yes [194]
BRAF ND Yes [223] Yes [195]

CDKN1A Yes [203] ND Yes [195]

Hypermethylated Genes

SMAD4 ND ND Yes [215]
THY-1 Yes [217] ND * ND

MGMT No [220] Yes [219] ND

Non-coding RNAs

Let-7d Downregulated [95] Downregulated [219] ND
miR-21 Upregulated [95] Upregulated [221] ND

ND: Not determined. * Reported in metastatic nasopharyngeal carcinoma [218].

6. Therapeutic Management in Lung Cancer Associated with Pulmonary Fibrosis Patients

The focus of IPF treatment in previous decades has been to use
anti-inflammatory/immunomodulatory drugs in combination with antioxidants. However,
their therapeutic usefulness was recently questioned given the unfavourable outcome when N-acetyl
L-cysteine (NAC) was used in combination with prednisolone/azathioprine [224]. Following this,
NAC monotherapy results were also negative [225], although a subgroup of IPF patients with the
rs3750920 (TOLLIP) TT genotype showed a favourable response [226]. Numerous cellular and
preclinical studies hold that antioxidants protect against cancer [227,228]. However, it has been shown
that NAC increases tumour progression and reduces survival in LC preclinical models [229], which
contraindicates NAC treatment for LC-IPF.

In line with the antioxidant treatments tested in IPF, pirfenidone was initially considered as an
antioxidant therapy since it demonstrated O2

− scavenging activity [230,231]. Oral NAC has been used
in conjunction with pirfenidone to treat IPF, but it does not substantially alter the tolerability profile of
pirfenidone and is unlikely to be beneficial in IPF [232]. Beyond its antioxidant activity, pirfenidone is
a pleiotropic molecule that inhibits TGF−β, collagen synthesis, and fibroblast proliferation, and also
mediates tissue repair [233–236]. It is currently approved as an IPF therapy and Miuri et al. [237]
observed that the incidence of LC in IPF patients treated with pirfenidone was significantly lower than

34



Int. J. Mol. Sci. 2019, 20, 593

in a non-pirfenidone IPF patient group. Furthermore, recent publications have shown that pirfenidone
confers anti-fibrotic effects by interfering with the shh pathway [238], which can partly explain the
observed lower LC incidence in IPF patients treated with pirfenidone. It has also been observed
that perioperative pirfenidone treatment reduces the incidence of postoperative acute exacerbation
of IPF in LC-IPF patients [239]. Moreover, experimental data have shown that the combination
of pirfenidone and cisplatin may lead to an increase of CAF and tumour cell mortality in NSCLC
preclinical models [240].

Advances in the understanding of IPF pathogenesis have resulted in further preclinical and
clinical trials of drugs with antiproliferative and antifibrotic effects. For instance, tyrosine kinase
inhibitors (TKIs), such as imatinib, nilotinib, gefitinib, erlotinib, nintedanib, SU5918, and SU11657,
are being investigated [241–247]. The important role of these inhibitors in cancer treatment was
previously shown [248]. Indeed, gefitinib and erlotinib are important oral treatments for NSCLC
patients with mutations that activate the epidermal growth factor receptor (EGFR). In IPF, imatinib
was tested in fibrotic patients, but failed to show any benefit on survival or lung function [249].
In contrast, the VEGF, FGF, and PDGF receptor inhibitor, nintedanib, has been approved for IPF
treatment. Additionally, this drug is also approved for use in combination with docetaxel as an
effective second-line option for patients with advanced ADC-NSCLC who have been previously
treated with one course of platinum-based therapy [250].

Another class of antifibrotic drugs are the mTOR kinase inhibitors, including everolimus, which
failed as an IPF treatment [251]. However, everolimus has shown modest beneficial effects in
patients with advanced NSCLC who were previously treated with chemotherapy alone, or with
chemotherapy and EGFR inhibitors [252]. It is also approved as a second-line treatment in renal and
breast cancer. Currently, there are efforts towards assessing the efficacy of a new mTOR kinase inhibitor
(GSK-2126458) for IPF and advanced solid tumour treatment.

In addition to the previously mentioned therapeutic strategies, a broad range of IPF therapies
are currently being tested in clinical trials (Table 5). Some of these therapies target molecules
and mechanisms mentioned in this review, and which are hallmarks of the progression of both
diseases. These include anti-IL-13 antibodies (QAX576 and Lebrikizumab), anti-CCL2 antibodies
(Carlumab and CNTO-888), anti-TGFβ1 antibodies (Fresolimumab and GC1008), anti-integrin αvβ6
antibodies (BG0011 and STX-100), integrin αvβ6 antagonist drugs (GSK3008348), LPAR1 antagonist
drugs (BMS-986020), ATX-inhibiting drugs (GLPG1690), angiostatic drugs (Tetrathiomolybdate),
shh pathway-inhibiting drugs (vismodegib), and galectin-3-inhibiting drugs (TD139). Only two
of these drugs are being clinically developed for NSCLC patients. Fresolimumab, which was tested
in combination with stereotactic ablative radiotherapy in a phase I study, and tetrathiomolybdate in
combination with carboplatin and pemetrexed, which is currently being tested in a phase I study. There
are also preclinical studies for NSCLC that include some of these target molecules. For example, CCR2
antagonism was demonstrated to supress CCL2-mediated viability, motility, and invasion of the NSCLC
cell line, A549, in vitro [253]. Likewise, galectin-3 knockdown in NSCLC cell line-derived sphere
resulted in attenuation of lung carcinogenesis by inhibiting stem-like properties [254]. In the same way,
genetic deletion of ATX and LPAR1 was shown to attenuate lung carcinogenesis development in animal
models [132]. Moreover, vismodegib is approved for the treatment of metastatic, local, or recurrent
advanced basal cell carcinoma (BCC), although it has not been tested in NSCLC. Nevertheless, blockade
of shh signaling synergistically has shown to increase sensitivity to EGFR-TKIs in primary and
secondary resistant NSCLC cells [255].

Given the mechanistic similarities between LC and IPF diseases, and the concurrence of
predominantly NSCLC and IPF, it is rational to consider the usefulness of the large number of approved
NSCLC treatments for the management of pulmonary fibrosis. For example, Nivolumab is a new
immunomodulatory agent that acts as a programmed death receptor-1-blocking antibody. One case
study of an ADC patient with IPF showed a beneficial and sustained response in the lung, without
any sign of IPF exacerbation after Nivolumab treatment [256]. This could be explained by the higher
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expression of programmed cell death ligand 1 reported in cancer cells from UIP-associated SQC
versus non-UIP SQC patients [257]. Other examples of feasible IPF and LC-IPF treatment candidates
include vantictumab, which interferes with Wnt signalling and has undergone Phase I trials for
NSCLC (preclinical studies of Wnt pathway inhibition have also been performed in pulmonary
fibrosis [258,259]), and Muc1-based therapeutic strategies. Indeed, four Muc1-based Phase III trials
exploring cancer treatment have been completed, one of which used a Muc1 tandem repeat peptide as
an immunogen (L-BLP25) in patients with stage III unresectable NSCLC after chemoradiation [260].

Table 5. Development status of drugs targeting molecules and processes involved in lung cancer (LC)
and Idiopathic pulmonary fibrosis (IPF).

Therapy IPF LC

Anti-PDGFR, VEGFR, FGFR
(nintedanib) Approved Approved in combination with docetaxel

(second-line treatment) for ADC-NSCLC

Anti-fibrotic drug
(pirfenidone) Approved Preclinical studies for NSCLC [240]

Anti-IL13
QAX576 (NCT00532233,
NCT01266135: Phase II completed) Not studied
Lebrikizumab (NCT01872689: Phase II
completed)

Anti-CCL2 Carlumab (CNTO-888) (NCT00786201:
Phase II completed Preclinical studies for NSCLC [253]

Galectin-3 inhibition TD139 (NCT02257177: Phase I/II
completed) Preclinical studies for NSCLC [254]

Anti-TGFβ Fresolimumab (GC1008)
(NCT00125385: Phase I completed)

Fresolimumab (GC1008) (NCT02581787:
Phase I/II suspended) (NSCLC patients)

Anti-αvβ6 integrin BG0011 (STX-100) (NCT01371305:
Phase II completed) Not studied

αvβ6 antagonist GSK3008348 (NCT02612051: Phase I
completed) Not studied

Anti-CTGF Pamrevlumab (FG-3019)
(NCT01262001: Phase II completed) Not studied

LPAR1 antagonist BMS-986020 (NCT01766817: Phase II
completed) Preclinical studies [132]

Autotaxin inhibition GLPG1690 (NCT02738801: Phase II
completed) Preclinical studies [132]

Angiostatic agent Tetrathiomolybdate (NCT00189176:
Phase I/II completed)

Tetrathiomolybdate (NCT01837329: Phase I
recruiting patients) (NSCLC patients)

mTOR inhibitor
GSK-2126458 (NCT01725139: Phase I
completed) Not studied *
Sirolimus (NCT01462006: Not
applicable Phase)

TERT gene expression
induction

Nandrolone decanoate (NCT02055456:
Phase I/II (unknown recruitment
status))

Not studied

Shh pathway inhibitor Vismodegib (NCT02648048: Phase Ib
completed) Preclinical studies for NSCLC [255]

Nivolumab Not studied Approved for NSCLC

Notch pathway inhibitor Artesunate (preclinical studies [261]) Rovalpituzumab (approved for SCLC)

Wnt pathway inhibitor Preclinical studies [258,259] Vantictumab (NCT01957007: Phase I
completed) (NSCLC patients)

Muc1-based therapies Anti-KL-6 (preclinical studies [262]) Muc1 immunogen (L-BLP25 (Phase III
completed [260])) (NSCLC patients)

IPF: idiopathic pulmonary fibrosis; LC: lung cancer; NSCLC: non-small cell lung cancer; SCLC: small cell lung
cancer; PDGFR: platelet derived growth factor receptor; VEGFR: vascular endothelial growth factor receptor; FGFR:
fibroblast growth factor receptor; IL-13: interleukin 13; CCL2: chemokine ligand 2; TGFβ: transforming growth
factor β; CTGF: connective tissue growth factor; LPAR1: lysophosphatidic acid receptor type 1; mTOR: mammalian
Target of Rapamycin. * (NCT02581787: Phase I/II terminated for subjects with solid advanced tumors).
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Finally, rovalpituzumab treatment, although not tested for NSCLC, is currently approved for
SCLC, and it could also have potential in the treatment of IPF and LC-IPF, since it interferes with the
Notch signalling pathway. In fact, it has been observed that artesunate ameliorates lung fibrosis via
inhibiting the Notch signaling pathway in a rat bleomycin model [261].

7. Conclusions

The course of IPF disease and its resulting mortality are altered by the frequent co-occurrence of
LC. This review supports the view of LC as a consequence of a genetic predisposition in IPF patients
and, common cellular processes and molecular pathways between both diseases. Currently, there is
no consensus regarding the treatment of patients with both diseases. However, pirfenidone and
nintedanib are two novel drugs approved for IPF that have potential for treating patients with fibrosis,
possibly extending the survival time and lowering the incidence of LC. However, we are some distance
from realising effective therapeutic approaches that are capable of stopping the disease process, where
disease progression still occurs in most IPF patients despite treatment. Nevertheless, we now have
a great deal of knowledge about cancer biology and its similarities with IPF. Therefore, it seems
reasonable to investigate whether specific cancer drugs may exert beneficial anti-fibrotic effects that
are effective to treat LC-IPF patients. Furthermore, clinical trials that prospectively investigate the
efficacy of currently approved anti-fibrotic agents (or agents under study) as treatments for LC-IPF
patients are sorely needed.

Author Contributions: Conception and design: B.B., J.M. and J.C. Data acquisition: B.B., J.M., and J.C. Analysis
and interpretation: B.B., J.M. and J.C. Writing and Original Draft Preparation, B.B., J.M. and J.C.; Writing Review &
Editing, B.B., J.M. and J.C.; Visualization, B.B., J.M. and J.C.; Supervision, B.B., J.M. and J.C.; Project Administration,
B.B., J.M. and J.C.; Funding Acquisition, B.B., J.M. and J.C.

Funding: This work was supported by the grants SAF2017–82913-R (J.C.), FIS PI17/02158 (J.M.), CIBERES
(CB06/06/0027), TRACE (TRA2009–0311; Spanish Government), and by research grants from the Regional
Government Prometeo 2017/023/UV (J.C.), ACIF/2016/341 (B.B.), from “Generalitat Valenciana”. Funding
entities did not contribute to the study design or data collection, analysis and interpretation nor to the writing of
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

IPF Idiopathic pulmonary fibrosis
UIP Usual interstitial pneumonia
LC Lung cancer
LC-IPF Lung cancer associated with idiopathic pulmonary fibrosis
NSCLC Non-small cell-lung cancer
ADC Adenocarcinoma
SQC Squamous cell carcinoma
SCLC Small cell lung cancer
ATII Alveolar type II cells
ECM Extracellular matrix
EMT Epithelial to mesenchymal transition
EndMT Endothelial to mesenchymal transition
α-SMA α-smooth muscle actin
CAF Cancer-associated fibroblast
ER Endoplasmic reticulum stress
TGFβ Transforming growth factor β
FGF Fibroblast growth factor
VEGF Vascular endothelial growth factor
PDGF Platelet derived growth factor
IL-13 Interleukin-13
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CCL2 Chemokine ligand 2
CCR2 Chemokine receptor 2
BALF Bronchoalveolar lavage fluid
LPA Lysophosphatidic acid
LPAR1 Lysophosphatidic acid receptor 1
ATX Autotaxin
Shh Sonic hedhehog
TKI Tyrosine kinase inhibitor
EGFR Epidermal growth factor
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Abstract: Hepatocellular carcinoma (HCC) is one of the most aggressive types of cancer and lacks
effective therapeutic approaches. Most HCC develops in the setting of chronic liver injury, hepatic
inflammation, and fibrosis. Hepatic stellate cells (HSCs) and cancer-associated fibroblasts (CAFs) are
key players in liver fibrogenesis and hepatocarcinogenesis, respectively. CAFs, which probably derive
from HSCs, activate into extracellular matrix (ECM)-producing myofibroblasts and crosstalk with
cancer cells to affect tumor growth and invasion. In this review, we describe the different components
which form the HCC premalignant microenvironment (PME) and the tumor microenvironment (TME),
focusing on the liver fibrosis process and the biology of CAFs. We will describe the CAF-dependent
mechanisms which have been suggested to promote hepatocarcinogenesis, such as the alteration of
ECM, CAF-dependent production of cytokines and angiogenic factors, CAF-dependent reduction of
immuno-surveillance, and CAF-dependent promotion of epithelial-mesenchymal transition (EMT).
New knowledge of the fibrosis process and the role of CAFs in HCC may pave the way for new
therapeutic strategies for liver cancer.

Keywords: hepatocellular carcinoma (HCC); fibrosis; cancer-associated fibroblasts (CAFs); hepatic
stellate cells (HSCs); tumor microenvironment

1. Introduction

Hepatocellular carcinoma (HCC) is one of the most aggressive and fastest growing
malignancies [1]. HCC is only second to lung cancer as a leading cause of cancer-related death
worldwide [2]. Since, in most patients, HCC is diagnosed at a late stage, therapeutic treatments are
limited and the five-year survival rate is less than 12% [3]. Most HCC cases are in southeast Asia,
where the major cause of HCC is chronic hepatitis B virus (HBV) infections. In contrast, in sub-Saharan
Africa, the main risk factor is exposure to aflatoxin B [4]. However, in Japan, North America,
and Europe, major causes of HCC are hepatitis C virus (HCV) infections, alcoholic liver disease,
and non-alcoholic fatty liver disease (NAFLD) [4]. This chronic liver injury causes liver fibrosis,
which is characterized by the activation of hepatic stellate cells (HSCs) into extracellular matrix
(ECM)-producing myofibroblasts [5–7]. In chronic liver injury, continuous accumulation of ECM
results in the progressive substitution of the liver parenchyma by scar tissue. Regardless of the etiology
of liver injury, HCC is strongly associated with liver fibrosis and cirrhosis, with about 80–90% of
HCC cases having underlying fibrosis [8], and approximately one in three patients with cirrhosis will
develop HCC in their lifetime [3]. However, it is still not clear whether fibrosis directly promotes HCC.
Currently, there are very limited therapies for HCC treatment. Therefore, a better understanding of the
role of fibrosis and myofibroblast activation in HCC development and progression may provide new
therapeutic options for the treatment of HCC.
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2. The Premalignant and Tumor Microenvironment in HCC

The tumor microenvironment (TME) is defined as the tumor cell population in a complex
mixture of surrounding stromal cells, including fibroblasts, endothelial cells, pericytes, immune
cells, and proteins like ECM elements, cytokines, chemokines, and enzymes that are secreted by both
cancerous and non-cancerous cells [9]. Originally, the TME was not considered to have a role in cancer
progression; however, it is now proposed that the stroma is aberrantly activated in cancer and it
affects tumorigenesis. In the context of liver cancer, HCC is strongly associated with liver fibrosis and
cirrhosis, suggesting that the environment in which HCC rises may influence tumorigenesis. This is
different from many other tumors, where fibrosis develops as a reaction of tumor formation [10].
Therefore, it was recently proposed that the premalignant microenvironment (PME) and TME in HCC
should be differentiated [10]. PME is characterized by chronic liver injury, inflammation, and fibrosis,
and precedes tumor formation, whereas TME evolves in the already developed tumor.

2.1. Premalignant Microenvironment in HCC

Several mechanisms have been proposed to promote tumor formation in PME (Figure 1).
First, chronic liver injury causes hepatocyte cell death. It has been demonstrated in mice that
abolishing the expression of antiapoptotic proteins such as Nemo, Tak1, Mcl-1, or Bcl-xl, specifically in
hepatocytes, increased hepatocyte apoptosis, fibrosis, and consequently, HCC development [11–15].
Accordingly, studies in chronic HBV and HCV patients have shown that elevated levels of ALT,
which reflect hepatocyte death, positively correlate with the risk of developing HCC [16,17].
In this setting, hepatocyte death in turn triggers several other mechanisms, such as compensatory
hepatocyte proliferation, liver fibrosis, inflammation, the increased generation of reactive oxygen
species (ROS), and DNA damage. Hepatocyte proliferation is the consequence of injury-induced
necrosis. Continuous cycles of this destructive–regenerative process are proposed to give rise to
replication-related mutations in hepatocytes [18] and eventually HCC.

 
Figure 1. Mechanisms which promote HCC formation in PME. In PME, chronic liver injury
causes hepatocyte death, which triggers inflammation, the activation of hepatic stellate cells into
ECM-producing myofibroblasts, compensatory hepatocyte proliferation, the release of reactive oxygen
species (ROS), and DNA damage. Continuous cycles of this destructive–regenerative process,
which precedes tumor formation, are proposed to give rise to replication-related mutations in
hepatocytes and eventually HCC. The links between the different mechanisms are indicated here.

Fibrosis is the main feature of hepatic PME [3]. Liver fibrosis starts as a protective wound
healing response to acute liver damage. However, if the injury persists, fibrosis becomes chronic
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and dysfunctional [19]. Morphologically, liver fibrosis is characterized by the accumulation of ECM,
followed by the formation of fibrous scar and subsequent cirrhosis [19,20]. HSCs are the main
ECM-producing cells in the injured liver [21]. In healthy livers, quiescent HSCs localize in the space of
Disse, function as pericytes, and store vitamin A. However, following continuous liver injury, HSCs
activate into myofibroblasts; express alpha-smooth muscle actin (α-SMA); migrate to the site of tissue
repair; and secrete ECM, chemokines, and cytokines. In the normal liver, ECM is formed by collagen
type IV and VI; however, in fibrotic livers, there is a shift towards the accumulation of fibrillar collagens
like type I and III, along with an increased deposition of non-collagenous glycoproteins like fibronectin,
undulin, laminin, hyaluronan, elastin, and proteoglycans [20]. Moreover, the deposition of ECM is
accompanied by a reduction in the activity of ECM-degrading matrix metalloproteinases (MMPs),
favoring the formation of the fibrotic scar [22]. Several human studies have shown that a high fibrosis
index and liver stiffness, which are indirect measurements of liver fibrosis, positively correlate with
HCC risk [23–25]. Moreover, it was also demonstrated that liver fibrosis is linked to increased HCC
recurrence after curative resection [26–29].

Another important feature of hepatic PME is inflammation, which, like fibrosis, is part of
the protective wound healing response to acute liver damage. In the short-term, inflammation is
believed to be beneficial, eliminating pathogens and favoring liver regeneration. However, chronic
inflammation is detrimental and is linked to fibrosis, cirrhosis, and HCC. In fact, HSCs can be activated
by several cytokines and growth factors, which are secreted by immune cells, including Kupffer cells,
bone marrow-derived monocytes, Th17 cells, and innate lymphoid cells (ILC). Those inflammatory
cytokines have been shown to modulate hepatic fibrogenesis in vivo and in vitro [30]. Proinflammatory
mediators that have a role in HCC development include IL-1, IL-6, TNF-α, and IL-17 [31,32].
Additionally, secreted cytokines and growth factors can promote proliferative and anti-apoptotic
signals in epithelial and tumor cells or induce angiogenesis, therefore favoring tumorigenesis.
Interestingly, neutrophils and IL-1 promote hepatocarcinogenesis, but have a limited role in hepatic
fibrosis [18,33–35]. Although IL-6 is reported to protect against liver fibrosis, it contributes to HCC
development [36–39]. An additional effect of the recruitment of inflammatory cells in the PME is
the production of ROS by activated macrophages, activated HSCs, and neutrophils. ROS not only
promote fibrosis by facilitating HSCs activation and migration [40], but can also directly induce cancer
by generating DNA damage and mutations in hepatocytes [41], or by causing the selective loss of CD4+
T lymphocytes, which mediate tumor immunosurveillance [42]. Consequently, it has been reported
that antioxidants which inhibit ROS formation can effectively reduce hepatocarcinogenesis [43,44].

2.2. Tumor Microenvironment in HCC

TME in HCC consists of a dynamic network of non-tumoral stromal cells, including
cancer-associated fibroblasts (CAFs), B and T cells, neutrophils, endothelial cells, and tumor-associated
macrophages (TAMs) (Figure 2). Interestingly, it has recently been shown that, upon liver injury,
the expression of adenine dinucleotide phosphate (NADPH) oxidase 1 (NOX1) by macrophages
promotes hepatocarcinogenesis by inducing the production of inflammatory cytokines [45]. In addition
to these cellular components, the TME is also characterized by profound ECM remodeling [46].
Altogether, the TME interacts bidirectionally with the tumor, generating a tumor-permissive niche.
In the following paragraphs of this review, we will provide a detailed overview of CAFs and how they
contribute to the development of HCC. TAMs and the other components of the TME are beyond the
scope of this review.

3. Cancer-Associated Fibroblasts (CAFs)

3.1. Origin of CAFs

Fibroblasts were first described by Virchow and later Duvall in 1858 as spindle-shaped cells of
the connective tissues that produce collagen. Later in 1971, Giulio Gabbiani showed that fibroblastic
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cells with contractile properties, called myofibroblasts, may be involved in wound healing [47].
Several studies using genetic cell fate mapping have provided strong evidence that the major
precursors of α-SMA-expressing myofibroblasts in most types of experimental liver diseases are
HSCs [48–50]. Therefore, CAFs most likely derive from HSCs. However, some controversies
remain and, other than HSCs, the proposed sources of myofibroblasts are parenchymal cells
undergoing epithelial-mesenchymal transition (EMT), bone marrow (BM)-derived cells, mesothelial
cells, and portal fibroblasts (PFs).

Epithelial cells line the surfaces of the body and are located in all organs. EMT is a process in
which epithelial cells lose their polarity, acquire a migratory capacity, and become myofibroblasts.
Although some studies have shown that hepatocytes and cholangiocytes upregulate α-SMA and
suppress epithelial markers under prolonged in vitro culturing [51,52], elegant lineage-tracing
experiments have demonstrated that myofibroblasts found in experimental liver fibrosis do not
originate from epithelial cells [53–55]. These results therefore suggest that myofibroblasts do not
originate from EMT in fibrogenesis in vivo [56].

Two BM-derived cells which may potentially become myofibroblasts are mesenchymal stem cells
(MSCs) and fibrocytes. MSCs are multipotent cells that can give rise to several cell types, including
adipocytes, myocytes, chondrocytes, and osteoblasts. However, recent studies have shown that MSCs
may actually have antifibrotic properties and provide a protective microenvironment in the recruited
tissue [57].

In contrast, some studies have suggested that in a number of solid tumors, myofibroblasts can
originate from the bone marrow [58–61]. Fibrocytes are cells with a spindle-like shape that were first
described in 1994 [62]. They are characterized by co-expressing fibroblast markers (collagen type I,
vimentin, and fibronectin) and hematopoietic cell markers (CD45, CD34, MHCII, CD11b, Gr-1, CD54,
CD80, CD86, CCR2, CCR1, CCR7, CCR5) [63,64]. Studies have suggested that fibrocytes are recruited
to the liver in response to both cholestatic and carbon tetrachloride (CCl4)-induced liver injury, where
they can differentiate into α-SMA+ myofibroblasts with a contribution range of between 3% and
50% [65–67].

Mesothelial cells form a monolayer of specialized cells which line the body’s serum cavities and
internal organs. They originate from the embryonic mesoderm layer and have features similar to
epithelial cells. Cell fate mapping has demonstrated that during embryonic development, mesothelial
cells can give rise to both PFs and HSCs [68,69]. However, it is not clear whether they can be a source of
myofibroblasts in liver fibrosis. Interestingly, Asahina and coworkers have shown that mesothelial cells
differentiate into both HSCs and myofibroblasts after CCl4-induced liver injury, whereas in cholestatic
liver injury, they only differentiate into HSCs, not myofibroblasts [70,71]. However, a recent study has
suggested that mesothelial cells may have a role in fibrosis of the liver capsule [67].

Portal fibroblasts are a heterogenous population and reside underneath the bile duct epithelium.
Since markers which can discriminate fibroblasts from other mesenchymal cells are lacking, it
is challenging to identify or purify quiescent PFs. However, activated PFs were first described
in cholestatic liver disease by electron microscopy, histology, and immunohistochemistry [72–74].
Cell phenotyping has demonstrated that during experimental biliary fibrosis, PFs differentiate into
α-SMA-expressing myofibroblasts that produce ECM [75–77]. A study proposed that markers such as
elastin, Thy1, and Ntpdase2, were specifically expressed by murine PFs, but not by HSCs [78]. The work
of Iwaisako et al., using collagen promoter-driven green fluorescent protein (GFP) transgenic mice, has
identified two myofibroblast populations: Vitamin A-positive HSCs and Vitamin A-negative PFs [79].
The unifying proposal is that in CCl4-induced liver fibrosis, myofibroblasts mainly derive from HSCs,
whereas in early cholestatic injury, PFs constitute the major source of myofibroblasts. However, in
later cholestatic disease, HSCs again give rise to the majority of myofibroblasts. A novel signaling
pathway involving the interaction of mesothelin with a MUC16-Thy1-TGFβRI complex regulates
TGF-β1-mediated activation of PFs during cholestatic liver fibrosis [80].
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In summary, current studies regarding the origin of hepatic myofibroblasts indicate that,
depending on the type of liver injury, they mostly arise from liver-resident HSCs and to a lesser
extent, from activated PFs. Mesothelial cells contribute to capsular fibrosis, whereas the contribution
to liver fibrosis from BM-derived cells is quantitively small.

3.2. Markers of CAFs

In order to study and detect CAFs in the tumor, a specific marker is needed. However, a unique
marker for CAFs has not been found. Several markers have been proposed to identify CAFs (Table 1);
nonetheless, most of them are not unique to CAFs. For example, α-SMA is widely recognized as a
robust CAFs marker [81]; however, it is also expressed by myofibroblasts [82] and its expression may
vary between different CAF subtypes [83]. Another CAFs marker is the membrane-bound serine
protease fibroblast activation protein α (FAPα), which is upregulated in the majority of epithelial
carcinomas [84]. However, it has been shown that FAPα is also not specific to CAFs [85]. Recently,
it has been demonstrated that FAPα is expressed in a certain sub-population of CAFs, but absent in
others [86]. Fibroblast specific protein 1 (FSP-1) is another CAFs marker [87,88], which is also present
in epithelial cells undergoing EMT [89] and in bone marrow-derived cells [90]. Additional proteins
expressed in some CAFs include tenascin-C [91], periostin [92], neuron-glial antigen-2 (NG2) [93],
podoplanin [94], and the novel identified marker microfibril associated protein 5 (MFAP5) [95].
In summary, the expression of CAFs markers is very heterogenous and it depends on the CAFs
subpopulation being analyzed. Therefore, the discovery of CAF-specific markers will be vital to
identify and therapeutically target this cell population.

Table 1. Markers of CAFs.

CAFs Markers References

α-SMA [81]
FAPα [84]
FSP-1 [87,88]

Tenascin-C [91]
Periostin [92]

NG2 [93]
Podoplanin [94]

MFAP5 [95]

3.3. CAFs in HCC

α-SMA-positive myofibroblasts are found in both human and murine HCC. For example, analysis
by immunohistochemical technique of liver biopsy specimens from eight patients with HBV-related
cirrhosis and HCC demonstrated that desmin-positive and α-SMA-positive cells were present in the
perisinusoidal space and between tumor cells [96]. These results were confirmed by another study
where liver specimens resected from 24 patients with HCC were analyzed by electron microscopy and
immunohistochemistry. Interestingly, stromal cells strongly positive for α-SMA were found between
endothelial cells and trabeculae of cancer cells [97]. Moreover, in vivo experiments demonstrated that
the majority of cells producing collagens in human HCC were myofibroblasts [98]. In vitro experiments
conducted in the same study then showed that HCC cell lines like HepG2, HuH17, and Hep3B, can
increase ECM deposition in myofibroblasts by releasing a soluble mediator in the conditioned medium.

Multiple clinical studies have investigated the correlation between the presence of α-SMA-positive
myofibroblasts and prognosis after HCC resection. For example, in 130 HCC cases, it was observed
that the presence of peritumoral-activated HSCs positively correlates to poor clinical outcome after
curative resection [28]. Other studies have confirmed these observations and suggested that metastasis
was increased in patients expressing HSC signature genes [26,29,99,100]. Several in vitro and in vivo
studies have demonstrated that HSCs can support the growth of HCC cell lines. For example, it was
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shown that conditioned media from human primary HSCs induced the proliferation and migration
of human HCC cell lines cultured in monolayers [101], and similar results were also observed in a
three-dimensional spheroid coculture system. In the same study, co-injection of HSCs and HCC cells
into nude mice increased tumor growth and invasiveness, and inhibited necrosis. Another study
using conditioned media from culture-activated rat HSCs and McA-RH777 rat HCC generated similar
results [102]. Further in vitro studies demonstrated that activated CAFs repressed apoptosis in the
Huh7 cell line by increasing the Bcl-2/BAX ratio through SDF-1/CXCR4/PI3K/AKT signaling [103].
Another work tried to discriminate the effect of human primary CAFs and primary non-tumoral
fibroblasts (NTFs) on human HCC cell lines. The co-culture experiments demonstrated that CAFs
up-regulated gene expressions of TGF-β1 and the fibroblast-activated protein (FAP) of HuH-7 and
JHH-6, while NTF did not induce the expression of either gene [104]. Interestingly, it was also shown by
co-culturing human hepatoma cells and activated human HSCs that the crosstalk between these cells
is bi-directional, causing an increased expression of proinflammatory cytokines in hepatoma cells and
an increased expression of VEGF and MM9 in HSCs [99]. It was demonstrated that there is a positive
feedback loop between CAFs and the forkhead box Q1 (FOXQ1)/N-myc downstream-regulated
gene 1 (NDRG1) axis, which drives HCC initiation [105]. Several in vivo studies have confirmed
the results observed by co-culture experiments. Subcutaneous co-transplantation of an HSC cell line
with MIM-R hepatocytes promoted tumor progression by inducing autocrine TGF-β signaling and
nuclear β-catenin accumulation in neoplastic hepatocytes [106]. Similarly, when co-transplanted into
nude mice, the HSC cell line LX2 promoted the growth of HepG2 tumors by increasing proliferation
and angiogenesis and reducing HepG2 apoptosis [107]. In another study, T6 HSCs orthotopically
co-injected into the livers of nude mice, together with H22 HCC cells, increased the tumorigenicity
and invasiveness of the cancer cells by promoting angiogenesis [108]. Overall, evidence presented
by such studies suggests that CAFs/HSCs are positive regulators of HCC. However, a recent study
showed that HSCs may limit HCC progression though the orphan receptor endosialin, which may
negatively regulate hepatotropic cytokines, including IGF2, RBP4, DKK1, and CCL5 [109]. This study
supports the increasing recognition that HSCs not only have pro-tumorigenic functions, but may also
inhibit cancer growth. For example, depleting CAFs in experimental pancreatic ductal adenocarcinoma
promoted tumorigenesis [110,111].

4. CAF-Dependent Mechanisms of Hepatocarcinogenesis

Several CAF-dependent mechanisms support tumor growth in the liver (Figure 2). For example,
CAFs can change the ECM stiffness and in turn affect tumorigenesis. Moreover, CAFs secrete
cytokines and other factors which may promote tumor growth, tumor angiogenesis, and epithelial to
mesenchymal transition (EMT). CAFs have also been shown to indirectly affect HCC by cross talking
with immune cells and reducing immune surveillance.

 
Figure 2. TME in HCC. The figure outlines the different components of the TME and the
CAF-dependent mechanisms of hepatocarcinogenesis. (See text for details).
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4.1. CAF-Dependent Alteration of ECM Promotes HCC

In the injured liver, activated HSCs secrete ECM proteins and there is a shift towards the
accumulation of fibrillar collagens like type I and III. In this altered biomechanical environment,
the ECM components can interact directly and indirectly with both cancer cells and stromal cells to
change their functions [112]. For example, it was shown that laminin-5, one of the components of the
ECM, secreted by primary cultures of human HSCs, stimulated cell migration in several HCC cell lines
by activating the MEK/ERK pathway [113]. Moreover, the increase and reorganization of ECM created
a stiff microenvironment in the liver. Interestingly, Schrader and collaborators have used “mechanically
tunable” matrix-coated polyacrylamide gels to show that an increase in matrix stiffness promoted
the proliferation of Huh7 and HepG2 cell lines through the PKB/Akt pathway. In contrast, a soft
environment favored cellular dormancy and stem cell characteristics in HCC [114]. Another study
using polyacrylamide supports of different stiffnesses suggested that HSCs are also affected by the
stiff environment. In fact, primary rat HSCs required a mechanical stiff substrate to differentiate into
myofibroblasts [115]. Similar results were also observed when studying CAFs in breast cancer [116].
Of importance, several studies which have measured liver stiffness by using elastography in patients
with chronic liver diseases, have confirmed that stiffness correlates with the risk of HCC [24,25,117,118].
The mechanical stress caused by alteration of the ECM is transmitted to the nearby cells by integrins and
discodin domain receptors (DDRs), which are responsible for mediating “outside-in” and “inside-out”
signaling between ECM and the cells [119]. A study using PDGFC transgenic or Pten null mice
as HCC models has shown that several collagen types and integrins were both up-regulated in
tumors in these mice, suggesting a correlation in the expression of HCC-associated ECM proteins and
ECM-integrins networks [120]. In accordance with these results, integrin β1 and integrin α6 were
upregulated in liver biopsies of HCC patients, and the integrin expression positively correlated with
pathological grade [121,122]. Integrins have been shown to promote cell proliferation by activating
the MAPK and Pi3K pathways, and cell survival through antiapoptotic signaling [123]. Therefore,
the altered ECM present in the HCC microenvironment may interact with integrins expressed in
hepatocytes, promoting tumor proliferation, migration, and invasion. Like integrins, DDR2 expression
was increased in several HCC cell lines and in 112 biopsies from HCC patients, and it was correlated
with clinicopathological features of poor prognosis [124]. DDR2 was shown to facilitate HCC invasion
and metastasis through activation of the ERK pathway and stabilization of the EMT marker SNAIL1,
and this signaling cascade was induced by collagen type I [124]. ECM degradation by MMPs is
another key process in the injured liver, which can affect tumorigenesis by releasing growth factors or
generating cleavage fragments [125]. Several studies have shown that MMPs can promote tumor cell
proliferation, progression, and invasion [126–129].

4.2. CAFs and Tumor Angiogenesis

Tissue hypoxia and vascular disorganization are typically observed in the injured liver. Hypoxia
inhibits liver regeneration and promotes angiogenesis, fibrogenesis, and hepatocarcinogenesis [130].
Angiogenesis is the physiological process through which new blood vessels form from pre-existing
vessels. Vascular endothelial growth factor (VEGF) is crucial for angiogenesis and it has been
shown that it is secreted by both primary and immortalized rat hepatic stellate cells after hypoxic
injury [131]. Thus, induction of VEGF may be important in the pathogenesis of liver injury and
hepatocarcinogenesis. Another angiogenic factor called angiopoietin-1 was increased in a human
fibrotic liver, and was expressed and secreted by activated HSCs isolated from fibrotic mice which
were treated by CCl4 or underwent bile duct ligation (BDL) surgery [132]. Another study observed
that the expression of angiopoietin-1 and angiopoietin-2 was upregulated in HCC patients and
correlated with tumor dedifferentiation and tumor vascularity. Moreover, the same study showed
that angiopoietin-1 and angiopoietin-2 can be detected in hepatoma cells, HSCs, and smooth muscle
cells [133]. Angiopoietein-2 was also found to be upregulated at both mRNA and protein levels in
patients with chronic hepatitis B, suggesting that it may contribute to pathological angiogenesis
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and HCC progression [134]. Several studies using 3D spheroids, co-culture systems of HSCs
with endothelial cells, and subcutaneous xenograft models, have shown that HSCs can promote
angiogenesis by producing proangiogenic mediators [107,108,135,136].

4.3. CAF-Secreted Cytokines

In liver fibrosis, the death of hepatocytes and cholangiocytes causes the activation of HSCs directly
or through several cytokines, which are secreted by immune cells. These inflammatory cytokines
have been shown to modulate hepatic fibrogenesis in vivo and in vitro [137]. In turn, activated
HSCs can produce cytokines that promote cancer proliferation and migration. For example, it was
shown that activated HSCs secrete TGF-β, which has a bipartite role. It is a tumor suppressor at
early stages of liver damage and regeneration, whereas it acts as a tumor promoter during cancer
progression [138], perhaps by inducing nuclear β-catenin accumulation in neoplastic hepatocytes [106].
Studies using transgenic mice have shown that TGF-β-dependent targeting of Snail is required
for the formation of liver cancers [139,140]. HSCs also produce hepatocyte growth factor (HGF),
which stimulates the motility of Hep3B, HepG2, and Huh7 cells and the migration of primary HCC
cells isolated from three patients. HGF promoted phosphorylation of its receptor c-Met and activation
of phosphatidylinositol 3-kinase (PI3-K) [141]. A more recent study has shown, by in vitro and in vivo
experiments, that HSC-secreted HGF might reduce HCC sensitization to chemotherapeutic agents
by promoting epithelial-mesenchymal transition (EMT) and cancer stem cell (CSC)-like properties
through the HGF/c-Met pathway [142]. Clinical studies have supported these observations, showing
that the expression of HGF and its receptor c-MET was elevated in cirrhotic tissues and in 80% of HCC
cases [143].

4.4. CAFs and Immune Surveillance

The immune system works as a barrier to tumor formation and progression and several studies
have shown that CD8+ cytotoxic T lymphocytes (CTLs), CD4+ Th1 T cells, and natural killer (NK)
and dendritic cells (DC) are critical to block tumor development [144,145]. Therefore, both the
innate and adaptive immunity contribute to immune surveillance. However, cancer cells can evade
the immune system either by producing immunosuppressive factors like TGF-β [146,147] or by
recruiting immunosuppressive inflammatory cells such as regulatory T cells (Tregs) or myeloid derived
suppressor cells (MDSC), which are able to inhibit the activity of cytotoxic lymphocyte cells [148,149].
It has been shown that populations of Tregs are increased in the tumor and peripheral blood of
HCC patients [150]. MDSC in mice express CD11b and Gr-1 and they can be found in the blood,
spleen, bone marrow, and tumor microenvironment [149]. In humans, MDSC are characterized by
the expression of markers such as CD34, CD33, CD15, and CD16 [151]. Like Tregs, MDSC are also
increased in HCC patients [152]. The mechanisms by which Tregs and MDSC limit antitumor immunity
have been extensively described previously [153,154] and they are beyond the scope of this review.
Using allografts, it was demonstrated for the first time that HSCs can modulate immunity in mice
and inhibit T-cell responses by inducing T-cell apoptosis [155,156]. Several studies have shown that
CAFs promote HCC by reducing immune surveillance. For example, a cellular transplantation model
in immunocompetent mice demonstrated that HSCs prevent T-cell infiltration in tumors, creating an
immunosuppressive microenvironment [157]. Immunohistochemical experiments and gene signature
analysis in HCC patients have shown that activated HSCs can interact with monocytes, promoting
the expression of immunosuppressive cytokines [29]. Moreover, in vivo-activated HSCs caused T-cell
hyporesponsiveness, increased T-cell apoptosis, an increased number of immunosuppressive Treg cells,
and T-cell mediated cytotoxicity inhibition [158]. Similarly, using the mouse hepatoma cell line H22
together with primary activated HSCs in an orthotopic liver tumor mouse model, it was demonstrated
that HSCs increase the number of MDSCs in HCC [159]. More recently, another study confirmed these
results and suggested that HSCs induce MDSC by the secretion of prostaglandin E2 (PGE2) [160].
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Moreover, it was also suggested, by using co-culture studies, that HSCs promote the conversion of
blood monocytes into MDCS in a CD44-dependent manner [161].

4.5. CAFs and EMT

EMT is a biological process in which epithelial cells lose their apicobasal polarity, thus allowing
them to travel through the ECM like mesenchymal cells [162]. Cells undergoing EMT acquire increased
invasiveness, enhanced production of ECM, and more resistance to apoptosis. There are three types
of EMT: type 1 gives rise to primary parenchymal cells during embryogenesis; type 2 occurs during
wound healing and organ fibrosis; and type 3 modifies the phenotype of cancer cells and is associated
with tumor intravasation, migration, and metastasis [163,164]. Several signals, such as TGF-β,
epidermal growth factor (EGF), and PDGF, produced by the tumor stroma and in particular by CAFs,
may be implicated in EMT [163]. In particular, TGF-β, which signals through both Smad-dependent
and -independent pathways, is considered to be the main EMT promoter in epithelial cells, including
hepatocytes [165]. Thus, it was shown that TGF-β induces EMT in Ras-transformed hepatocytes [166].
Results from an in vivo HCC model where HCC cells were co-injected with myofibroblasts, and from
an in vitro model with a micro-organoid HCC, suggested that the hepatic tumor-stroma crosstalk
promotes tumor growth and EMT through a TGF-β and PDGF signaling axis [167].

Other studies have suggested that the TGF-β pathway may be important in the maintenance
of self-renewal and pluripotent stem cells, which replicate and generate non-stem differentiated
cells. It has been proposed that HCC can originate from a small subset of cancer stem cells,
which are transformed from a hypothetical normal stem cell niche [168,169] or from differentiated
hepatocytes [170]. Interestingly, experiments performed in rats have suggested that EMT due to chronic
TGF-β stimulation produces cancer stem cells from hepatic progenitor-like cells. The same study also
showed that pharmaceutical inhibition of microRNA-216a/PTEN/Akt signaling could be a novel
strategy for HCC prevention [171]. Another study which employed six different human HCC cell lines
has shown that tumor cells with a mesenchymal-like phenotype are refractory to sorafenib-induced
cell death [172]. Therefore, these results suggest that EMT induced by TGF-β signaling derived from
the tumor stroma may play an important role in supporting tumor growth, and in the generation of
chemo-resistant cells, which have stem-like features in HCC.

5. Conclusions

CAFs are one of the most important components of the tumor microenvironment in HCC.
Although several studies have shown different mechanisms by which those cells affect HCC growth,
this area requires more study. Although the majority of studies presented in this review suggest that
CAFs in HCC are positive regulators of cancer, CAFs have been shown to act both as a positive and
negative regulator of tumorigenesis in different types of cancer [173]. Therefore, an open question
is whether CAFs may somehow have a protective effect and prevent tumor growth in HCC as well.
Further studies aiming to answer this question may be important for designing innovative therapeutic
approaches. For example, CAFs may be pharmacologically targeted to secrete anti-tumor factors,
which might hinder HCC growth and progression. It is also important to understand the origin of
CAFs, although HSCs are considered to be the main source. Identification of CAF-specific markers
will be crucial to discriminate them from HSCs in the PME and TME of HCC, and to specifically target
this cell population.
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Abbreviations

HCC Hepatocellular carcinoma
HSCs Hepatic stellate cells
CAFs Cancer-associated fibroblasts
PFs Portal fibroblasts
ECM Extracellular matrix
EMT Epithelial-mesenchymal transition
PME Premalignant microenvironment
TME Tumor microenvironment
HBV Hepatitis B virus
HCV Hepatitis C virus
NAFLD Non-alcoholic fatty liver disease
α-SMA Alpha-smooth muscle actin
MMPs Matrix metalloproteinases
ROS Reactive oxygen species
TAMs Tumor-associated macrophages
NADPH Nicotinamide adenine dinucleotide phosphate
NOX1 NADPH oxidase 1
CCl4 Carbon tetrachloride
BDL Bile duct ligation
FAP Fibroblast activated protein
NTF Non-tumoral fibroblast
VEGF Vascular endothelial growth factor
EGF Epidermal growth factor
DDRs Discodin domain receptor
PI3-K phosphatidylinositol 3-kinase
HGF Hepatocyte growth factor
CSC Cancer-stem cell
FAPα Fibroblast activation protein α

FSP-1 Fibroblast specific protein 1
NG2 Neuron-glial antigen-2
MFAP5 Microfibril associated protein 5
Treg Regulatory T cell
MDSC Myeloid derived suppressor cell
DC Dendritic cell
NK Natural killer
CTLs Cytotoxic T lymphocytes
MSCs Mesenchymal stem cells
GFP Green fluorescent protein
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Abstract: Almost all patients with hepatocellular carcinoma (HCC), a major type of primary liver
cancer, also have liver cirrhosis, the severity of which hampers effective treatment for HCC despite
recent progress in the efficacy of anticancer drugs for advanced stages of HCC. Here, we review
recent knowledge concerning the molecular mechanisms of liver cirrhosis and its progression to HCC
from genetic and epigenomic points of view. Because ~70% of patients with HCC have hepatitis B
virus (HBV) and/or hepatitis C virus (HCV) infection, we focused on HBV- and HCV-associated
HCC. The literature suggests that genetic and epigenetic factors, such as microRNAs, play a role in
liver cirrhosis and its progression to HCC, and that HBV- and HCV-encoded proteins appear to be
involved in hepatocarcinogenesis. Further studies are needed to elucidate the mechanisms, including
immune checkpoints and molecular targets of kinase inhibitors, associated with liver cirrhosis and its
progression to HCC.

Keywords: cirrhosis; HBV; HCV; hepatocellular carcinoma

1. Introduction

Almost all patients with hepatocellular carcinoma (HCC), a major type of primary liver cancer,
have liver cirrhosis [1], the severity of which can prevent effective treatment for HCC despite recent
progress in the efficacy of anticancer drugs for advanced stages of HCC [2–7]. Because most patients
with liver cirrhosis are asymptomatic, it is difficult to diagnose early stages of HCC [8], and patients
with hepatic symptoms and HCC are considered to have advanced-stage HCC [8,9]. These issues
explain the prevalence of poor prognosis for HCC patients.

HCC is the 4th most common neoplasm and the 2nd commonest cause of cancer deaths in the
world. Notably, HCC is a male-dominant disease, with the incidence of HCC ~3-fold higher in males
than in females [10]. Hepatitis B virus (HBV) infection is associated with the higher HCC incidence in
persons with cirrhosis, occurring in high endemic areas and in Western countries (5-year cumulative
incidence, 15% and 10%, respectively) [11]. In hepatitis C virus (HCV)-related cirrhosis, the 5-year
cumulative HCC risk is 30% in Japan and 17% in Western countries [11].

Histologically, liver fibrosis involves the deposition of extracellular matrix proteins, including
collagen, in higher-order structures within hepatic parenchyma [12,13], with hepatic stellate cells and
fibroblasts representing major producers of collagen [14]. The histological pattern of liver fibrosis is not
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unique, and the extent and distribution of liver fibrosis exhibits various patterns depending on different
etiologies [12,15]. Excessive liver fibrosis often develops within portal tracts and extends into the
hepatic parenchyma in viral hepatitis, with these activities appearing to be associated with persistent
portal inflammation [12,16]. Bridging fibrosis appears following the development of periportal fibrosis
and extends across lobules to connect mesenchymal structures (portal tracts and central veins) to
different extents. Generally, these processes accompany intrahepatic portosystemic vascular shunting
and regeneration of hepatocytes, thereby transforming from normal hepatic architecture to nodule
formation and finally establishing the structure of cirrhosis [12].

In this review, we discuss the molecular mechanisms underlying the progression of liver cirrhosis
to HCC. We expect that this review will help clinicians diagnose and treat patients with liver cirrhosis
and/or HCC in their daily clinical practice. Notably, ~70% of HCC patients are afflicted with HBV or
HCV infection [11]; therefore, we focused on the occurrence of HCC during HBV and HCV infection
(Figure 1).

Figure 1. Occurrence of HCC in natural course of HBV and HCV infection.

2. Liver Cirrhosis and Its Progression to HCC with HBV Infection

2.1. Development of Liver Cirrhosis in Patients with Chronic Hepatitis B Infection

HBV infection causes acute and chronic hepatitis, cirrhosis, and HCC. HBV-carrier rates are higher
in African and Asian countries and globally are estimated to have resulted in 786,000 deaths in 2010, the
majority of which were attributed to HCC (341,400 deaths) and cirrhosis (312,400 deaths) [17]. Annual
rates of development from chronic hepatitis B to liver cirrhosis ranged from 2.1 to 6.0% [18–21], and annual
rates of the development of liver cirrhosis in HBV e antigen (HBeAg)-positive or anti-HBe-positive
patients were 2.4% and 1.3%, respectively [18].

HBeAg-positivity and elevated HBV DNA levels are risk factors for the development of liver
cirrhosis in patients with chronic hepatitis B [19]. Sumi et al. [20] reported that progression to cirrhosis
is slower in HBV genotype B than that in HBV genotype C infection. Additionally, for patients with
chronic hepatitis B infection, coinfection with HCV or human immunodeficiency virus (HIV) is another
risk factor for the development of liver cirrhosis [21,22].

Older age (≥55 years), male gender, chronic active hepatitis, higher alanine aminotransferase
(ALT) levels, history of decompensation, ferredoxin-1-associated single-nucleotide polymorphism,
HLA-DQA2 rs9276370 variants, and HLA-DQB2 rs7756516 variants are also respective risk factors for
the development of liver cirrhosis [18–21,23–25].
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2.2. Development of HCC in Patients with HBV-related Liver Cirrhosis

Annual rates of occurrence of HCC in patients with HBV-related cirrhosis are ~2.3% [1]. Higher
HBV DNA levels, HBeAg-positivity, higher HBV surface antigen (HBsAg) levels, HBV genotype C,
and basal core-promoter mutations are viral risk factors for the occurrence of HCC, and older age,
male gender, chronic active hepatitis, higher ALT levels, and higher α-fetoprotein levels are non-viral
risk factors for the occurrence of HCC [20,23,26]. Treatment with nucleos(t)ide analogs for HBV control
decreases the occurrence rates of HCC in patients with HBV-related cirrhosis [27].

3. Liver Cirrhosis and Its Progression to HCC with HCV Infection

HCV infection causes acute and chronic hepatitis, cirrhosis, and HCC. In 2015, there were 170,000
new HCV infections [28], with annual incidence rates of cirrhosis accompanying HCV infection at
1.1% [29]. Forns et al. [30] reported that chronic HCV infection displayed a high rate of progression to
liver cirrhosis over a prolonged follow-up period, and that an aspartate aminotransferase (AST) value
>70 IU/L was associated with cirrhosis development [odds ratio (OR): 4.22, 95% confidence interval
(CI): 1.3–13.8]. Additionally, there is an association between HCV genotype 3 and steatosis, which
accelerates fibrosis development over time in HCV genotype 3-infected patients [31,32]. Moreover,
previous studies reported that exposure to HCV at a young age is associated with a reduced rate
of fibrosis progression [33–37], and that liver fibrosis progression was mainly dependent on the
age and duration of infection [36]. The evidences are growing that liver steatosis and diabetes
mellitus are factors affecting progression to HCC in HCV-infected patients with compensated
cirrhosis [11]. These comorbidities typically affecting aged patients might explain the increased
malignant progression of the cirrhotic liver damage. Ongoing alcohol consumption and severe
inflammation according to liver histology are also associated with liver fibrosis progression [35–37].
A multivariate analysis of HCV-infected patients [38] revealed that only male sex (OR: 3.17, 95% CI:
1.152–8.773) and HIV infection (OR: 6.85, 95% CI: 2.93–16.005) were associated with advanced liver
fibrosis. Furthermore, HBsAg-positive HCV-coinfected patients are at high risk of developing liver
disease [39], and injected-drug users [40]; patients with insulin resistance or diabetes [41]; and patients
with concurrent obesity, diabetes, and steatosis [42] are also at risk of advanced liver fibrosis. Following
antiviral treatment, sustained virological response (SVR) can reduce liver fibrosis progression in most
patients infected with HCV [43].

Annual rates of HCC occurrence in patients with HCV-related cirrhosis are ~4.5% [1]. Caporaso et
al. [44] found that mean age and male/female ratio were significantly higher in patients with HCC plus
liver cirrhosis than in those with liver cirrhosis alone. Additionally, HBsAg-positive HCV-coinfected
patients with liver cirrhosis are at a high risk of developing HCC [45], with elevated ALT levels [46]
and hepatic steatosis [47] risk factors for the development of HCC in patients with HCV-related
liver cirrhosis. SVR can reduce HCC development in most patients infected with HCV-related liver
cirrhosis [48], although changes in the risk of HCC development following HCV eradication with
direct-acting antivirals (DAAs) is controversial [49–51]. Further studies will be needed in DAA-era.

4. Molecular Mechanisms of Liver Cirrhosis and Its Progression to HCC

Accumulation of genetic mutations occurs during HCC progression. Recent advances in
next-generation sequencing technology to augment Sanger sequencing enabled whole-genome
sequencing to allow critical insights into the molecular mechanisms associated with this activity.

4.1. Driver-Gene Candidates in HCC

Totoki et al. [52] found 30 candidate driver genes [telomerase reverse transcriptase (TERT), catenin
β1 (CTNNB1), tumor protein p53 (TP53), AT-rich interaction domain 2 (ARID2), axin 1 (AXIN1), TSC
complex subunit 2 (TSC2), retinoblastoma protein 1 (RB1), activin A receptor type 2A (ACVR2A),
bromodomain containing 7 (BRD7), cyclin dependent kinase inhibitor (CDKN)1A, menin 1 (MEN1),

73



Int. J. Mol. Sci. 2019, 20, 1358

polypeptide N-acetylgalactosaminyltransferase 11 (GALN11), fibroblast growth factor 19 (FGF19),
cyclin (CCN)D1, AT-rich interaction domain 1A (ARID1A), CDKN2A, CDKN2B, ribosomal protein S6
kinase, 90 kDa, polypeptide 3 (RPS6KA3), nuclear factor, erythroid 2 like 2 (NFE2L2), nuclear receptor
corepressor 1 (NCOR1), alcohol dehydrogenase 1B, β polypeptide (ADH1B), Snf2-related CREB
binding protein (CREBBP) activator protein (SRCAP), Fc receptor like 1 (FCRL1), phosphatase and
tensin homolog (PTEN), heterogeneous nuclear ribonucleoprotein A2/B1 (HNRNPA2B1), cytochrome
P450 family 2 subfamily E member 1 (CYP2E1), mitogen-activated protein kinase 3 (MAP2K3), tuberous
sclerosis (TSC)1, transmembrane protein 99 (TMEM99), and glucose-6-phosphatase, catalytic subunit
(G6PC)] and 11 core pathway modules [β-catenin, chromatin remodeling, DNA repair, estrogen-related
receptor beta (ERRB), fibrinogen, mechanistic target of rapamycin kinase (mTOR), synaptic connection,
TERT, p53, NOTCH, and NCOR] through the collection of data from 503 HCC genomes from different
populations (Table 1).

Fujimoto et al. [53] identified 15 significantly mutated genes, including TP53, ERBB-receptor
feedback inhibitor 1, Zic family member 3, CTNNB1, glucoside xylosyltransferase 1, otopetrin 1,
albumin (ALB), ATM serine/threonine kinase (ATM), zinc finger protein 226, ubiquitin specific
peptidase (USP)25, WW-domain-containing E3 ubiquitin protein ligase 1, immunoglobulin superfamily
member 10, ARID1A, ubiquitin protein ligase E3 component n-recognin 3, and bromodomain adjacent
to zinc finger domain 2B, after sequencing and analyzing the whole genomes of 27 HCCs, including
25 with HBV- or HCV-associated HCC. Additionally, whole-genome sequencing analyses of HCCs
demonstrated the influence of etiological backgrounds on mutation patterns and recurrent mutations
in chromatin regulators [53]. The authors found that multiple chromatin regulators, including ARID1A,
ARID1B, ARID2, lysine methyltransferase 2A, and lysine methyltransferase 2C, were mutated in ~50%
of the tumors, with clonal integration of the HBV genome in the TERT gene frequently detected.

Table 1. Representative driver-gene candidates in HCC.

Gene Symbol Gene Name Pathways References

TERT Telomerase reverse transcriptase TERT [52–56]
CTNNB1 Catenin β1 β-catenin [52,53]

TP53 Tumor protein p53 p53–RB [52,53]
ARID2 AT-rich interaction domain 2 Chromatin remodeling [52]
AXIN1 Axin 1 β-catenin [52]
TSC2 TSC complex subunit 2 PI3K–mTOR [52]
RB1 Retinoblastoma 1 p53–RB [52]

ACVR2A Activin A receptor type 2A SMAD [52]
BRD7 Bromodomain containing 7 Chromatin remodeling [52]

CDKN1A Cyclin-dependent kinase inhibitor 1A β-catenin [52]
MEN1 Menin 1 (MEN1 syndrome) [52]

GALN11 Polypeptide N-acetylgalactosaminyltransferase 11 NOTCH [52]
FGF19 Fibroblast growth factor 19 β-catenin [52]

CCND1 Cyclin D1 p53–RB [52]
ARID1A AT-rich interaction domain 1A Chromatin remodeling [52–54,57,58]
CDKN2A Cyclin-dependent kinase inhibitor 2A p53–RB [52]
CDKN2B Cyclin-dependent kinase inhibitor 2B p53–RB [52]
RPS6KA3 Ribosomal protein S6 kinase, 90kDa, polypeptide 3 p53–RB [52]
NFE2L2 Nuclear factor, erythroid 2-like 2 NRF2–KEAP1 [52]
NCOR1 Nuclear receptor corepressor 1 β-catenin/chromatin remodeling [52]
ADH1B Alcohol dehydrogenase 1B, β polypeptide [52]
SRCAP Snf2-related CREB binding protein activator protein Chromatin remodeling [52]
FCRL1 Fc receptor like 1 [52]
PTEN Phosphatase and tensin homolog PI3K–mTOR [52]

HNRNPA2B1 Heterogeneous nuclear ribonucleoprotein A2/B1 MAPK [52]
CYP2E1 Cytochrome P450 family 2 subfamily E member 1 [52]
MAP2K3 Mitogen-activated protein kinase 3 MAPK [52]

TSC1 Tuberous sclerosis 1 mTOR [52]
TMEM99 Transmembrane protein 99 [52]

G6PC Glucose-6-phosphatase, catalytic subunit FoxO [52]
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4.2. The p53-RB Pathway

TP53 mutations have been reported in HCC in Japan and aflatoxin B1-induced HCC [59,60].
In HCC, the p53-RB pathway is altered in 72% of cases, with 68% of these a result of significantly
altered genes [52]. Somatic mutations and copy number alterations in TP53, which plays a central
role in apoptosis [61], are present in 31% and 37% of cases, respectively. Among the upstream genes
targeted by p53, somatic mutations and copy number alterations in ATM are present in 4% and 6% of
cases, respectively; those in RPS6KA3 are present in 4% and 5% of cases, respectively, and those in
CDKN2A are present in 2% and 20% of cases, respectively. Among downstream genes targeted by
p53, somatic mutations and copy number alterations in CDKN1A are present in 1% and 1% of cases,
respectively; those in FBXW7 are present in <1% and 16% of cases, respectively, and those in CCNE1,
which suppress RB1 transcription and promote cell cycle progression, are present in 0% and 2% of cases,
respectively. Among upstream genes targeted by RB, somatic mutations and copy number alterations
in CCND1 are present in 0% and 8% of cases, respectively. Somatic mutations and copy number
alterations in RB1, which inhibit cell cycle progression, are present in 4% and 20% of cases, respectively.
Additionally, RB controls the levels of p21, which is associated with hepatocarcinogenesis [62]. Overall,
72% of HCC cases harbor alterations in component genes of either the p53 or RB pathway alone or the
combined p53-RB pathway (Figure 2) [52].

Figure 2. The p53-RB pathway in HCC.

4.3. The β-catenin Pathway (WNT Pathway)

In HCC, the β-catenin pathway is altered in 66% of cases, with 51% of these involving significantly
altered genes [52]. Somatic mutations and copy number alterations in CTNNB1, which induce the
expression of WNT target genes and transcription of CCND1 resulting in inhibited RB1 expression,
are present in 31% and <1% of cases, respectively [52]. Among the upstream genes targeted by
β-catenin, somatic mutations and copy number alterations in NCOR1 are present in 2% and 29% of
cases, respectively; those in FGF19 are present in 0% and 6% of cases, respectively; those in AXIN1
are present in 6% and 15% of cases, respectively; and those in APC are present in 2% and 4% of cases,
respectively [52]. Overall, 66% of HCC cases harbored WNT-pathway-related alterations.

4.4. Chromatin and Transcription Modulators

In HCC, chromatin-remodeling pathways are altered in 67% of cases, with 41% of these involving
significantly altered genes [52]. Among upstream genes associated with the nucleosome-remodeling
pathway, somatic mutations and copy number alterations in ARID1B are present in <1% and 15%
of cases, respectively; those in ARID1A are present in 8% and 17% of cases, respectively; those in
BRD7 are present in 2% and 16% of cases, respectively; those in ARID2 are present in 10% and 2% of
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cases, respectively; those in switch/sucrose non-fermentable (SWI/SNF)-related, matrix associated,
actin-dependent regulator of chromatin (SMARC) subfamily C member 1 are present in <1% and 4%
of cases, respectively; those in SMARC subfamily B member 1 are present in <1% and 6% of cases,
respectively; those in SMARC subfamily A member 4 are present in 1% and 10%, respectively; those in
SMARC subfamily E member 1 are present in <1% and 3% of cases, respectively; and those in SMARC
subfamily A member 2 are present in 2% and 10% of cases, respectively [52]. Additionally, Li et al.
reported that 18.2% of patients with HCV-associated HCC in the United States and Europe harbored
ARID2-inactivation mutations [57]. Moreover, another study reported ARID1A mutation in 14 of
110 (13%) HBV-associated HCC specimens [54]. ARID1A functions as the epigenetic regulation of
hepatic lipid homeostasis, and its suppression leads to nonalcoholic fatty liver disease and nonalcoholic
steatohepatitis (NASH) [58].

Among upstream genes associated with the histone-modification pathway, somatic mutations
and copy number alterations in NCOR1 are present in 2% and 29% of cases, respectively; those in
SRCAP are present in 3% and 10% of cases, respectively; those in SET domain bifurcated histone
lysine methyltransferase 1 (SETDB1) are present in 2% and <1% of cases, respectively; and those in
lysine demethylase 6A (KDM6A) are present in 1% and 5% of cases, respectively [52]. Notably, the
histone methyltransferase SETDB1 promotes HCC metastasis [63,64], and KDM6A is associated with
the epithelial–mesenchymal transition in HCC [65].

4.5. Other Pathways

In HCC, the phosphoinositide 3-kinase (PI3K)–mTOR pathway is altered in 45% of cases, with
26% of these involving significantly altered genes [52]. Somatic mutations and copy number alterations
of PI3KCA (encoding the p110α subunit of PI3K) are present in 1% and <1% of cases, respectively;
those in neurofibromin 1 are present in 4% and 3% of cases, respectively; those in PTEN are present in
1% and 10% of cases, respectively; those in inositol polyphosphate-4-phosphatase, type IIB, are present
in 1% and 16% of cases, respectively; those in serine/threonine kinase 11 are present in <1% and 11%
of cases, respectively; those in TSC1 are present in 2% and 8% of cases, respectively; and those in TSC2
are present in 5% and 14% of cases, respectively [52]. TSC1 and TSC2 suppress mTOR expression,
which promotes HCC proliferation and survival. In sorafenib-treated patients with HCC, oncogenic
PI3K–mTOR-pathway alterations are associated with lower disease-control rates and decreased median
progression-free survival and overall survival [66].

In HCC, the nuclear factor (erythroid-derived 2)-like 2 (NRF2)–kelch-like ECH-associated protein
1 (KEAP1) pathway is altered in 19% of cases, with 5% of these involving significantly altered genes [52].
The NRF2–KEAP1 pathway is associated with an oxidative-stress response, and persistent activation
of NRF2 through the accumulation of p62 is involved in HCC development [67–69].

There are many protein-coding genes recurrently mutated at a frequency of <5% in HCC [55,70],
whereas HBV integrations and frequent noncoding mutations in the TERT promoter represent
prominent examples of noncoding mutations in HCC [52–55]. Nault et al. [56] identified frequent
somatic mutations resulting in the activation of the TERT promoter in HCC (59%), cirrhotic
preneoplastic macronodules (25%), and hepatocellular adenomas with malignant transformation
in HCC (44%). Moreover, TERT-promoter mutation represents the most frequent genetic alteration
in HCC arising from the cirrhotic or non-cirrhotic liver [56], resulting in reportedly enhanced TERT
activity in HCC [71].

5. Molecular Mechanisms of HBV-Associated HCC

5.1. HBV Genome Integration Promotes HCC

The discovery that HBV integrates into host chromosomes calls into question whether HBV
genome integration interacts with the activation of oncogenic processes in HCC [72]. Tokino et al. [72]
could not detect specific HBV genome-integration sites in chromosomes. About half of HBV DNA-cell
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DNA junctions are located within the so-called cohesive end region that lies between two 11-bp direct
repeats (DR1 and DR2) in the HBV genome where transcription and replication of the genome are
initiated. All of the integrated HBV genomes were defective in at least one site around the cohesive
end region, particularly within the HBx gene [73]. Additionally, Imazeki et al. [74] detected integrated
HBV DNA in all nine HBsAg-seropositive HCCs and three of 25 (12%) HBsAg-seronegative HCCs in
Japan. An analysis of breakpoints within the integration region showed that 40% of breakpoints were
near the 1800th nucleotide of the HBV genome, which contains an enhancer, an HBx gene, and core
promoters of the HBV genome [75].

TERT is located on chromosome 5p, which is one of the most common targets for amplification in
non-small cell lung cancer [76] and is reportedly directly associated with HBV genome integration [77].
Recent data from whole-genome sequencing supports this observation and confirmed the frequent
observation of HBV genome integration in the TERT locus in a high clonal proportion [52–56].

HBx expression might play a role in hepatocarcinogenesis by interfering with telomerase
activity during hepatocyte proliferation [78], which is supported by breakpoint analysis of the
HBV genome [75]. HBx functions as a transcriptional activator and suppressor and has effects on
hepatocellular apoptosis [79,80]. HBx proteins may upregulate the transcriptional activation of human
telomerase transcriptase [81]. Cis-activation of human TERT mRNA by HBx gene may also be the
mechanism in hepatocarcinogenesis [82].

Therefore, HBV genome integration into host genomes is a mechanism involved in HCC associated
with HBV infection. Moreover, whole-genome sequencing demonstrated that the integration of HBV
DNA into the host hepatocyte genome can be detected in 80% to 90% of HCC and in ~30% of
non-HCC liver tissue adjacent to HCC [83], and that this integration appears prior to the occurrence of
HCC [75]. Thus, it is possible that occult HBV infection may also accelerate hepatocarcinogenesis in
HBsAg-negative patients to some extent [84].

5.2. Inflammation Promotes HBV-Associated HCC

In general, a high number of HBV-DNA integrations randomly distributed among chromosomes
has been detected in HBV-infected liver [85]. Chronic HBV infection progresses through multiple
phases, including immune tolerance, immune activation, immune control, and, in a subset of patients
who achieve immune control and immune reactivation [86]. Immune-mediated liver injury is often
associated with elevated ALT levels, and elevations in tumor necrosis factor-α (TNF-α) and interleukin
(IL)-1β levels are often observed in the sera of HBV-infected patients [87]. Additionally, long-lasting
hepatic inflammation caused by host immune responses during chronic HBV infection can promote
liver fibrosis, cirrhosis and HCC progression due to accelerated hepatocyte turnover rates and the
accumulation of mutations [88].

5.3. Epigenetic Mechanisms Involved in HBV-Associated HCC

Epigenetic mechanisms play a role in HBV-associated hepatocarcinogenesis. MicroRNAs (miRs)
are endogenous noncoding RNAs (18–22 nucleotides in length) that posttranscriptionally regulate the
expression of target genes. miRs bind to the 3′-untranslated region (UTR) of target mRNA, thereby
inhibiting translation [89].

Several miRNAs involved in the Toll-like receptor (TLR) signaling pathway play a critical role
in innate immunity against HBV infection [89]. For example, miR-145 and miR-148a target TLR3,
miR-200b, miR-200c, miR148a, miR-455, and let-7-family members target TLR4, let-7b and miR-155
target TLR7, and miR-148a targets TLR9, and all of which are involved in HBV infection [89,90]. HBV
might influence miR expression and induce inflammatory cytokine production [91]. Previous reports
indicated that some hepatic miRs are involved in the pathogenesis of HBV-associated HCC [92–142],
with certain serum miRs involved in HBV-associated HCC also potentially useful as biomarkers
(Table 2).
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Table 2. Hepatic and serum miRs involved in HBV-associated HCC.

miRs Upregulation/Downregulation Target Genes References

Hepatic miRs

miR-223 Upregulation Stathmin 1 (STMN1) [92]
miR-143 Upregulation Fibronectin type III domain containing 3B (FNDC3B) [93]
miR-602 Upregulation Ras-association domain family member 1 (RASSF1A) [94]
miR-224 Upregulation N/A [98,110,116]

miR-22 Upregulation in male
HCC- adjacent tissue Estrogen receptor alpha (ERα) [99]

miR-96 Upregulation N/A [112]
miR-183 Upregulation N/A [112]

miR-196a Upregulation N/A [112]
miR-545/374a Upregulation Estrogen-related receptor gamma (ESRRG) [120]

miR-331-3p Upregulation Inhibitor of growth family member 5 (ING5) [124]
miR-519a Upregulation Forkhead box F2 (FOXF2) [124]
miR-106b Upregulation N/A [131]

miR-1269b Upregulation Cell division cycle 40 homolog (CDC40) [132]
let-7a Downregulation Signal transducer and activator of transcription 3 (STAT3) [95]

miR-152 Downregulation DNA methyltransferase 1 (DNMT1), TNFRF6B [96,115]
miR-145 Downregulation Cullin 5 (CUL5) [98,125]

miR-199b Downregulation N/A [98]
miR-29c Downregulation TNF-α-induced protein 3 (TNFAIP3) [100]
miR-92 Downregulation N/A [102]

miR-338-3p Downregulation 3′ UTR region of CCND1 [104]
miR-34a Downregulation C-C motif chemokine ligand 22 (CCL22) [115]
miR-101 Downregulation DNA methyltransferase (DNMT)3A [116]

miR-122 Downregulation Pituitary tumor-transforming gene 1 (PTTG1) binding
factor (PBF) [117,134,139]

miR-148a Downregulation Hematopoietic pre-B cell leukemia transcription
factor-interacting protein (HPIP) [108]

miR-22 Downregulation CDKN1A [109,134]
let-7c Downregulation N/A [112]

miR-138 Downregulation N/A [112]
miR-205 Downregulation N/A [113]

miR-101-3p Downregulation RAB GTPase 5A (RAB5A) [114]
miR-429 Downregulation NOTCH1 [121]

miR-216 Downregulation Insulin-like growth factor 2 mRNA-binding protein 2
(IGF2BP2) [122]

miR-34c Downregulation Transforming growth factor-β-induced factor homeobox 2
(TGIF2) [127]

miR-18a Downregulation Connective tissue growth factor (CTGF) [133]
miR-30b-5p Downregulation DNMT3α, USP37 [135]

miR-384 Downregulation Pleiotrophin (PTN) [136]
miR-125a-5p Downregulation erb-b2 receptor tyrosine kinase 3 (ERBB3) [137]

miR-26a Downregulation N/A [140]
miR-302c-3p Downregulation TNF receptor-associated factor 4 (TRAF4) [141]

miR-1271 Downregulation CCNA1 [142]

Serum miRs

miR-25 Upregulation N/A [97]
miR-375 Upregulation N/A [97]

let-7f Upregulation N/A [97]
miR-122 Upregulation N/A [99]
miR-18a Upregulation N/A [103]
miR-101 Upregulation N/A [111]

miR-24-3p Upregulation N/A [117]
miR-545/374a Upregulation ERR gamma (ERRG) [120]

miR-96 Upregulation N/A [129]
miR-21 Downregulation N/A [118]

miR-222 Downregulation N/A [118]
miR-29 Downregulation N/A [119]

miR-150 Downregulation N/A [123]
miR-126 Downregulation N/A [128]

miR-125b Downregulation N/A [130]
miR-143/145 Downregulation N/A [138]

Other noncoding RNAs, such as long noncoding RNAs (lncRNAs) and circular RNA (circRNA),
are also involved in the pathogenesis of HBV-associated HCC [143–145]. Functional studies reveal that
lncRNAs (100–300 kb) contribute to the onset and progression of HBV-related HCC [143], and circRNAs,
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which form covalently closed continuous loops by means of unique non-canonical ‘head-to-tail’ splicing
in the absence of free 3′ or 5′ ends, might promote the development of HBV-associated HCC [144,145].

Epigenetic silencing of genes, such as methylation of promoter regions, also regulates gene
expression in HBV-associated HCC and could potentially serve as a diagnostic and prognostic marker
of the disease [146,147]. Additionally, HBV can cause epigenetic changes by altering the methylation
state of cellular DNA, the posttranslational modification of histones, and miR expression [146,148],
all of which are also critical for the pathogenesis of HBV-associated HCC.

5.4. Roles of HBV-encoded Proteins

HBV is a partially double-stranded DNA virus (genome length: 3200 bp) and a member of
the Orthohepadnavirus genus and the Hepadnaviridae family [149]. The HBV genome encodes
at least four proteins [HBsAg, a core protein (splice variant: HBeAg), a DNA polymerase, and
the HBx protein] that are translated from mRNAs transcribed from HBV covalently closed circular
DNA and/or from HBV genome sequences integrated into the host genome [150]. Viral protein
translation is initiated through binding of the PreS2 domain of HBV surface antigens to protein kinase C
(PKC)α/β, which triggers PKC-dependent activation of Raf-1 proto-oncogene serine/threonine kinase
(RAF-1)/MAP2K signaling and transcription factors, such as activator protein-1 (AP-1) and nuclear
factor kappaB (NF-kB), resulting in the increased proliferation of hepatocytes [151]. PreS2-mediated
activity subsequently upregulates the expression of the transcriptional coactivator with PDZ-binding
motif by repressing miRNA-338-3p, which promotes HCC proliferation and migration [152]. Moreover,
a previous study showed that a truncated mutant of HBsAg increases HBV-related tumorigenesis in a
mechanism potentially associated with the downregulated expression of tumor growth factor (TGF)BI
associated with the TGFβ–SMAD pathway [153]. Furthermore, HBsAg enhances the IL-6–STAT3
pathway, thereby increasing the HBsAg-mediated malignant potential of HBV-associated HCC [154].

The HBV core protein enhances cytokine production [155], and HBeAg is reportedly associated
with the host immune response and cytokine production [156–158], both of which play roles in
HBV-associated HCC.

Numerous studies reported an association between the HBx protein and hepatocarcinogenesis [159–170].
Integrated HBV DNA harbors the conserved sequences for genes encoding the core protein, surface
antigens, and HBx along with their respective promoter sequences [159,160], suggesting that HBx is
important for hepatocarcinogenesis. HBx represents a transactivating factor [161], and transgenic mice
expressing HBx develop HCC [162]. HBx transactivates binding sites for the transcription factors AP-1
and NF-κB [163], activates the p53-RB [164,165] and β-catenin [164–170] pathways, and is involved in
chromatin remodeling [171–173] and transcriptional modulation in hepatocarcinogenesis [174].

Overexpression of the HBV polymerase due to core-gene deletion enhances HCC-cell growth
by inhibiting miR-100 [175]. A previous study showed that transgenic mice expressing the
reverse-transcriptase domain of HBV polymerase in their livers developed early cirrhosis with steatosis
by 18 months of age, with 10% subsequently developing HCC [176].

6. Molecular Mechanisms of HCV-Associated HCC

6.1. Inflammation Promotes HCV-Associated HCC

Cytokines reflect the degree of inflammation in the liver of patients with chronic hepatitis C,
with this production possibly related to HCC development [177]. Takano et al. [1] prospectively
investigated the incidence of HCC in 124 cases with HCV infection, finding that HCC occurred in
13 cases that included 12 cirrhotic livers and only 1 non-cirrhotic liver and suggesting that most HCC
occurs in advanced liver diseases in HCV-infected individuals [178]. Because hepatic inflammation
plays a role in the development of advanced liver diseases, inflammation is an important aspect in the
development of HCC associated with chronic HCV infection.
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6.2. Epigenetic Mechanisms Involved in HCV-Associated HCC

Epigenetic mechanisms also play a role in HCV-associated hepatocarcinogenesis. Previous studies
reported the involvement of specific hepatic and serum miRs in the pathogenesis of HCV-associated
HCC [179–196], with some of the serum miRs representing potentially useful biomarkers of the disease
(Table 3). Notably, the number of reports of miRs involved in HCV-associated HCC is smaller than
that related to HBV-associated HCC (Table 2).

Table 3. Hepatic and serum miRs involved in HCV-associated HCC.

miRs Upregulation/Downregulation Target Genes References

Hepatic miRs

miR-193b Upregulation STMN1 [179]
miR-155 Upregulation N/A [180]
miR-122 Upregulation Cyclin G1 [181,182,186]
miR-373 Upregulation Wee1 [195]
miR-24 Downregulation N/A [183]

miR-27a Downregulation N/A [183]
miR-198 Downregulation N/A [184]
miR-152 Downregulation N/A [186]
miR-181c Downregulation Homeobox A1 [187]
miR-431 Downregulation N/A [189]
miR-138 Downregulation TERT [192]

Serum miRs

miR-150 Upregulation N/A [191]
miR-221 Upregulation N/A [193]

miR-101-1 Upregulation N/A [193]
miR-27a Upregulation N/A [194]

miR-221 Downregulation Suppressor of cytokine
signaling (SOCS)1 and SOCS3 [188]

miR-16 Downregulation N/A [190]
miR-34a Downregulation Heat-shock protein 70 [194]

Previous studies reported that lncRNAs are involved in the pathogenesis of HBV-associated
HCC [143–145], with functional studies revealing that these lncRNAs contribute also to the onset
and progression of HCV-related HCC [195,197]. Zhang et al. [198] reported LINC01419 transcripts
expressed at higher levels in early stage HCC as compared with levels observed in dysplastic tissue.
Moreover, this study also reported increased and decreased levels of AK021443 and AF070632 in
advanced HCC, respectively, and that LINC01419 and AK021443 regulated the expression of genes
associated with cell cycle progression, whereas AF070632 was associated with cofactor binding,
oxidation–reduction activity and carboxylic acid catabolic processes [198].

Upregulated lncRNAs associated with urothelial carcinoma associated-1 (lncRNA-UCA1)
and WD-repeat-containing antisense to TP53 (lncRNA-Wrap53) potentially serve as novel serum
biomarkers for HCC diagnosis and prognosis [199]. Additionally, the lncRNA associated with activated
by TGFβ (lncRNA-ATB) is a key regulator of TGFβ signaling and is positively correlated with the
development of liver cirrhosis and HCC-specific vascular invasion [200]. Moreover, lncRNA-ATB
might represent a novel diagnostic biomarker and potential therapeutic target for HCV-related hepatic
fibrosis [200]. A previous study showed that HCV infection upregulates the expression of miR-373 and
Wee1-like protein kinase (WEE1), a pivotal player in the G2/M transition in the cell cycle (although
WEE1 is a direct target of miR-373). This study also showed that miR-373 forms a complex with
the LINC00657, resulting in release of their common target, WEE1, in HCV-infected cells, and
the promotion of uncontrolled cell growth [195]. Another study reported that hypermethylation
of promoter regions suppressed mRNA expression, which played a role in the progression of
HCV-associated HCC [201].
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6.3. Roles of HCV-coding Proteins

We previously reported the roles for HCV-coding proteins in hepatocarcinogenesis [178], with
the HCV core proteins and NS5A reportedly playing important roles in HCC development [202–206].
HCV-infected patients showed a higher prevalence of diabetes mellitus and insulin resistance (IR)
relative to those with HBV infection [207]. IR measured using a homeostasis model assessment of IR
(HOMA-IR) is significantly associated with HCC development in patients with or without chronic
HCV infection. Moreover, patients with NASH, which is associated with elevated HOMA-IR, have an
increased risk of liver fibrosis, cirrhosis, and HCC [208,209].

A previous study showed that the HCV core protein downregulates insulin receptor substrate
(IRS)1 and IRS2 by upregulating SOCS3 levels [210]. Moreover, cross-talk between the HCV core protein
and molecules regulating insulin signaling might affect HCV-associated hepatocarcinogenesis [210–214].
Insulin-like growth factors initiate tyrosyl phosphorylation of IRS1 and activate multiple signaling
pathways essential for liver growth and HCC [215], with the activation of IRS1-mediated signaling
potentially contributing to hepatic oncogenesis.

CCAAT/enhancer-binding protein (C/EBPβ) and HCV NS5A might be essential components
promoting increased gluconeogenesis associated with HCV infection [216]. Previous studies reported
the involvement of HCV NS5A in enhanced gluconeogenic gene expression associated with impaired
insulin signaling [217,218].

Sphere-forming hepatocytes express several cancer stem-like cell (CSC) markers, including c-Kit.
Previous studies showed that the HCV core protein significantly upregulates c-Kit expression at the
transcriptional level, and that HCV infection potentiates CSC generation [219,220]. Additionally,
a Western diet high in cholesterol and saturated fat (HCFD) in combination with the translation of
HCV NS5A stimulates TLR4–Nanog homeobox (NANOG) and leptin receptor–phosphorylated STAT3
signaling, resulting in liver tumorigenesis through an exaggerated mesenchymal phenotype involving
prominent Twist1-expressing tumor-initiating stem-like cells expressing NANOG [221].

Figure 3. Molecular mechanisms of liver cirrhosis and its progression to HCC.

7. HCC-specific Molecular Mechanisms from a Therapeutic Point of View

Sorafenib, regorafenib and lenvatinib are approved therapies as oral molecular-targeting drugs
for advanced stages of HCC [3–6]. Sorafenib is an oral serine/threonine kinase inhibitor targeting the
extracellular-signaling-regulated kinase/MAPK pathway, vascular endothelial growth factor receptor
(VEGFR), platelet-derived growth factor receptor (PDGFR), and epithelial growth factor receptor
(EGFR). Additionally, it acts as a tyrosine kinase inhibitor targeting VEGFR1, VEGFR2, VEGFR3,
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PDGFRβ, ret proto-oncogene (RET), and fms-related tyrosine kinase 3, resulting in the inhibition of
tumor proliferation [222].

Regorafenib is an oral multiple kinase inhibitor of VEGFR1, VEGFR2, VEGFR3, TEK receptor
tyrosine kinase, PDGFRβ, fibroblast growth factor receptor (FGFR), proto-oncogene receptor tyrosine
kinase (KIT), RET, RAF-1, and B-RAF. Lenvatinib is an oral tyrosine kinase inhibitor targeting
VEGFR1/2/3, FGFR1/2/3/4, PDGFRα, KIT, and RET to inhibit tumor angiogenesis and growth [222].
Therefore, sorafenib, regorafenib, and lenvatinib represent multiple kinase inhibitors that do not
suppress a specific molecule, thereby restricting their use only in patients with advanced HCC and
well-compensated liver function.

Nivolumab, pembrolizumab and tislelizumab are anti-programmed death-1 (PD-1) antibodies.
The immune-checkpoint molecule PD-1 is a receptor that negatively regulates immune responses [222,223]
via binding of its representative ligands PD-ligand (PD-L)1 and PD-L2. Inhibition of this pathway
can eliminate tumors by recovering their immunosuppressive effects and restoring innate immune
activity [222,224]. Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) is another counterreceptor
for the B7 family of costimulatory molecules and a negative regulator of T cell activation. A blockade
of the inhibitory effects of CTLA-4 is supposed to enhance immune responses against tumor cells [225]
and also represents a type of immune checkpoint. The blockade of such immune checkpoints represents
a promising therapeutic option for HCC; therefore, further studies are needed to determine other
immune checkpoints, as well as potential targets of kinase inhibitors related to liver cirrhosis to HCC.

8. Conclusions

This review describes the molecular mechanisms of liver cirrhosis and its progression to
HCC (Figure 3). Recent progress in next-generation sequencing has revealed several HCC-specific
driver-gene candidates. Additionally, ~70% of HCC cases are caused by HBV and/or HCV infection.
Although nucleos(t)ide analogs and direct-acting antivirals can control HBV and HCV replication,
HCC occurrence is occasionally observed [49–51], and better biomarkers for early detection of HCC are
needed. Furthermore, genetic and epigenetic factors, such as miRs, are involved in liver cirrhosis and
its progression to HCC. Despite significant advances, additional studies are required to elucidate other
molecular mechanisms, including immune checkpoints and molecular targets of kinase inhibitors
associated with liver cirrhosis and its progression to HCC.
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Abstract: Hepatocellular carcinoma (HCC) is one of the most widespread tumors in the world
and its prognosis is poor because of lack of effective treatments. Epidemiological studies show
that non-alcoholic steatohepatitis (NASH) and advanced fibrosis represent a relevant risk factors to
the HCC development. However little is known of pathophysiological mechanisms linking liver
fibrogenesis to HCC in NASH. Recent advances in scientific research allowed to discover some
mechanisms that may represent potential therapeutic targets. These include the integrin signaling,
hepatic stellate cells (HSCs) activation, Hedgehog signaling and alteration of immune system. In the
near future, knowledge of fibrosis-dependent carcinogenic mechanisms, will help optimize antifibrotic
therapies as an approach to prevent and treat HCC in patients with NASH and advanced fibrosis.

Keywords: hepatocellular carcinoma; non-alcoholic steatohepatitis; fibrosis; hepatic stellate cells;
extracellular matrix; carcinogenesis

1. Introduction

As declared by the WHO (World Health Organization) Global Hepatitis Report [1], hepatocellular
carcinoma (HCC) is the fifth most common cancer in the world and the second most common cause of
death related to cancer in the last years. The main risk factors are chronic HBV and HCV infection,
NAFLD/NASH, alcoholic hepatitis, and any disease leading to cirrhosis.

Non-alcoholic fatty liver disease (NAFLD), with global prevalence of 25% [2], is the most common
cause of chronic liver disease. Its clinical spectrum ranges from simple hepatic steatosis (in the
absence of secondary causes) to non-alcoholic steatohepatitis (NASH), a more aggressive form with
inflammation, hepatocyte injury and varying degrees of fibrosis [3,4].

NASH prevalence has increased exponentially over the years and probably in the next
decades it will be the leading cause of liver transplantation in the western industrialized countries.
Epidemiological data suggest that HCC attributed to viral infection is in decline, while cases of
cryptogenic or NASH-related HCC are significantly increased [5]. Across studies, the risk of HCC
is not uniform among patients with NASH, and it ranges between 2.4% and 12.8%. If on the one
hand it has been shown that patients with NASH can develop HCC in the absence of fibrosis or
cirrhosis [6,7], on the other, it is shown that fibrosis plays a crucial role in causing HCC and its presence
is correlated with poor prognosis [8,9]. A metanalisis of 17 cohort studies found a greater risk of HCC
in NASH-cirrhosis cohorts than in NAFLD or NASH without fibrosis/cirrhosis [10]. HCC development
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is considered as result of different environmental risk factors that engage distinct genetic, epigenetic,
and chromosomal alterations. It originates from chronic liver injury through a complex multistep
process that involves several pathogenic mechanisms that contribute to carcinogenesis [11]. In humans,
it is very complicated to identify the different molecular mechanisms underlying the pathogenesis of
NASH and to understand how this evolves towards HCC. To overcome this problem, reproducible
and representative preclinical models that are susceptible to genetic and functional analysis are used.
Many NASH mouse models have been described, but some of them do not closely reflect human
disease, thus hindering the efforts to definitively connect the various pathophysiological processes [12].

In this review we will discuss the latest findings on the pathophysiological mechanisms linking
liver fibrogenesis to HCC in NASH and their potential therapeutic targets.

2. Pathophysiological Mechanisms of NAFLD Progression

NASH differs from simple steatosis by the presence of hepatocyte death, inflammation and various
degrees of fibrosis. Cell death and inflammation play a leading role in disease progression, through
HSCs’ activation and the subsequent fibrosis. Lately, scientists put forward the idea (“the multiple
parallel hits hypothesis”) that progression from simple steatosis to NASH is the result of several
disorders acting in parallel, including genetic predisposition, altered lipid metabolism, lipotoxicity,
oxidative and endoplasmic reticulum stress, mitochondrial dysfunction, abnormal production of
cytokines and adipokines, gut dysbiosis, and translocation of gut-derived LPS [13]. On this theory,
hepatic inflammation constitute the “primum movens” of fibrosis progression in NASH. Genetic
susceptibility and poor eating habits predispose to the development of insulin resistance and hepatic
steatosis. In this context, lipotoxic metabolites of saturated fatty acids (SFA) can cause lipotoxicity,
process that leads to cellular damage through excessive oxidative stress [14,15]. Damaged hepatocytes
release DAMPs (damage-endogenous-associated molecular patterns) that activate pro-inflammatory
signaling pathways via toll-like receptors (TLRs). Subsequent activation of Kupffer cells (KC) and
inflammasome promote the massive release of pro-inflammatory, pro-fibrogenic cytokines and ligands.
HSCs are then stimulated to produce high amount of extra-cellular matrix leading to progressive
fibrosis [15]. KCs activation favors a pro-inflammatory microenvironment that triggers an adaptive
immune response Th17-mediated. Moreover, chronic portal inflammatory infiltrate boosts a ductular
reaction (DR) and hepatic progenitor cells (HPC) recruitment. All of these factors encourage progressive
fibrosis that constitutes an imbalance between tissue injury and repair secondary to influence of vary
inflammatory cells [16].

Acute inflammation constitutes a useful reaction to achieve tissues recovery by promoting
regeneration. Conversely, chronic inflammation is maladaptive and provides a fertile soil to
the development of liver fibrosis and HCC. Chronic injury triggers secretion of significant
amounts of proinflammatory molecules including IL-1, IL-6, TNF-α, lymphotoxin-β that facilitate
HCC development [17]. Activation of inflammatory signaling pathways and enhanced secretion
of inflammatory molecules increase release of reactive oxygen species (ROS) by hepatocites.
ROS can increase the tumor risk by mechanisms including DNA damage [11] and inhibition on
immunosurveillance [18].

Although there is an established relationship between inflammation and fibrogenesis, it looks
like that some inflammatory pathways selectively impact the tumorigenesis without affecting fibrosis.
For instance, lymphotoxin-β and neutrophils, promote the development of HCC but have no known
role in hepatic fibrogenesis [19]. In diethylnitrosamine (DEN) mice model, obesity and chronic
inflammation enhanced production of IL-6 and TNF and promoted HCC development through
activation of the oncogenic transcription factor STAT3 [20]. In an elegant study, Grohmann et al.
demonstrated how obesity-associated hepatic oxidative stress can independently contribute to the
pathogenesis of NASH, fibrosis, and HCC via STAT-1 and STAT-3 signaling [21]. On the contrary,
some inflammatory cells such as macrophages may promote both fibrosis and HCC [17]. Activation of
TLR4 by gut-derived lipopolysaccharide (LPS) promotes both as well [22]. In the light of the above,
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it may be concluded that inflammation promotes hepatocarcinogenesis through fibrosis-dependent
and -independent pathways.

3. Fibrosis-Dependent Hepatocarcinogenesis

Fibrogenesis is a multi-cellular response that occurs whenever there is hepatic damage with
hepatocellular death. Acute liver injury triggers the inflammatory and fibrogenic cascade with
activation of the HSCs that constitute the main source of extracellular matrix (ECM) rich in collagen
I and III [23]. The aim is to restore the architecture and function of the organ after serious damage.
In fact, inflammatory signals promote hepatic regeneration, inflammatory cells provide for removal of
cellular debris, while fibrosis enable the mechanical stability [24].

However, wound healing responses grow into harmful ones when the underlying trigger cannot
be removed and the hepatocellular death becomes chronic, causing chronic inflammation and the
development of progressive liver fibrosis which distorts the hepatic and vascular architecture [25].

Several stimuli are directly hepatocarcinogenic and the inflammation–fibrosis–cirrhosis–HCC
paradigm does not provide a causal link between fibrosis and HCC. In fact, fibrosis is just one
component that can be difficult to separate from other carcinogenic insults.

Because most of the data is associative rather than causal, it could be legitimate to suppose that
fibrosis could only be a spectator in the process of carcinogenesis. But in the last few years, researchers
have sought to create representative models that reflect the response of the human liver to injury in
order to provide a mechanistic link between these two phenomena.

Potential mechanisms of fibrosis-dependent hepatocarcinogenesis include enhanced integrin
signaling by ECM; paracrine crosstalk between HSCs, hepatocytes and the ECM; augmented
stromal stiffness; hypoxia; imbalance between matrix metalloproteinases and tissue inhibitor of
metalloproteases; excessive activation of Hedgehog pathway signaling; autophagy, hepatic progenitor
cells recruitment and dysregulation of the immune system (Figure 1).

 
Figure 1. Fibrosis-dependent mechanisms of hepatocarcinogenesis in non-alcoholic steatohepatitis
(NASH). Abbreviations: Hh, Hedgehog; PDGF, platelet derived growth factor; TGF-β, transforming
growth factors-β; TNF-α, tumor necrosis factor-α; IL-1, interleukin-1; HSCs, hepatic stellate cells; ECM,
extracellular matrix; PI3K, phosphatidylinositol 3-kinase; EGF, epidermal growth factor; MMPs, matrix
metalloproteinases; TIMPs, tissue inhibitor of metalloproteases; VEGF, vascular endothelial growth factor;
HIF-1, hypoxia-inducible factor 1; ANGPT, angiopoietin; HPCs, hepatic progenitor cells; KCs, Kupffer Cells.
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3.1. Extracellular Matrix, Hepatic Stellate Cells, and Integrins

In NASH, chronic hepatocellular damage and inflammation cause the activation of regenerative
pathways and the proliferation of fibrogenic cells creating a micro-environment favorable to
cellular survival and proliferation [26]. HSCs are ‘quiescent’ liver vitamin A-storing cells located
in the perisinusoidal space. During the process of liver injury, the progressive release of
pro-inflammatory molecules (platelet derived growth factor (PDGF), transforming growth factors-β
(TGF-β), tumor necrosis factor-α (TNF-α), interleukin (IL)-1 and several chemokine) fosters HSCs
activation and successive differentiation into contractile and fibrogenic myofibroblasts, which are
characterized by upregulation of mesenchymal markers (α-smooth muscle actin (α-SMA, ACTA2),
desmin (DES), and collagen α1(I)) [27]. Activated HSCs produce large amounts of fibrillar type I and
III collagens, but also fibronectins, laminins, and fibrinogen, creating tight and highly crosslinked
collagen bundles. An excessive production of ECM and reduction of ECM turnover is the typical
characteristic of liver fibrosis. Changes in the composition and structure of the ECM have been
shown to provoke cellular responses through the integrin family of transmembrane receptors,
which play a crucial role in the activation of TGF-β and fibrogenic response [28,29]. Integrins modulate
proliferation, differentiation and survival through the activation of Hedgehog signaling [30] and other
intracellular specifics pathways, including protein kinase C, phosphatidylinositol 3-kinase (PI3K) and
mitogen-activated protein kinases (MAPK) [31]. Integrins may also be involved in signal transduction
during angiogenesis by stimulating the intracellular signaling molecules. The integrin expression
pattern are different and up-regulated in primary and metastatic HCC tissues compared to normal
hepatocytes. In human HCC cell lines, integrins α1β1 and α2β1 inhibition reduces migration induced
by profibrotic growth factors including TGF-β1, epidermal growth factor (EGF) and fibroblast growth
factor (FGF) [32]. However there are disagreements about the role of these receptors in the onset
and progression of HCC [33]. Recently, Zheng et al. showed that collagen I promotes HCC cells
proliferation by regulating the β1/FAK integrin pathway in murine models of NAFLD/NASH [34].

ECM proteins interact even with DDR proteins (discoidin domain receptor). Of these, DDR2 is
a tyrosine kinase of the type I collagen that promotes epithelial-mesenchymal transition (EMT),
an important mechanism that favors the malignant transformation of epithelial cells [35]. In animal
model of pulmonary fibrosis, treatment with an antisense oligonucleotides (ASO) or with DDR2
inhibitors, prevents myofibroblast activation and angiogenesis [36].

3.2. Matrix Stiffness

In liver fibrosis, excessive collagen deposition increases the stiffness of the ECM, which in turn
promotes the further increase in collagen secretion by HSCs [37]. A meta-analysis of 17 prospective
cohort studies including 7058 patients found that increasing liver stiffness (measured using transient
elastography) was associated with higher risk of HCC development [38].

Higher matrix stiffness, caused by copious matrix protein deposition and crosslinking, plays an
important role in cell growth, proliferation, motility and tumor metastasis in several tissues [39,40].

Experimental data suggest that matrix stiffness might modulate HCC cells proliferation,
invasion, angiogenesis through several pathways including extracellular signal-regulated kinase
(ERK), protein kinase B (PKB/Akt), signal transducer and activator of transcription 3
(STAT3), integrin β1/GSK-3β/β-catenin [41] β1-integrin/focal adhesion kinase (FAK) [42],
and β1-integrin/phosphatidylinositol-3- kinase (PI3K)/Akt signaling pathways [43]. Recent data
indicate that ECM stiffness could promote tumorigenesis through activation of Hippo-YAP/TAZ
signaling pathway, a critical regulator of cell proliferation, differentiation and apoptosis [19].

Recently, You et al., showed that matrix stiffness could take an active part in the process of
stemness regulation through integrin β1/Akt/mTOR/SOX2 signaling pathway [44].
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3.3. Matrix Metalloproteinases and Tissue Inhibitor of Metalloproteases

Matrix metalloproteinases (MMPs), (calcium-dependent enzymes secreted mainly by HSCs
but also by macrophages) and their endogenous inhibitors, tissue inhibitor of metalloproteases
(TIMPs) regulate the ECM turnover [45]. In animal models, an imbalance between MMPs and TIMPs
concentrations is associated not only with an alteration of ECM homeostasis, but also with alterations
of various biological activities that increase the risk of developing rheumatoid arthritis, atherosclerosis,
nephritis, fibrosis, cirrhosis and cancer [46]. In fact, MMPs degrade the stroma, can remove the
extracellular receptors on the cell surface and are also involved in the turnover of non-matrix substrates:
MMPs liberate growth factors, ligands and citokines from the ECM. In addition, they are involved
in the metabolism of macromolecules (proteins, lipids, carbohydrates) and regulation of growth and
cellular differentiation [47].

Animal and human data suggest that MMPs and TIMPs are implicated in phenomena such
as angiogenesis, proliferation of HSCs and progression of hepatocytes from dysplasia to HCC [48].
Indeed, TIMP-1 inhibits the tumor apoptosis via SDF-1/PI3K/AKT signaling [49]. MMP-1 production
enhances proliferation, invasion and fibrosis in NASH. Moreover, serum MMP-1 levels reflect disease
activity and may be used as a potential biomarker for monitoring the progression of disease [50].
MMP1 and MMP7 promote re-epithelialization and smooth muscle cells de-differentiation via PAR-1;
MMP8 activates HSCs; MMP3 promotes the HGF-induced invasion of human HCC; MMP-19 is
involved in TGF-β signaling; MMP-25 attenuates alpha-1 proteinase inhibitor facilitating the migration.
In hepatoma cells, expression of MT1-MMP, MMP-2, and MMP-9 facilitates stromal invasion [45].
These data indicate that the imbalance between MMPs expression and their endogenous inhibitors
could play a key role in HCC development. Researches investigating potential drug therapies targeting
MMPs and TIMPs in HCC are currently ongoing.

3.4. Hypoxia

Abundant ECM deposition and subversion of normal architecture during the fibrogenic process
creates altered blood flow that reduces metabolic exchange of oxygen in the liver parenchyma [51].
Hypoxia leads to activaction of specific signalling pathways [52] (PI3K-Akt and MAPK pathways)
and upregulation of angiogenic factors including vascular endothelial growth factor (VEGF) and [53]
hypoxia-inducible factor 1 (HIF-1) [54]. These facilitates tumor growth, angiogenesis, EMT and
metastasis [55]. High levels of HIF-1 and VEGF correlate with the aggressiveness of HCC and with
worst prognosis [56].

Tuftelin1 (TUFT1) is an acidic protein expressed in several tissues and exerts multifunctional
roles [57]. New study in human with HCC found that hypoxia enhances TUFT1 expression through
HIF-1α/miR-671-5p/TUFT1/AKT signaling pathway [58]. TUFT1 furthered HCC cell growth and
metastasis in vitro and in vivo by activating the Ca2 /PI3K/AKT pathway. In this study TUFT1
knockdown minimized the promoting effects of hypoxia on tumor growth and metastasis, suggesting
that TUFT1 may represent a new potential therapeutic target for HCC treatment.

3.5. Hedgehog Signaling

During embryogenesis, the Hedgehog (Hh) pathway represents an essential signaling mechanism
that modulates many aspects of cell differentiation and tissue development [59]. In healthy adult
liver, there is a low expression of Hh ligand and high expression of Hh ligand antagonist, so there
is almost no Hh activity [60]. Liver injury, in contrast, is associated with elevated Hh signaling that
stimulates liver regeneration [61]. Several studies show that in HCC there is an excessive activation of
Hh signaling and this promotes proliferation, migration and invasion of HCC cells [62]. A recent study
claims there is interplay between Sonic Hedgehog (Shh) and TGF-β1 in hepatic inflammatory reactions.
Secreted Shh may involve activation of TGF-β1 and subsequent activation of HSCs, which together
promote the progression of human NASH [63]. In Mdr2-/- mice with chronic liver fibrosis, Philips et al.
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studied the role of the Hh pathway in hepatocarcinogenesis [64]. In this work, Hh pathway activation
promotes both liver fibrosis and hepatocarcinogenesis while inhibition of Hh signaling reverses both
processes. Authors suggest that the carcinogenic effect of Hh could be mediated by augmented
myofibroblast activation and fibrosis [64].

3.6. Hepatic Progenitor Cells

Hepatic progenitor cells (HPCs) are resident stem cells located at the level of Canals of Hering
and when activated promote tissue turnover and liver regeneration [65]. Chronic hepatocyte injury
is associated with HPCs activation and enhancement of several pathways identified in liver cancer,
including Hg, canonical Wnt signaling and Notch [66]. Proliferation and differentiation of HPCs,
depend on the up-regulation of these pathways [67]. Studies in NASH patients claimed that HPCs
activation and the expansion of ductular reaction (DR) were independently correlated with progressive
fibrosis both in adult and children [68,69]. During hepatic necrosis, proliferating HPCs augment
their expression of profibrogenic factors while DR cells produce PDGF, TGF-β, Sonic Hg and activate
HSCs [65]. These findings support the idea that HPCs activation could contribute to the initiation and
sustain HCC.

3.7. Autophagy

Autophagy is an evolutionarily conserved cellular process for lysosomal degradation of damaged
cell components. Cellular organelles, lipid droplets, large protein aggregates are sequestered and
degradated, while amino acids generated are used for producing energy [70]. Autophagy is a complex
dynamic process regulated by several signaling pathways involved in cellular proliferation and
apoptosis such as PI3K/Akt/mTOR and AMPK pathway [71]. In NASH, activated HSCs develop
autophagic activity as a mechanism of lipid droplet degradation from which obtain energy support
for their activation. In fact, treatment with an autophagy inhibitor prevents HSCs activation in vitro
while reduces lipid droplet degradation [72]. This suggests that autophagy could be a target for the
treatment of NASH and fibrosis. In rats, curcumin treatment leads to protection against toxin-induced
HCC through induction of autophagic pathway and inhibition of apoptosis [73].

However the role of autophagy on HCC development is controversial. A study in autophagy-deficient
mice with mosaic deletion of Atg5, showed the ‘double-edged sword’ of autophagy, since it is
important for suppression of tumorigenesis in the liver but at the same time it promotes tumor
progression because of accumulation of harmful protein aggregated [74]. Conversely, Sun et al. found
that autophagy-deficient Kupffer cells promote liver inflammation, fibrosis, and HCC by enhancing
mitochondrial ROS- NF-kB-IL1α/β pathways [75]. These data recommend that targeting autophagy
for the treatment of NASH-fibrosis and HCC should require cell-specific autophagy inhibitors.

3.8. Dysregulation of the Immune System

The innate and adaptive immune system are essential for the identification and suppression of
transformed cells. In NASH, liver injury stimulates the activation of several types of immune cells [76].

Kupffer cells (KCs) could play a important role in initiation and progression of inflammation
and fibrosis. Liver biopsies of patients with NAFLD found a higher expansion of KCs than in
controls. This phenomenon precedes the recruitment of other inflammatory cells, in fact macrophage
infiltration occurs in more advanced inflammatory stages of the disease [77]. In the early phase
of NAFLD, pathogen-associated molecular patterns (PAMPs), changes in gut microbiota, increase
intestinal traslocation of bacteria and toxins can activate KCs [78], which secrete TGF-β, TNF-α,
pro-inflammatory cytokines such as CCL2, ROS and activate inflammasomes [76]. Activation of
NLRP3 fosters secretion of IL-1β, IL-18, and IL-6 which in turn promote disease progression and
HCC development [79]. Furthermore, damaged hepatocytes are be able to activate KCs through cell
stress pathways such as c-Jun N-terminal kinase (JNK) and release of DAMPs factors which promote
inflammation via TNF-α, nuclear factor (NF)-κB and TLR signaling activation [78,80]. In addition,
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in condition of hypoxia KCs can be activated by HIF-1α [81]. Thus far, the role of KC in HCC is not
fully clarified and is being investigated.

The role of dendritic cells (DC) in NASH is not clear. Existing experimental data are inconsistent
perhaps because differences in the NASH models utilized or the diets administered in the studies [82].

The role of neutrophils is not also entirely clarified. However increase in liver neutrophils
has been reported in human with NASH [83], and the degree of infiltration is correlated with
severity of disease [84]. Neutrophils could contribute to NASH progression and carcinogenesis
via Myeloperoxidase (MPO)-related mechanisms [84].

Natural killer (NK) cells are significantly elevated in NASH livers, compared to normal healthy
control. Their activation during injury may be due to the higher levels of several cytokines including
IL-12, IL-18, and IFN-γ [85]. In the early phases of disease, NK cells act against fibrosis development
through IFNγ and by inducing apoptosis of HSCs via TRAIL and FasL, while in the late stages,
NK cell function is compromised leading to further increases the ECM deposition promoting HCC
development [86]. NK cells play a critical role in the immune surveillance of liver tumors [87]. Several
mechanisms has been proposed to explain the decrease in the NK cell functions that are associated
with advance fibrosis and HCC. These include TGFβ-mediated inhibition, phagoctyosis of NK cells by
HSCs, inability to make target-cell contact and the dysregulation of activating ligands [88]. However,
further studies are required to clarify the role of NK cells in the carcinogenesis process during fibrosis.

NKT cells increase in human NASH with advanced fibrosis but their role in hepatocarcinogenesis
is still unclear. They can secrete IL-4, IFN-γ, and TNF-α [89] as well as promote steatosis through
signaling via the lymphotoxin-like inducible protein LIGHT, activate HSCs, enhance Hh signaling
then fibrosis [76]. The results of experimental data in HCC are in contrast. Indeed, NKT cells may both
play an anti-tumor role and promote tumor tolerance [76].

In a choline-deficient high-fat diet mice model, Wolf et al., described intrahepatic activation
of CD8+ T cells, NKT cells, and inflammatory cytokines, similarly to NASH patients [83]. CD8+ T
cells and NKT cells synergistically induced steatosis, NASH and HCC development. NKT cells
promote steatosis via lymphotoxin (LT)-like inducible protein LIGHT, while CD8(+) T cells cause liver
damage in a LTβR-independent manner. CD8+ cytotoxic T lymphocytes kill their target cells not
only through their two mayor cytotoxic mechanisms (perforin/granzyme-mediated, and Fas ligand
(FasL)-mediated) [90], but also by secretion of IFN-γ and TNF-α [91]. However, depletion of CD8+ T
lymphocytes in different experimental mice models produced varying results on onset and progression
of HCC [92,93].

Previous studies reported that CD4+ T lymphocytes are capable to inhibit HCC initiation and
favor tumor regression through the expression of chemokines [94]. Study in mouse models of NAFLD
and HCC, found that dysregulation of lipid metabolism induces a ROS-mediated selective loss of
intrahepatic CD4+ T but not of CD8+ T cells, leading to tumorigenesis [18]. An analysis of 547 patients
with HCC showed that progressive loss of CD4+ cytotoxic T cells was significantly correlated with an
advanced stage of disease and poor prognosis [95].

Regulatory T cells (Treg) recruitment may impair the function of CD8+ T cells and promote cancer
progression. In a DEN-induced HCC mouse model, TGF-β promoted Treg cell differentiation, and this
was identified as a major inhibitory mechanism of CD8+ T cells [96]. An increased recruitment of Treg
cells correlated with poor prognosis [97].

In humans, NASH with advanced fibrosis is associated with high circulating IgA+ cells levels that
build up in fibrotic liver [98]. These cells can interfere with activation of cytotoxic CD8+ T lymphocytes
through programmed death ligand 1 (PD-L1) and interleukin-10, and promote HCC development [99].
In mice, PD-L1 blockade induces cytotoxic T-lymphocyte-mediated regression of established HCC [93].

Although the mechanisms are not yet well-known, we can state that immune system may play
a ‘dual and opposite role’ in the development and progression of HCC. However, extensive studies
are needed.
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3.9. Crosstalk between NASH and Hepatocellular Carcinoma

HSCs, fibroblasts, immune cells, endothelial and mesenchymal stem cells as well as cytokines,
growth factors and ECM constitute the liver tumor microenvironment. The results of numerous studies
provide evidence that the cross-talk between tumor cells and their surrounding microenvironment is
essential for cell growth, proliferation, EMT and metastasis [100] (Table 1).

Activated HSCs secrete several molecules including PDGF-B and PDGF-C, TGF-α, TGF-β, EGF,
VEGF, angiopoietin-1 and -2, hepatocyte growth factor (HGF), stromal-derived factor-1alpha (SDF-1),
Wnt ligands, interleukin-6 (IL-6) and epimorphin (EPM) [101]. These mediators are important
pro-angiogenic, proliferative, and regenerative citokines that create a favorable microenvironment
facilitating tumor initiation and progression [56]. In fibrotic liver, these molecules are passively
sequestered by the ECM favoring the bidirectional interaction between endothelial, stromal cells
and hepatocytes in an autocrine/paracrine manner [102]. Therefore, HSCs can be the target of the
molecules produced by themselves. Activated HSCs show increased expression of different receptors
for soluble cytokines, including PDGF that is the most potent proliferative cytokine [103]. Generally,
expression of PDGF receptors by HSCs is low but drastically increases during inflammation, NAFLD
and NASH [104]. Induction of β-PDGF receptors leads to activation of the Fas-MAPK pathway
and release of intracellular calcium ions that activate PKC family members then activation of a
more contractile and fibrogenic phenotype of HSC [105]. In mice model, hepatic over-expression of
PDGF-C induces changes in gene expression, inflammation, progressive fibrosis, neoangiogenesis,
and dysplasia. In patients with NASH, Wright et al., found a important correlation between PDGF-CC
levels in liver and severity of disease [106]. Thus, PDGF-C could be more crucial in modulating the
microenvironment to promote HCC development in a paracrine manner than in promoting direct
carcinogenic effects on hepatocytes. In vitro, EPM promotes HCC cells invasion and metastasis by
activating MMP-9 expression through the FAK-ERK pathway [107].

New data suggest that HSCs could promote HCC progression through the production of IL-1β,
via a mechanism that seems to be dependent on PKR activation [108].

Cancer-associated fibroblasts (CAFs) are the most abundant cell type of the tumor stroma and
are similar in morphology and molecular expression profiles to the myofibroblasts (HSCs) that are
activated during the wound repair process [109]. However origin of the CAFs in HCC is obscure.
Indeed, they can originate from HSCs, migrated bone-marrow stem cell and EMT [110]. Thus far,
there is little evidence that HSCs and CAFs drive the malignant transformation of hepatocytes, but it is
established that these stromal cells create a microenvironment that supports the growth of dysplastic
hepatocytes and HCC [19]. Studies in vitro suggest that HGF could be a mediator of tumor–stromal
interactions through which CAFs regulate the proliferation and invasion of HCC cells [111].

MMP-2 together with MMP-9 has a fundamental role on degrading type IV collagen that is the
most abundant component of ECM. Feng et al., found that co-cultures of vascular endothelial and
HCC HepG2 cells increased expression of MMP-2 and MMP-9 which enhanced the invasion ability of
the HepG2 cells [112].

Angiogenesis provides a source of oxygen, nutrients and is indispensable for tumor growth and
metastasis [113]. Both in phase of tumor development and progression, several molecular pathways
are involved in the induction of angiogenesis and in the preservation of metastasis supporting vascular
networks. VEGF represents a fundamental element that controls most of mechanisms of tumor-induced
angiogenesis, because stimulates vascular sprouting, tip cells formation, sprout elongation and lumen
formation [114].

In this context, tumour cells may activate Treg cells and promote immune tolerance by inhibiting
the anti-tumorigenic effects of NK and CD8+ T cells [115].

102



Int. J. Mol. Sci. 2019, 20, 1745

Table 1. Main mechanisms involved in NASH progression and hepatocellular carcinoma
(HCC) development.

Factor Mechanism Biological Effects

Inflammation ↑ PDGF, TGF-β, TNF-α, IL-1 and chemokines HSCs and KCs activation

Activated HSCs

• ↑ Type I and III collagens, fibronectins, laminins,
fibrinogen secretion

• ↑ TGF-β1, TGF-α, PDGF, FGF, EGF, VEGF,
ANGPT 1-2, HGF, SDF-1, Wnt ligands,
IL-6, EPM

• ↓ MMPs↓ and ECM turnover
• ↑ Stiffness
• ↑ Hypoxia
• ↓ NK cell functions
• ↑ Integrin signaling
• ↑ HSCs activation
• ↑ Angiogenesis

↑ Stiffness

• ↑ Collagen secretion
• Activation of ERK, PKB/Akt, STAT3, integrin

β1/GSK-3β/β-catenin; β1-integrin/FAK and
β1-integrin/PI3K/Akt signaling pathways

• Activation of Hippo-YAP/TAZ signaling
pathway and integrin β1/Akt/mTOR/SOX2
signaling pathway

• ↑ Cell proliferation, motility and
tumor metastasis

• ↓ Apoptosis
• Stemness dysregulation
• ↓ NK cell functions

Integrins • ↑ Hedgehog signaling, PI3K, MAPK pathways
• ↑ Proliferation, survival
• ↑ Angiogenesis

MMPs/TIMPs
imbalance

• ↑ Release of growth factors, ligands and
citokines from the ECM

• ↑ TGF-β signaling
• ↓ Alpha-1 proteinase inhibitor
• ↓ SDF-1/PI3K/AKT signaling

• ↓ ECM turnover
• ↑ HSCs activation
• Progression of hepatocytes from

dysplasia to HCC
• ↑ Migration
• ↑ Invasion
• ↓ Apoptosis

Hypoxia

• Activation of PI3K-Akt and MAPK pathways
• ↑ VEGF and HIF-1
• ↑ TUFT1 →Ca2 /PI3K/AKT pathway

• KCs activation
• ↑ Angiogenesis,
• ↑ EMT
• ↑ Tumor growth and metastasis

Hedgehog (Hg) • ↑ TGF-β1 and HSCs activation
• NASH progression
• ↑ Proliferation
• ↑ Migration and invasion of HCC cells

HPCs and
ductular

reaction (DR)

• ↑ Hg, Wnt signaling and Notch pathways
• ↑ PDGF, TGF-β, and HSCs activation

• NASH progression

Autophagy
• PI3K/Akt/mTOR and AMPK pathway
• Mitochondrial ROS- NF-kB-IL1α/β pathways

• ±Cellular proliferation and apoptosis

Kupffer Cells
(KCs)

• ↑ TGF-β, TNF-α, CCL2, ROS
• Activation of NLRP3 →IL-1β, IL-18 and IL-6

• NASH progression
• ↑ Proliferation

↓ NK cells
• ↓ IFNγ

• ↓ Apoptosis of HSCs
• ↑ ECM deposition
• ↓ Tumor surveillance

NKT cells
• IL-4, IFN-γ, and TNF-α
• Regulate HSCs activation and Hh signaling

• Anti-tumor role or tumor tolerance

↑ Treg cells • ↓ NK and CD8+ T cells • ↓ Tumor surveillance

Hh, Hedgehog; PDGF, platelet derived growth factor; TGF-β, transforming growth factors-β; TNF-α, tumor necrosis
factor-α; IL-1, interleukin-1; HSCs, hepatic stellate cells; ECM, extracellular matrix; PI3K, phosphatidylinositol
3-kinase; EGF, epidermal growth factor; MMPs, matrix metalloproteinases; TIMPs, tissue inhibitor of
metalloproteases; VEGF, vascular endothelial growth factor; HIF-1, hypoxia-inducible factor 1; ANGPT, angiopoietin;
HPCs, Hepatic progenitor cells; EPM, epimorphin.
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4. Therapeutic Perspective

Although numerous drugs have been indagated, none of them have been validated in phase III.
Trials and so far, there is no medicament authorized by regulatory authorities for management

of NASH. However, several molecules were shown to be effective in preclinical studies and some of
these are currently being examined in humans.

TGF-β induces a complex modulation of gene expression because it can use several extracellular
signals and adhesion molecules [116]. It promotes liver inflammation, activation of HCSs then fibrosis,
EMT and growth of HCC [117]. TGF-β is regarded as pivotal molecule in HCC tumorigenesis since
it, secreted by HSCs or by transformed hepatocites, may inhibits NK cell functions [118], and may
control the secretion of other cytokines [119]. In human HCC cell lines, treatment with TGF-β inhibitor
LY2109761 stops migration and invasion by upregulating E-cadherin [120], inhibits neo-angiogenesis,
reduces tumor growth and metastasis of HCC cells by inhibiting CAFs proliferation [121]. Galunisertib
(LY2157299) is another promising antifibroticTGF-β inhibitor that inhibits SMAD2 phosphorylation and
blocks the collagens deposition promoting their degradation [122]. Large RCT in humans are needed.

Chemokines, regulate many functions of hepatocytes, endothelial cells, HCSs, and circulating
immune cells. Interactions between C-C chemokine receptors (CCR2, CCR5,CCL2,CCL5,) and their
ligands, promote fibrogenesis by HSCs activation and macrophage recruitment in the liver [123].
In preclinical models of NASH, Cenicriviroc (CCR2/CCR5 antagonist) improved hepatic inflammation
and fibrosis [124]. These results have been confirmed in the recent phase 2b CENTAUR study [125].
A phase III trial to evaluate the efficacy of this drug is ongoing.

Sorafenib is multikinase inhibitor of VEGFR and PDGFR approved for the treatment of HCC where
increases overall survival compared to placebo [126]. In NASH rodent models, sorafenib treatment
decreased inflammation, angiogenesis, HSCs activation, collagen deposition, and hepatic fibrosis [127].
It may be considered for the treatment of NASH in humans. Further studies are warranted.

Inhibition of collagen synthesis may represent a potential therapy for fibrotic liver diseases.
Recent study in rats found that cationic lipid nanoparticles loaded with small interfering RNA to
the procollagen α1(I) gene administration, provoked specific inhibition of type I collagen synthesis
without visible side effects [128]. So far, no data on human are avaiable.

In recent years, results of phase 2-3 trials found that treatment with integrin inhibitors was
ineffective for the treatment of various cancers including HCC [129]. However, it has recently been
discovered that αv integrins play a key role in the fibrogenesis in the liver, skin, kidney, and lung,
although many mechanisms are still unknown [130]. Many Phase 1-2 trials are underway to evaluate
the efficacy of integrin inhibitors in reversing the fibrosis process (ClinicalTrials.gov).

Hh dysregulation represent a novel mechanism for hepatic fibrosis and hepatocarcinogenesis,
and may considered as potential therapeutic target for patients with NASH or HCC. Recently
Hh-inhibitor LDE225 was approved for the treatment of basocellular carcinoma [131]. Phase 1 study
to test the safety and determine the maximum safe dose of LDE225 in patients with HCC is ongoing
(NCT02151864).

In fibrotic livers, the immunosuppressive function of the fibrosis-stimulated IgA+ cells probably
depends on the expression of PD-L1 and IL-10, which may promote CTL dysfunction [132].
Programmed death 1 (PD-1) inhibitors reverse CD8+ T cells dysfunction and can therefore represent a
treatment option for patients with advanced HCC. Nivolumab is a PD-1 inhibitor approved for the
treatment of several malignancy including melanoma, non-small cell lung cancer and renal carcinoma.
In a phase 1/2 trial, Nivolumab showed a manageable safety profile and no side effects were observed
in patients with advanced HCC [133]. Several phase 2/3 Trial are ongoing (ClinicalTrial.gov).

5. Conclusions and Discussion

Growing evidence suggest a mechanistic link between fibrotic microenvironment and the
HCC development. However, the lack of representative animal models is hampering the efforts
to understand the pathophysiological mechanisms in NASH-related HCC. NASH is a complex and
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extremely heterogeneous metabolic disease and despite several mouse models can mimic disease;
rarely, they replicate the pathogenic sequence of human NASH-HCC. These features can explain the
conflicting results among studies using different animal models.

There are 3 main categories of murine NASH models: diet models, toxins/diet-based models,
and genetic/diet models [12]. For instance, a methionine/choline-deficient (MCD) diet produces
histological features of NASH, but rodents treated with this diet do not develop insulin resistance [134].
A western diet (WD), induces NASH, obesity and insulin resistance but disease does not progress
to advanced fibrosis [135]. Streptozotocin (STZ) and diethylnitrosamine (DEN) + HFD models,
develop obesity, insulin resistance, type 2 diabetes, mild fibrosis and HCC. However an independent
carcinogenic effect of toxins cannot be excluded [12]. Tsuchida et al. studied a new mice model where
mice were treated with WD and weekly dosing of carbon tetrachloride (CCl4) [136]. This interesting
model reproduces the progressive stages of human NAFLD, from simple steatosis, to inflammation,
fibrosis, and HCC. In addition, the model replicates gene expression and immune abnormalities of
human disease [136]. Nevertheless, previous reports showed that CCl4 is a potent hepatotoxin that
can cause genotoxicity and oxidative DNA damage in rats [137]. Numerous genetically modified
mice that are susceptible to NASH and HCC development have been described but most of them do
not resemble the human progression of disease. HFD-fed MUP-uPA and DIAMOND mice develop
human NASH-like disease and almost all of them progress to HCC [12]. However, in these models
HCC development is significantly slower than in toxins/diet-based models. Moreover, the mutational
landscape of these mice differs significantly from mouse to mouse [93].

Aim of research is overcoming this gap in order to identify a model that best replicates the several
aspects of NASH-driven HCC, because studies that are performed with inappropriate models generate
misleading results that delay progress in this field.

The understanding of the multiple molecular mechanisms involved in fibrogenesis make it
possible to identify various therapeutic targets including cytokines, chemokines, HSCs, Hedgehog
pathway signaling and other potential targets, for the purpose of reversing the fibrosis process. A better
understanding of the underlying pathophysiological mechanisms could also be useful for identify
non-invasive biomarkers of NASH and fibrosis because liver biopsy as the diagnostic “gold standard”
it is not without risk. Moreover, imaging techniques can detect steatosis but not steatohepatitis.

The results of preclinical experiments are promising, as they have shown that it is possible to
reverse the fibrogenesis process. However, it is not that simple to verify in humans. Furthermore, it is
desiderable that future research establishes whether a reduction of fibrosis in patients with NASH is
effective in HCC prevention [138].
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Abbreviations

NASH Non-alcoholic steatohepatitis
NAFLD Non-alcoholic fatty liver disease
HCC Hepatocellular carcinoma
HSCs Hepatic stellate cells
ECM Extracellular matrix
PDGF Platelet derived growth factor
TGF-β Transforming growth factors-β
ROS Reactive oxygen species
KCs Kupffer cells
DC Dendritic cells
TLR Toll-like receptor
NF Nuclear factor
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SFA Saturated fatty acids
DAMPs Damage-endogenous-associated molecular patterns
PAMPs Pathogen-associated molecular patterns
DR Ductular reaction
HPCs Hepatic progenitor cells
DEN Diethylnitrosamine
LPS Lipopolysaccharide
DDR Discoidin domain receptor
PI3K Phosphatidylinositol 3-kinase
MAPK Mitogen-activated protein kinases
ERK extracellular signal-regulated kinase
STAT signal transducer and activator of transcription
FAK focal adhesion kinase
JNK Jun N-terminal kinase
VEGF Vascular endothelial growth factor
HIF-1 Hypoxia-inducible factor 1
TUFT1 Tuftelin1
Hh Hedgehog
HGF Hepatocyte growth factor
EMT Epithelial-mesenchymal transition
EGF Epidermal growth factor
FGF Fibroblast growth factor
EPM Epimorphin
MMPs Matrix metalloproteinases
TIMPs Tissue inhibitor of metalloproteases
CAFs Cancer-associated fibroblasts
NK Natural killer
Treg Regulatory T cells
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Abstract: Tissue fibrosis is a pathological condition that is associated with impaired epithelial repair
and excessive deposition of extracellular matrix (ECM). Fibrotic lesions increase the risk of cancer
in various tissues, but the mechanism linking fibrosis and cancer is unclear. Yes-associated protein
(YAP) and the transcriptional coactivator with PDZ-binding motif (TAZ) are core components of
the Hippo pathway, which have multiple biological functions in the development, homeostasis,
and regeneration of tissues and organs. YAP/TAZ act as sensors of the structural and mechanical
features of the cell microenvironment. Recent studies have shown aberrant YAP/TAZ activation
in both fibrosis and cancer in animal models and human tissues. In fibroblasts, ECM stiffness
mechanoactivates YAP/TAZ, which promote the production of profibrotic mediators and ECM
proteins. This results in tissue stiffness, thus establishing a feed-forward loop of fibroblast activation
and tissue fibrosis. In contrast, in epithelial cells, YAP/TAZ are activated by the disruption of
cell polarity and increased ECM stiffness in fibrotic tissues, which promotes the proliferation and
survival of epithelial cells. YAP/TAZ are also involved in the epithelial–mesenchymal transition
(EMT), which contributes to tumor progression and cancer stemness. Importantly, the crosstalk with
transforming growth factor (TGF)-β signaling and Wnt signaling is essential for the profibrotic and
tumorigenic roles of YAP/TAZ. In this article, we review the latest advances in the pathobiological
roles of YAP/TAZ signaling and their function as a molecular link between fibrosis and cancer.

Keywords: YAP; TAZ; Hippo pathway; fibrosis; cancer; mechanotransduction; TGF-β; Wnt

1. Introduction

Fibrosis is a pathological process that is characterized by mesenchymal cell infiltration and
proliferation in the interstitial space. The fibrogenic response consists of the following phases:
(1) initiation of the response driven by primary injury to the organ, (2) activation of effector cells
such as fibroblasts induced by inflammatory mediators, and (3) elaboration of the extracellular matrix
(ECM) [1]. Under normal conditions, the repair process is completed by provisional ECM degradation
and the removal of excessive mesenchymal cells by apoptosis and phagocytosis, which leaves minimal
damage and restores the normal architecture of the tissue. However, dysregulated processes can result
in dynamic deposition and an insufficient resorption of ECM, which promotes progression to fibrosis
and, ultimately, to end-organ failure. The transforming growth factor (TGF)-β and Wnt signaling
pathways play pivotal roles in fibroblast activation and ECM deposition, and these pathways are
reported to be activated in human fibrotic tissue as well as experimental models of fibrosis [2,3].

Fibrotic lesions increase the risk of cancer in various tissues, including the lung [4] and liver [5].
However, the mechanism linking fibrosis and cancer is unclear. The formation of fibrotic ECM
disrupts epithelial cell polarity, and the abundance of growth factors in the profibrotic milieu
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stimulates the proliferation of epithelial cells, creating conditions that are favorable for cancer initiation
and progression. Fibrosis and cancer have several dysregulated intercellular communication and
intracellular signaling pathways in common. Indeed, cancer stroma displays fibrotic reactions to
various degrees, which is termed desmoplasia, as does organ fibrosis. Of note, the TGF-β and Wnt
signaling pathways are activated in cancer tissues, which are likely to contribute to cancer progression.

The Hippo pathway is an evolutionarily conserved signaling pathway that has multiple biological
functions in development, homeostasis, and regeneration of tissues and organs. Yes-associated protein
(YAP) and its paralog, the transcriptional coactivator with PDZ-binding motif (TAZ), which is also
known as the WW-domain containing transcription regulator-1 (WWTR1), are core components of the
Hippo pathway [6–9]. While YAP and TAZ have a lot of similarities in their structures, regulations,
and functions, they have distinct and non-overlapping roles. YAP/TAZ signaling is involved in both
fibrosis and cancer. Accumulating evidence indicates that YAP/TAZ act as sensors of mechanical
forces and modulate the fibrotic response as well as the behavior of cancer cells. Moreover, YAP/TAZ
function in a cooperative manner with other established signaling pathways. In particular, the crosstalk
with the TGF-β and Wnt signaling pathways is closely associated with both fibrosis and cancer [10,11].
Here, we review the recent progress in the pathobiological role of YAP/TAZ signaling and its function
as a molecular link between fibrosis and cancer.

2. Overview of YAP/TAZ Signaling

The core components of the Hippo pathway were initially identified by genetic screens to
identify tumor suppressors in Drosophila, and ‘Hippo’ originated from the morphological phenotype
of a Drosophila mutant [12]. Subsequent cellular and genetic studies have demonstrated that the core
components of the Hippo pathway are highly conserved from Drosophila to mammals. The mammalian
Hippo pathway includes a kinase cascade of mammalian sterile 20-like kinase 1/2 (MST1/2) and
large tumor suppressor kinase 1/2 (LATS1/2). MST1/2 in complex with the regulatory protein SAV1
phosphorylate hydrophobic motifs of LATS1/2, which form a complex with the regulatory protein,
MOB1 [13]. Phosphorylated and activated LATS1/2 then phosphorylate serine residues of YAP/TAZ.
Upon phosphorylation by LATS1/2, YAP/TAZ interact with 14-3-3, which sequesters YAP/TAZ
from nuclear translocation, leading to ubiquitination-mediated proteasomal and autolysosomal
degradation [14]. The phosphorylation of YAP/TAZ results in the loss of their transcriptional
coactivator function. In contrast, unphosphorylated YAP/TAZ localize to the nucleus, and act mainly
through TEAD family transcription factors (TEADs) to stimulate the expression of genes—including
CTGF, AXL, BIRC5, and AREG—involved in cell proliferation and the suppression of apoptosis [15].
In addition to TEADs, YAP/TAZ also interact with other transcription factors—such as Smad, Runx2,
p73, and TBX5—to mediate cellular context-dependent transcriptional regulation [16]. As a negative
regulator of the YAP–TEAD transcriptional complex, VGLL4 directly competes with YAP for binding
to TEADs [17].

A variety of upstream signals activate or inhibit YAP/TAZ signaling. Apical-basal polarity
regulates YAP/TAZ subcellular localization and activity through interactions with cell-polarity
proteins (Scribble and Crumbs) or cell-junction molecules (angiomotin and α-catenin) [18].
Extracellular hormones modulate LATS1/2 kinase activity via G protein-coupled receptor (GPCR)
signaling [19]. Serum-borne lysophosphatidic acid (LPA) and sphingosine-1-phosphophate (S1P) act
through G12/13-coupled receptors to inhibit LATS1/2, thereby activating YAP/TAZ. Furthermore,
recent evidence has shown that a variety of stress signals—such as energy stress, endoplasmic reticulum
stress, oxidative stress, and hypoxia—regulate the activity of YAP/TAZ [20–23].

3. Mechanotransduction and YAP/TAZ Activity

In addition to the above-mentioned upstream signals, extracellular mechanical cues including
ECM stiffness, cell attachment or detachment, and cellular tension are potent regulators of YAP/TAZ.
Dupont et al. first reported the association of YAP/TAZ activity with ECM stiffness and cell
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spreading [24]. In cells stretched by a stiff ECM, YAP/TAZ localize predominantly to the nucleus,
and their transcriptional activity is elevated. On the other hand, their localization is predominantly
cytoplasmic on a soft ECM. This regulation is dependent on Rho GTPase and the tension of the
actomyosin cytoskeleton. Notably, this process is independent of LATS1/2, because the depletion
of LATS1/2 had a marginal effect on the regulation of YAP/TAZ activity by mechanical cues.
The LATS1/2-dependent regulation of YAP/TAZ activity by stress fiber (F-actin) formation has been
reported [25,26]. This finding was confirmed by the observation that the F-actin-capping/severing
proteins cofilin, CapZ, and gelsolin restrict the nuclear localization of YAP [27]. Zhao et al. showed that
cell detachment from ECM activates LATS1/2 by promoting cytoskeleton reorganization, which leads
to YAP inactivation and apoptosis, which is a process termed anoikis [28].

The mechanisms by which cytoskeletal tension regulates YAP/TAZ are unclear, although the
nucleus may play a mechanotransductive role in the regulation of YAP [29]. The focal adhesions and
stress fibers that are generated on stiff substrates transduce mechanical forces to the nucleus, leading
to nuclear flattening. This increases YAP nuclear import by reducing mechanical restriction in nuclear
pores. In contrast, on soft substrates, mechanical forces fail to reach the nucleus, and nucleocytoplasmic
shuttling of YAP through nuclear pores is balanced.

Interactions between cells and ECM are largely mediated by the proteins of the integrin family.
Focal adhesions composed of integrins, focal adhesion kinase (FAK), and Src play an important role as
a sensor of ECM rigidity and in the intracellular transduction of extracellular signals. FAK stimulates
Rho-associated protein kinase (ROCK)-dependent actin remodeling and the formation of stress fibers.
Integrin-linked kinase (ILK) inactivates NF2, which is an upstream negative regulator of YAP/TAZ
signaling, by inhibiting MYPT1 via direct phosphorylation [30]. The integrin-dependent FAK–Src
signaling pathway also positively regulates the activity of YAP/TAZ. Integrin-dependent adhesion
leads to the activation of p21-activated kinase 1 (PAK1), which is a downstream effector of the small
GTPase RAC1. PAK1 directly phosphorylate NF2, which reduces its interactions with YAP, resulting in
YAP dephosphorylation and nuclear translocation [31]. Adhesion to fibronectin also enhances YAP
nuclear translocation via the FAK–Src–PI3K–PDK1 pathway [32]. However, despite these significant
roles of the integrin signaling, cells spreading over polylysine-coated cover glasses, where cells do not
form focal adhesions, show nuclear translocation of YAP, suggesting that focal adhesion formation
is not always required for YAP mechanoactivation [28]. Interestingly, YAP/TAZ directly regulate
a number of proteins involved in focal adhesion and control cytoskeleton stability [33].

4. YAP/TAZ Signaling in Fibrosis

Fibrosis is a sequela of several chronic inflammatory diseases, and progressive fibrosis typically
has a devastating clinical course without good therapeutic options. Injury to epithelial cells results in
the release of a variety of cytokines, chemokines, and growth factors. These mediators induce fibroblast
accumulation and convert fibroblasts into myofibroblasts positive for α-smooth muscle actin (α-SMA).
The epithelial repair is facilitated through mutual communication between the regenerating epithelium
and activated fibroblasts. In the pathogenesis of tissue fibrosis, such epithelial–mesenchymal
interactions are dysregulated due to epithelial regenerative failure or aberrant activation of fibroblasts.
Myofibroblasts are the effector cells that are responsible for fibrogenesis and are characterized by the
production of large quantities of ECM components, such as collagen and fibronectin, the secretion of
proteases, and their contractile ability. Accumulating evidence suggests that YAP/TAZ signaling is
linked to the pathophysiology of fibrosis, and aberrant YAP/TAZ activation has been reported in both
the epithelial compartment and fibroblasts/myofibroblasts (Table 1).

4.1. Lung Fibrosis

Idiopathic pulmonary fibrosis (IPF) is a progressive chronic interstitial lung disease with
a poor prognosis that is characterized by clusters of proliferating fibroblasts termed fibroblastic
foci. Remodeling of the ECM and the contraction of fibroblasts contribute to tissue tension or stiffness,
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which is associated with decreased vital capacity in IPF patients. Liu et al. and our group showed
that YAP/TAZ are highly expressed in the nucleus of lung fibroblasts in the fibroblastic foci of the
lungs of patients with IPF, indicating that YAP/TAZ in lung fibroblasts play a significant role in lung
fibrosis [34,35].

In cell culture experiments, YAP/TAZ accumulated in the nucleus of lung fibroblasts grown on
a pathologically stiff matrix, but not on a physiologically compliant matrix. Fibroblasts on a stiff matrix
showed increased proliferation, contraction, and ECM production compared to those on a soft matrix.
These fibroblast responses to matrix stiffness were ablated by YAP/TAZ knockdown, suggesting that
YAP/TAZ activation contributes to such myofibroblastic features. In a follow-up study, Liu et al.
showed that the overexpression of the constitutively active mutant form of TAZ in lung fibroblasts
on a soft matrix increased the expression of connective tissue growth factor (CTGF) and plasminogen
activator inhibitor-1 (PAI-1, also known as SERPINE1), but not that of ECM proteins such as collagens
and fibronectin. However, the expression of these ECM proteins was induced by TAZ overexpression
in cells cultured on a stiff matrix. These findings indicate that the full activation of TAZ requires the
input of mechanical stimuli to facilitate the expression of genes related to fibrosis [36]. Gene expression
profiling by RNA-sequencing revealed that TAZ-regulated genes in lung fibroblasts were associated
with cell migration and motility, and partly overlapped with those regulated by TGF-β, which is
a known mediator of fibrogenesis [35].

Therefore, YAP/TAZ constitute a feed-forward loop that accelerates the fibrotic process. YAP/TAZ
act as sensors of ECM stiffness, and their activity is enhanced by the progression of tissue fibrosis. In
their roles as effectors, YAP/TAZ, in cooperation with TGF-β signaling, stimulate the production of
fibrogenic factors (CTGF and PAI-1) and ECM proteins, thereby promoting the pathogenesis of tissue
fibrosis (Figure 1).

 

Figure 1. The activation of Yes-associated protein (YAP) and the transcriptional coactivator with
PDZ-binding motif (TAZ) in epithelial cells and fibroblasts. In epithelial cells, the disruption of cell
polarity, loss of cell contact, and increased cell stress signals activate YAP/TAZ, which promotes cell
proliferation and the epithelial–mesenchymal transition (EMT), and inhibits apoptosis. In contrast,
in fibroblasts, YAP/TAZ act as sensors of extracellular matrix (ECM) stiffness through the
mechanotransduction pathway. YAP/TAZ also stimulate the production of fibrogenic factors and
ECM proteins and enhance cell contraction. This process promotes tissue stiffness, thus forming
a feed-forward loop of fibroblast activation and tissue fibrosis. YAP/TAZ can also be activated in
epithelial cells of fibrotic tissues due to increased ECM stiffness.

Murine models of experimental pulmonary fibrosis support these profibrotic functions of
YAP/TAZ. The heterozygous deletion of TAZ in mice led to resistance to lung fibrosis induced
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by the intratracheal administration of bleomycin [7]. Bleomycin-treated heterozygous mice had a lower
tissue fibrosis score, hydroxyproline content, and lung elastance. Furthermore, the adoptive transfer of
YAP/TAZ-overexpressing fibroblasts into the tail vein of wild-type mice led to elevated lung fibrogenic
responses [34].

Regenerative failure of the respiratory epithelium following both acute and chronic injury is
involved in lung fibrogenesis. YAP/TAZ signaling controls the proliferation and differentiation
of epithelial progenitor cells in embryo and adult lungs [37]. Xu et al. performed single-cell RNA
sequencing-based gene expression profiling of epithelial cells from IPF patients [38]. They identified
distinct epithelial cell types with characteristics of conducting airway basal and goblet cells,
and an additional subset of atypical transitional cells. Pathway analysis showed that the YAP/TAZ,
TGF-β, Wnt, and PI3K signaling pathways were aberrantly activated. Immunofluorescence staining
of the lung epithelial cells of IPF patients demonstrated increased nuclear YAP accumulation [39].
Interestingly, YAP was suggested to interact with mTOR/PI3K/AKT signaling to enhance the
proliferation and migration, and inhibit the differentiation, of lung epithelial cells.

As such, YAP/TAZ activation in lung fibroblasts and epithelial cells differentially contributes
to the pathogenesis of IPF. YAP/TAZ enhance fibrotic reactions while stimulating epithelial cell
regeneration, albeit in a pathological manner (Figure 1).

4.2. Kidney Fibrosis

High TAZ expression was demonstrated in the kidneys of patients with IgA nephropathy or
membranous nephropathy, both of which are pathologically characterized by renal tubulointerstitial
fibrosis [40]. The YAP level is high in the renal tubular epithelium during the regeneration and
fibrogenesis stages after acute kidney injury [41]. Increased TAZ nuclear accumulation in the renal
tubulointerstitium was observed in three different mouse models of nephropathy (obstructive, diabetic,
and toxin-induced renal injuries) [42]. Cell culture experiments involving renal fibroblasts showed that
TGF-β-induced canonical Smad2/3 signaling is regulated by ECM stiffness in a manner dependent on
YAP/TAZ [43].

In renal tubular epithelial cells, YAP overexpression promoted cell proliferation and YAP/TAZ
activation induced by SAV1 deletion triggered epithelial–mesenchymal transition (EMT)-like
phenotypic changes [40,41]. YAP/TAZ activation was also found in podocytes in a rat model of
glomerular disease induced by intraperitoneal administration of puromycin aminonucleoside [44].
YAP overexpression in podocytes increased the levels of several ECM-related proteins—such as
collagen 6, its receptor BCAM, and matrix metalloproteinase ADAMTS1—which promoted basement
membrane thickening and stiffening.

4.3. Skin Fibrosis

YAP regulates keratinocyte proliferation and differentiation, and is essential for epidermal
homeostasis and regeneration [45,46]. The nuclear accumulation of YAP/TAZ is reported in the
dermis during the healing of skin wounds [47]. The closure rate of YAP/TAZ siRNA-treated skin
wounds was significantly decreased in a mouse model, indicating that YAP/TAZ promote wound
healing. YAP/TAZ modulated the expression of TGF-β signaling pathway components and its targets
such as Smad2, p21, and Smad7.
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YAP/TAZ are also activated in the dermal fibroblasts of patients with fibrotic diseases. Piersma
et al. showed that YAP expression levels and nuclear localization were elevated in the skin tissue of
patients with Dupuytren disease, which is a fibroproliferative disorder of the hands and fingers [48].
The knockdown of YAP in dermal fibroblasts attenuated the TGF-β-mediated formation of contractile
actin stress fibers and the deposition of collagen type I. In addition, YAP/TAZ proteins were localized
in the nucleus of fibroblasts in skin biopsies from patients with systemic sclerosis (SSc) [49]. Notably,
dimethyl fumarate exerts a potent anti-fibrotic effect in SSc dermal fibroblasts by promoting the
proteosomal degradation of YAP/TAZ.

4.4. Liver Fibrosis

Hepatic stellate cells (HSCs) are the dominant source of fibrogenic myofibroblasts in patients with
chronic liver diseases. The nuclear localization of YAP was found in the stellate cells of mouse fibrotic
liver induced by the administration of carbon tetrachloride and in human cirrhotic livers caused by
infection with hepatitis C virus [50]. In vitro, siRNA-mediated silencing of YAP or the pharmacological
inhibition of YAP with verteporfin, which interferes with the interaction between YAP/TAZ and TEAD,
blocked the induction of the expression of its target genes and myofibroblast differentiation from
HSCs. In vivo treatment with verteporfin reduced liver fibrogenesis in mice, further demonstrating
that YAP is a key regulator of HSC activation. These findings were reinforced by a recent report that
the hedgehog pathway-mediated activation of YAP directs HSC differentiation to myofibroblasts [51].

Wang et al. showed that TAZ activation in hepatocytes promotes progression from steatosis to
non-alcoholic steatohepatitis (NASH) [52]. TAZ expression was increased in the hepatocytes of patients
with NASH. TAZ silencing in hepatocytes prevented and even reversed hepatic inflammation and
fibrosis in mouse models of NASH. Mechanistically, TAZ enhanced Indian hedgehog (Ihh) secretion
from hepatocytes, which upregulated the expression of profibrotic genes, including collagen 1 and
TIMP metallopeptidase inhibitor 1 (TIMP1), in HSCs.

5. YAP/TAZ Signaling in Cancer Cells

YAP/TAZ are upregulated and activated in a variety of human cancers. YAP/TAZ promote
tumor initiation, progression, and metastasis. Furthermore, the higher expression or activation of
YAP/TAZ is correlated with a poor prognosis, as reviewed in some articles [16,53–58]. Cell culture
experiments showed that YAP/TAZ promote proliferation, anti-apoptosis, anchorage-independent
growth, drug resistance, and stem cell traits in a variety of cancer cell lines. Xenograft mouse models
and genetically engineered mice with tissue-specific overexpression or the deletion of YAP/TAZ or
Hippo signaling components demonstrated a crucial role for YAP/TAZ in the formation and growth of
tumors [53]. For example, hepatocyte-specific deletion of MST1/2 in mice resulted in YAP activation,
leading to significantly enlarged livers and tumor development by the age of five to six months [59].
Available evidence concerning YAP/TAZ expression and functional relevance in cancer is outlined in
Table 2.
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Multiple mechanisms of YAP/TAZ activation have been reported in different cancer types.
Several cancers harbor the amplification of YAP as part of the 11q22 amplicon [80]. TAZ-CAMTA1
or YAP-TFE3 gene fusions, which render the N-terminus of YAP/TAZ unresponsive to negative
regulation by the Hippo pathway, have been reported in epithelioid hemangioendothelioma, which is
a rare form of sarcoma [81,82]. A high frequency of inactivating mutation of NF2, which is a negative
regulator of YAP/TAZ signaling, has been found in several types of tumor, such as meningioma,
schwannoma, and malignant mesothelioma [83–85]. Except for NF2, DNA mutations in the Hippo
pathway components are rare, and no activating mutation of YAP/TAZ has been demonstrated in
human cancers. The epigenetic gene silencing of upstream negative regulators of YAP/TAZ such
as MST1/2, LATS1/2, and RASSF1A has been reported in several cancers [86–88]. In most tumors,
YAP/TAZ signaling can also be activated by a number of extrinsic signals that are enhanced in cancer
tissues, which include increased mechanical forces, growth factors, inflammatory mediators, hypoxia,
and altered metabolic conditions.

YAP/TAZ enhance tumor proliferation and survival by transactivating target genes associated
with cell-cycle progression and anti-apoptosis. YAP physically interacts with mutant p53 protein and
upregulates cyclin A (CCNA), cyclin B (CCNB), and CDK1 in cooperation with the NF-Y transcriptional
factor in breast cancer cells [89]. YAP enhances the proliferation of malignant mesothelioma cells by
directly upregulating cyclin D1 (CCND1) [90]. An EGFR ligand, amphiregulin (AREG), is also induced
by YAP/TAZ, and stimulates cell proliferation and malignant transformation by activating EGFR
signaling in a non-cell autonomous manner [60,62]. YAP and TBX5 form a complex with β-catenin
and transactivate anti-apoptosis genes, including BCL2L1 and BIRC5, in various types of cancer
cell [91]. Furthermore, YAP/TAZ promote cell cycle progression by inducing the expression of the
proto-oncogene, c-Myc [92].

Recent genome-wide occupancy profiling studies revealed that YAP/TAZ binding sites are
not restricted to gene promoters. Zanconato et al. found, by chromatin immunoprecipitation
(ChIP)-sequence analysis of breast cancer cells, that most YAP/TAZ-bound cis-regulatory regions
coincide with enhancer elements, which are located distant from transcription start sites [92]. Notably,
the AP-1 transcription factor was present in most YAP/TAZ/TEAD-binding sites, forming a complex
and synergistically activating target genes involved in cell cycle progression. Most recently, it has
been shown that YAP/TAZ-bound enhancers recruit bromodomain-containing protein 4 (BRD4),
which is a critical epigenetic modulator that binds to acetylated histone, boosting the expression of
growth-regulating genes [93].

6. YAP/TAZ Signaling in the EMT

EMT involves the transformation of epithelial cells to mesenchymal cells. The EMT of cancer
cells confers aggressive features such as invasion, resistance to apoptosis, and at advanced disease
stages, chemoresistance [94]. During the EMT, epithelial cells lose their apical–basal polarity,
basement membrane attachment, and cell–cell contact. In turn, they gain migratory and invasive
properties associated with the mesenchymal phenotype [95]. The EMT is executed by a subset
of transcription factors, including ZEB1/2, Snail/Slug, and Twist. In cancer cells, the EMT is
also associated with cancer stem cell (CSC) characteristics, anti-apoptosis, and drug resistance [94].
The pathological significance of the EMT in tissue fibrosis is controversial, but the upregulation of
EMT-related factors and the colocalization of epithelial and mesenchymal markers in fibrotic tissues
have been demonstrated [96,97].

YAP/TAZ signaling is involved in the EMT. Lei et al. showed that the overexpression of TAZ
in mammary epithelial cells induces the EMT [98]. YAP regulates multiple EMT-related genes by
inducing SOX2 expression in cooperation with Oct4 in non-small lung cancer cells [99]. Moreover,
YAP can rescue cell death induced by the suppression of KRAS in cancer cells [100,101]. YAP and FOS,
a member of the AP-1 transcription factor family, coordinately regulate the EMT by directly binding to
the promoter region of Vimentin and Slug.
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Interestingly, the EMT itself can promote TAZ activation. Induction of the EMT by ectopic
overexpression of Twist and Snail leads to the delocalization of Scribble, which is a scaffold protein
involved in cell polarization, from the cell membrane. Next, TAZ is relieved from the Scribble
polarity complex and promotes CSC traits in breast cancer cells [102]. These findings suggest that
the TAZ-mediated EMT serves as a self-sustaining mechanism of TAZ activation. Increasing matrix
stiffness can also induce the EMT and promote tumor invasion and metastasis in breast cancer cells,
in which Twist plays an essential role as a mechanomediator [103].

ZEB1 directly binds to YAP to regulate the transcription of target genes [104]. In terms of clinical
importance, the set of ZEB1/YAP target genes was a strong predictor of poor relapse-free survival,
therapy resistance, and an increased risk of metastasis in breast cancer. Similarly, Snail/Slug form
a complex with YAP/TAZ to regulate the self-renewal and differentiation of skeletal stem cells [105].

Therefore, YAP/TAZ in close association with ZEB1/2, Snail/Slug, and Twist govern the EMT,
thereby inducing the malignant features of cancer cells. Indeed, YAP/TAZ confer CSC-related
traits—such as tumor initiation, drug resistance, and metastasis—in a wide range of human cancers.
The first evidence came from the work of Cordenonsi et al. [102]. This group showed that TAZ is highly
expressed in the CD44high/CD24low subpopulation with CSC properties in primary breast tumors.
TAZ was required for self-renewal and the formation of high-grade tumors. The gene expression
profiling of patient-derived breast cancer stem cell lines showed that TAZ is a central mediator of
metastasis and resistance to chemotherapy [106]. YAP directly upregulates SOX9 and induces CSC
properties in esophageal cancer cells [107]. YAP endows urothelial cancer cells with CSC traits by
directly binding to the enhancer region of SOX2 [108]. Conversely, SOX2 directly represses two
negative regulators of YAP/TAZ, NF2 and WWC1, leading to activation of YAP and maintenance of
CSCs in osteosarcomas [109].

7. YAP/TAZ Signaling in the Cancer Microenvironment

The interactions between cancer cells and their supporting stroma are critical determinants of
cancer initiation and progression. The structural components of tumor stroma, which constitute the
tumor microenvironment, include ECM, blood and lymphatic vessels, and stromal cells including
endothelial cells, immune cells, and cancer-associated fibroblasts (CAFs). Fibroblasts are activated
by cancer-associated soluble factors such as TGF-β and produce ECM proteins. Collagens and other
ECM proteins, including fibronectins, proteoglycans, and tenascin C, are overproduced in several
cancers [110]. In addition, lysyl oxidase (LOX) and LOX-like (LOXLs) enzymes mediate the process of
covalent intramolecular and intermolecular crosslinking of collagen fibers and other ECM components,
resulting in increased tissue stiffness [111]. This desmoplastic stiff stroma is generally considered to
enhance the proliferation and motility of cancer cells [112]. Indeed, ECM stiffness is correlated with the
progression and a poor prognosis of cancer [111,113]. Moreover, treatment with the ECM-degrading
enzyme hyaluronidase decreased interstitial pressure and reduced the aggression of pancreatic ductal
cancer, suggesting that the ECM has potential as a therapeutic target for cancer [114].

As mentioned above, the activity of YAP/TAZ is regulated by ECM stiffness. The activation of
YAP/TAZ by the stiff ECM of fibrotic tissues can promote the proliferation and survival of cancer
cells. Jang et al. showed that YAP and TEAD directly control the mechanical cue-dependent
transcription of Skp2, which is important for cell cycle progression in breast cancer cells [115].
Agrin, an ECM component, was reported to activate YAP by suppressing the Hippo pathway,
leading to the development of liver cancer [116–118]. Agrin signals matrix and cellular rigidity
by activating the integrin-FAK-ILK signaling axis. This, in turn, stimulates PAK1, which inactivates
NF2, a negative regulator of YAP/TAZ. Agrin also activates YAP through RhoA-dependent actin
cytoskeletal rearrangements. Agrin is secreted by platelet-derived growth factor (PDGF)-stimulated
HSCs and promotes hepatocarcinogenesis [119]. Glypican-3, a member of the glypican family of
heparan sulfate proteoglycans, is also involved in the progression of hepatocellular carcinoma (HCC).
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HN3, a conformation-specific antibody against glypican-3, inhibits the proliferation of HCC cells
in vitro and in vivo by inducing cell-cycle arrest through YAP downregulation [120].

CAFs promote cancer invasion and metastasis by producing soluble factors and matrix
remodeling [110]. A coculture experiment involving carcinoma cells and stromal fibroblasts revealed
that CAFs promote the invasion of cancer cells by making passageways in the ECM [121].
CAFs generate a gap in the basement membrane and ECM by releasing matrix metalloproteinases and
pulling ECM fibers via direct mechanical forces [122].

A stiff ECM enhances the activity of YAP/TAZ not only in cancer cells but also in stromal cells,
including CAFs. Recently, Calvo et al. demonstrated that YAP/TAZ in CAFs play a crucial role
in the progression of mammary tumors [123]. First, they performed a global mRNA expression
profiling analysis of fibroblasts isolated from mice with breast cancer of various disease stages,
and found that the gene signature of YAP/TAZ signaling is enriched in CAFs compared with in
normal mammary fibroblasts (NFs). Consistently, YAP was predominantly cytoplasmic in NFs but
active in the nucleus in CAFs. The siRNA-mediated silencing of YAP reduced the ability of CAFs to
contract a collagen-rich matrix and promote invasion of cancer cells and angiogenesis. These findings
indicate that YAP is required for the tumor-promoting functions of CAFs. Furthermore, a series of cell
culture experiments revealed that the YAP-mediated activation of myosin light chain 2 is critical for
generating CAFs, which subsequently promote matrix remodeling and tumor invasion. Moreover,
a stiff ECM induced the formation of actin stress fibers in fibroblasts, leading to YAP activation,
thus establishing a self-sustaining feed-forward loop to maintain the phenotype of CAFs (Figure 2).

 

Figure 2. The function of YAP/TAZ in cancer cells and in the cancer microenvironment. YAP/TAZ
enhance the proliferation, survival, metastasis, and drug resistance of cancer cells. The cancer
microenvironment comprises ECM and stromal cells, such as cancer-associated fibroblasts (CAFs)
and immune cells. The activation of YAP/TAZ in CAFs promotes migration and invasion of cancer
cells, and angiogenesis. YAP/TAZ facilitate tumor immune evasion by suppressing cytotoxic T cells
through PD-L1 expression in cancer cells, and supporting myeloid-derived suppressor cells (MDSCs)
and regulatory T cells.

The myocardin-related transcription factor (MRTF)—serum response factor (SRF) pathway is
also involved in the response to mechanical stress and is under the control of Rho GTPase signaling.
MRTF and SRF promote the expression of dozens of cytoskeleton-related genes, including that encoding
α-SMA. CAFs exhibit elevated MRTF–SRF signaling, which is required for their contractile and
pro-invasive properties [124]. The MRTF–SRF and YAP–TEAD pathways can indirectly activate each
other by modulating actin cytoskeletal dynamics in CAFs.
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Recent studies have uncovered new roles for YAP/TAZ signaling in the host immune response in
the tumor microenvironment (Figure 2). Cancers escape from host immunity by upregulating PD-L1,
the interaction of which with PD-1 receptors on activated T cells reduces the proliferative capacity and
effector function of cytotoxic T cells. YAP/TAZ promote immune evasion by upregulating PD-L1 in
cancer cells, via directly binding to its promoter with TEADs in human cancer cells [125,126]. Coculture
experiments demonstrated that the overexpression of TAZ in cancer cells is sufficient to disrupt the
functions of T cells by upregulating the expression of PD-L1. TAZ-dependent upregulation of PD-L1
can be induced by activation of lactate-mediated G protein-coupled receptor 81 (GPR81) [127].

YAP/TAZ also recruit myeloid-derived suppressor cells (MDSCs) by upregulating the production
of proinflammatory cytokines, including CXCL5 and TNF-α [128,129]. The hepatocyte-specific deletion
of MST1/2 in mice leads to increased macrophage infiltration and HCC formation in the liver. Recently,
Kim et al. showed that monocyte chemoattractant protein 1 (MCP1) expression in hepatocytes are
required for tumor formation in the MST1/2 double knockout mice [130]. MCP1 recruits macrophages
with both M1 and M2 characteristics, which regulate hepatocyte proliferation and survival. MCP1 is
a direct transcriptional target of YAP/TAZ in hepatocytes. Furthermore, in HCC, YAP promotes
differentiation of naïve T cells to regulatory T cells by directly upregulating the expression of TGF-β
receptor 2 (TGFBR2) [131]. Moreover, YAP is highly expressed in regulatory T cells and bolsters their
suppression of anti-tumor immunity by activating Activin signaling [132].

8. Crosstalk with the TGF-β and Wnt Pathways

YAP/TAZ signaling cooperates with the TGF-β and Wnt pathways in epithelial cells and
fibroblasts, which accelerates profibrotic reactions. Such crosstalk is presumed to be also active
in cancer cells and CAFs, in which it promotes tumor progression.

8.1. Crosstalk with TGF-β Signaling

TGF-β signaling is closely associated with both tissue fibrosis and cancer [133]. TGF-β drives
the differentiation of quiescent fibroblasts into matrix-secreting myofibroblasts, which is a key step in
tissue fibrosis. As mentioned above, CAFs promote tumor progression by enhancing ECM deposition,
angiogenesis, and secretion of growth factors. Importantly, TGF-β is a strong inducer of the CAF
phenotype and TGF-β signaling is activated in CAFs [134,135]. Therefore, it is conceivable that
fibroblast activation and ECM remodeling in tissue fibrosis promote tumor progression.

TGF-β suppresses the proliferation of epithelial cells and acts as a tumor suppressor during the
early stages of tumorigenesis. However, TGF-β is also a potent inducer of the EMT. The activation
of TGF-β signaling and EMT-related transcriptional changes are also observed in epithelial cells
derived from IPF lung tissues [39]. It is tempting to speculate that epithelial cells undergoing the
EMT in tissue fibrosis are primed to gain malignant features following carcinogenesis by mutations
in oncogenic driver genes. TGF-β binds to TGF-β receptors type I and II, which then phosphorylate
the intracellular signal transducers, Smad2 and Smad3. These form a heterotrimeric complex
with Smad4 and translocate into the nucleus, resulting in activation of the expression of various
genes. The interaction between TAZ and Smad2/3 is critical in nucleocytoplasmic shuttling of the
Smad2/3-Smad4 complex [136]. In the absence of TAZ, the Smad complex fails to accumulate in the
nucleus, and TGF-β-mediated transcription is disrupted in embryonic stem cells. RASSF1A regulates
the TGF-β-induced interaction between YAP and Smad2, which suppresses the invasion of cancer
cells [137].

The promoters of a variety of genes harbor both Smad-binding elements (SBEs) and TEAD-binding
elements [138]. In the nucleus, YAP/TAZ, TEAD, and Smad2/3 form a complex that regulates
the transcription of these genes. NEGR1 and UCA1 are synergistically activated by this complex,
and are necessary for maintaining the tumorigenic activity of metastatic breast cancer cells.
The YAP–TEAD–Smad complex also binds to the promoter of CTGF, which enhances ECM production
and proliferation by malignant mesothelioma cells [139]. A recent study has shown that TGF-β

125



Int. J. Mol. Sci. 2018, 19, 3674

increases the TAZ protein level in fibroblasts via Smad3-independent, and p38 and MRTF-mediated
mechanisms [140].

8.2. Crosstalk with Wnt Signaling

Wnt signaling also plays a key role in fibrogenesis and carcinogenesis. The activation of Wnt
signaling in epithelial cells and fibroblasts is a common feature of fibrotic tissues and contributes
to the proliferative and migratory activities in various organs, including the lung, kidney, heart,
and skin [3,141–143]. The inhibition of Wnt signaling by a small molecule, ICG-001, prevented and
even reversed bleomycin-induced lung fibrosis in mice [144]. Aberrant Wnt signaling is also involved
in carcinogenesis, as genetic alterations in Wnt signaling components are frequently observed in
various cancers [145].

In the absence of Wnt ligands, β-catenin is captured by the cytoplasmic destruction complex,
which consists of a scaffold protein, Axin, and other components such as APC, GSK3β, and CK1.
This capture results in the phosphorylation and degradation of β-catenin by β-TrCP. In the presence
of Wnt ligands, the destruction complex is dissociated, leading to the stabilization and nuclear
accumulation of β-catenin. In the nucleus, β-catenin interacts with the transcription factor TCF/LEF
to activate the transcription of target genes.

There is complex crosstalk between Wnt and YAP/TAZ signaling, and YAP/TAZ activity
is indispensable for Wnt-induced biological responses [11,146]. Azzolin et al. showed that
phosphorylated β-catenin serves as a presenting factor for TAZ to β-TrCP and promotes TAZ
degradation [11]. Wnt signaling stabilizes β-catenin, which leads to nuclear accumulation of TAZ and
enhancement of its transcriptional activity. Gene expression profiling revealed that the regulation of
a considerable portion of Wnt target genes was TAZ-dependent in both mammary epithelial cells and
colorectal cancer cells. In a follow-up study, they showed that YAP/TAZ are integral components of
the β-catenin destruction complex [146]. The activity of YAP/TAZ is regulated by Wnt signaling in
a similar manner to β-catenin and is required for stabilization of β-catenin.

Cai et al. reported that Wnt signaling mediates the β-catenin-independent activation of
YAP/TAZ [147]. APC, a core component of the β-catenin destruction complex, interacts with SAV1
and LATS1, which are upstream regulators of YAP/TAZ. The regulation of YAP/TAZ signaling by
APC is essential for intestinal tumorigenesis. DVL, a scaffolding protein involved in Wnt signaling,
is required for the nucleocytoplasmic shuttling of YAP [148]. Wnt can also activate YAP/TAZ via the
Frizzled (a GPCR-like Wnt receptor)–Gα12/13–Rho GTPases–LATS1/2 axis, which is independent of
canonical Wnt/β-catenin signaling [149]. Moreover, YAP was suggested to be a direct transcriptional
target of Wnt/β-catenin signaling, and its expression is required for the growth of colorectal cancer
cells [150].

Multiple layers of crosstalk between Wnt signaling and YAP/TAZ activity have been reported,
and these mechanisms may be involved in the pathogenesis of tissue fibrosis and the progression
of cancers.

9. Conclusions

There is abundant epidemiologic evidence that fibrosis—including pulmonary fibrosis and liver
cirrhosis—increases the risk of cancer in various organs. Among the mechanisms linking these
two diseases, recent studies strongly suggest that YAP/TAZ signaling plays an important role.
(1) YAP/TAZ contribute to fibrosis by acting both as mechanosensors and profibrotic effectors in
fibroblasts/myofibroblasts. Fibroblast activation and fibrotic changes in tissue fibrosis are similar
to cancer stromal reactions and provide a tumorigenic microenvironment. (2) Increased matrix
stiffness in tissue fibrosis can mechanoactivate YAP/TAZ in epithelial cells, which promotes cell
proliferation and survival. Other extrinsic signals, including oxidative stress and hypoxia, also activate
YAP/TAZ and promote tumorigenesis. (3) YAP/TAZ signaling cooperates with the TGF-β and Wnt
pathways in epithelial cells and fibroblasts, which may exert profibrotic and tumorigenic effects.
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(4) YAP/TAZ signaling, possibly in cooperation with TGF-β signaling, is capable of inducing the EMT.
EMT-related alterations in epithelial cells in fibrotic tissue may promote tumorigenesis. In cancer cells,
the YAP/TAZ-mediated EMT may further promote tumorigenicity and cancer stemness.

YAP/TAZ signaling has potential as a target for anti-fibrosis and anti-cancer therapies.
For example, by high-throughput screening, verteporfin was identified as a small molecule inhibitor
of the interaction between YAP/TAZ and TEAD, and reversed the malignant behavior of cancer
cells, although many off-target effects and general toxicity diminish its therapeutic potential [151,152].
A cell-based screen of chemical reagents that induce the recruitment of YAP to the cytosol showed that
dobutamine inhibits the YAP-dependent gene transcription [153]. Rho and ROCK inhibitors abolish
YAP/TAZ nuclear localization and activation [24]. Several studies have suggested that both fibrosis
and cancer could be treated by inhibiting Rho and ROCK [154,155]. Statins, which downregulate
YAP/TAZ activity via the mevalonate metabolic pathway, delay fibrosis progression and reduce the
risk of liver cancer in patients with HCV infection [156]. As YAP/TAZ directly upregulate PD-L1
in cancer cells, PD-1/PD-L1 checkpoint inhibitors, standard therapies for various types of cancer,
could be effective against cancers with YAP/TAZ activation.

However, targeting YAP/TAZ signaling may cause adverse effects because YAP/TAZ play critical
roles in organ homeostasis and regeneration. Therefore, molecular partners directing their tumorigenic
functions, such as AP-1, can also be promising therapeutic targets. Further studies are needed to
identify the group of patients with tissue fibrosis or cancer that is most likely to benefit from therapies
targeting YAP/TAZ signaling.
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Abstract: Transforming growth factor β (TGF-β) is a secreted cytokine that regulates cell proliferation,
migration, and the differentiation of a plethora of different cell types. Consistent with these findings,
TGF-β plays a key role in controlling embryogenic development, inflammation, and tissue repair,
as well as in maintaining adult tissue homeostasis. TGF-β elicits a broad range of context-dependent
cellular responses, and consequently, alterations in TGF-β signaling have been implicated in many
diseases, including cancer. During the early stages of tumorigenesis, TGF-β acts as a tumor suppressor
by inducing cytostasis and the apoptosis of normal and premalignant cells. However, at later stages,
when cancer cells have acquired oncogenic mutations and/or have lost tumor suppressor gene
function, cells are resistant to TGF-β-induced growth arrest, and TGF-β functions as a tumor
promotor by stimulating tumor cells to undergo the so-called epithelial-mesenchymal transition
(EMT). The latter leads to metastasis and chemotherapy resistance. TGF-β further supports cancer
growth and progression by activating tumor angiogenesis and cancer-associated fibroblasts and
enabling the tumor to evade inhibitory immune responses. In this review, we will consider the role of
TGF-β signaling in cell cycle arrest, apoptosis, EMT and cancer cell metastasis. In particular, we will
highlight recent insights into the multistep and dynamically controlled process of TGF-β-induced
EMT and the functions of miRNAs and long noncoding RNAs in this process. Finally, we will discuss
how these new mechanistic insights might be exploited to develop novel therapeutic interventions.

Keywords: EMT; lncRNA; metastasis; miRNA; SMAD; TGF-β; targeted therapy; tumor microenvironment

1. Introduction

Cancer treatments have been refined over a period spanning several thousand years, culminating in
the primary modern approaches of surgery, chemotherapy and radiation therapy [1]. In recent decades,
more targeted and personalized treatments have gained prominence. The fundamental aim of these
therapies is to specifically kill tumor cells while leaving healthy tissues intact [2]. Despite demonstrable
progress, these strategies frequently deliver relatively modest improvements in disease outcomes
owing to acquired resistance and excessive toxicity [3]. These findings indicate the need for greater
optimization of current treatments as well as the identification of alternative targets for the development
of novel cancer remedies.

Cancer is a complex disease in which tumor cell heterogeneity and the reciprocal interplay between
tumor cells and surrounding stromal cells and extracellular matrix are key determinants in tumor
progression and therapy response. Tumorigenesis shows similarity to subverted normal embryogenic
developmental processes in which communication between cells is controlled by cytokines that act
in an autocrine, paracrine or juxtacrine manner. In this light, we will provide a general overview
of the established roles of one such important developmental cancer signaling pathway, namely
the transforming growth factor-β (TGF-β), in tumorigenesis [4]. In particular, we consider how
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this essential TGF-β signaling network orchestrates the epithelial to mesenchymal transition (EMT),
the mechanism by which cancer cells lose polarity and separate from each other, adopt the characteristics
of a mesenchymal phenotype, become motile and invade distant sites. Key TGF-β-induced effectors
in this process are the transcriptional repressors of E-cadherin, e.g., SNAIL1, SNAIL2 (also termed
SLUG), ZEB1/2 and TWIST. Moreover, miRNAs and long noncoding RNAs (lncRNAs) are emerging
as potentially quantifiable biomarkers of cancer status and are potential targets for anti-metastatic
therapies [5]. In this review, we will highlight the pivotal role of these molecules in regulating TGF-β
signaling and epithelial-mesenchymal transition (EMT).

2. TGF-β and Signaling Transduction across the Plasma Membrane

TGF-β1 (hereafter termed simply TGF-β) is the prototypic member of a large family of structurally
and functionally related proteins, which includes its close relatives TGF-β2 and TGF-β3 but also
activins, nodal, inhibins, Mullerian-inhibiting substance (MIS), growth and differentiation factors
(GDF) and bone morphogenetic proteins (BMPs) [6]. TGF-β was discovered in the early 1980s as a
secreted factor that, together with TGF-β or epidermal growth factor (EGF), induced the growth of
normal rat kidney (NRK) cells in soft agar. Since then, we have gained a much deeper understanding
of this multifunctional cytokine [7]. The TGF-β gene encodes a pre-pro-precursor peptide of 390 amino
acids. The pro-precursor peptide is proteolytically processed by furin proteases into an amino-terminal
fragment and the carboxy-terminal 112 amino acids, which corresponds to the mature bioactive
TGF-β [8]. The amino-terminal part is also termed the latency associated peptide (LAP) and is
noncovalently attached to the mature TGF-β [9,10]. Latent TGF-β is activated by specific proteases
that cleave the LAP and/or by mechanical forces generated by cell surface integrins, resulting in the
release of mature, active TGF-β [11,12]. Bioactive TGF-β, which is capable of binding its cell surface
receptors, is a dimeric protein linked by disulfide bonds with an apparent molecular weight of 25 kDa.

TGF-β exerts its cellular effects via cell surface TGF-β type I and type II receptors, e.g., TβRI and
TβRII, respectively [13]. TβRI and TβRII are structurally related and consist of an extracellular domain
characterized by the presence of cysteine residues that form disulfide bonds, a single transmembrane
domain and an intracellular region harboring a conserved serine/threonine kinase domain. TGF-β
initially engages the TβRII, which drives the recruitment of TβRI and the formation of a heterotetrameric
complex composed of two TβRIIs and two TβRIs. Subsequently, the active TβRII kinase domain
phosphorylates TβRI on specific serine and threonine residues in the glycine-serine (GS) juxtamembrane
region, which leads to its activation [14]. TGF-β receptors are widely expressed in human tissues/cells
and mediate various biological phenomena, such as embryonic development, tissue homeostasis,
organogenesis, immune surveillance and tissue repair.

3. Intracellular SMAD and Non-SMAD Signaling Pathways

Genetic studies designed to delineate the critical components of the dauer and decapentaplegic
pathway in Caenorhabditis elegans and Drosophila, respectively, led to the identification of Small (Sma)
and Mothers against dpp (Mad) genes [15,16]. The mammalian homologues of the proteins encoded
by these genes, termed SMADs, were found to act as intracellular transcriptional effectors of TGF-β
family receptor signaling [17]. The SMAD family can be divided into receptor-regulated (R-) SMADs
(in vertebrates: R-SMAD1, -2, -3, -5 and -8) that interact with and become phosphorylated by activated
type I receptor kinases, the common (Co-) SMADs (in vertebrates: SMAD4) that form heteromeric
complexes with activated R-SMADs and inhibitory I-SMADs (in vertebrates: I-SMAD6/7), which
antagonize canonical SMAD signaling [18] (Figure 1).
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Figure 1. TGF-β/SMAD and non-SMAD signaling. TGF-β elicits its cellular responses by forming
ligand-induced complex formation of TGF-β type I and type II cell surface receptors (i.e., TβRI
and TβRII) that are endowed with serine/threonine kinase activity. The extracellular signal is
transduced across the plasma membrane through the action of the constitutively active TβRII kinase that
phosphorylates specific serine and threonine residues in the intracellular juxtamembrane GS domain
of TβRI. Intracellular signaling is then initiated when the activated TβRI kinase phosphorylates or
activates intracellular signal mediators. In the case of the canonical SMAD pathway, TβRI recruits and
phosphorylates specific R-SMADs, e.g., SMAD2 and SMAD3, which can form heteromeric complexes
with SMAD4. These transcription factor complexes then translocate into the nucleus and cooperate with
other transcription regulators to regulate target gene expression. In the non-SMAD pathway, TGF-β
receptors activate other pathways, including various branches of MAPK pathways, RHO-like GTPase
signaling pathways and phosphatidylinositol-3-kinase (PI3K)/AKT pathways. Inhibitory signals are
indicated with inhibitory red arrows; Stimulatory signals are indicated with green arrows.

The R- and Co-SMADs have two conserved domains, termed Mad homology (MH)1 and
MH2 domains at the amino-terminal (MH1) and carboxy-terminal (MH2) ends of the proteins.
MH1 and MH2 are separated by a flexible linker region. R-SMAD phosphorylation by type I receptors
occurs on two serine residues, which comprise the SXS sequence motif, at the C-termini. SMAD3 and
SMAD4, but not SMAD2, bind directly to the consensus 5′-CAGA-3′ DNA motif. Heteromeric complex
formation between R-SMADs and SMAD4 is mediated by MH2 domains. Heteromeric complex
formation of R-SMADs and SMAD4 exposes nuclear import signals and shields nuclear export signals,
resulting in their nuclear accumulation. In the nucleus, they can act as transcription factors in concert
with other DNA binding transcription factors, coactivators and repressors and chromatin remodeling
factors, which enable diverse transcriptional responses depending upon the particular combination
of proteins [19]. I-SMAD7, which has a carboxy terminal region with homology to R-SMADs and
SMAD4 MH2 domains, antagonizes the activation of TGF-β receptor/SMAD signaling. SMAD7 achieves
this via multiple mechanisms, including the recruitment of the E3 ubiquitin ligase SMURF2 to the
activated receptor, thereby targeting the TGF-β receptor for proteasomal and lysosomal degradation.
SMAD7 can also attenuate signaling by recruiting phosphatases to the activated TGF-β receptor, which
mediate receptor inactivation by the dephosphorylation of specific amino acid residues [20].

139



Int. J. Mol. Sci. 2019, 20, 2767

TGF-β can also signal via non-SMAD pathways. This process can occur directly or indirectly [21].
An example of an indirect mechanism is TGF-β/SMAD-stimulated expression of growth factors, such
as platelet-derived growth factor (PDGF) and epidermal growth factor (EGF), which thereafter initiate
non-SMAD responses. Non-SMAD signaling can also be initiated directly downstream of the TGF-β
receptor by activation of various branches of the MAP kinase (MAPK) pathway, Rho-like GTPase
signaling pathways and the phosphatidylinositol-3-kinase (PI3K)/AKT pathway [22]. For example,
activated TβRI can induce tyrosine phosphorylation of SHCA, which associates with GRB2, and recruits
a GRB2/SOS complex, thereby triggering activation of the RAS/RAF/MAP kinase signaling cascade [23].
Activated TGF-β receptor complexes also induce K63-linked polyubiquitination of TRAF4/6, leading
to the recruitment of TAK1 and triggering its activation, thus allowing TAK1 to activate JNK signaling
through MKK4 or P38 MAPK signaling via MKK3/6 [18,24,25]. At tight junctions, TβRII phosphorylates
PAR6 at serine residue 345. This phosphorylated PAR6 recruits SMURF1 to the activated TβRI-TβRII
receptor complex. The PAR6-SMURF1 complex subsequently mediates localized ubiquitination
and turnover of RHOA at cellular protrusions [26]. TGF-β can promote the interaction between
CDC42 GTPase/RAC and p21-activated kinase (PAK) 2, an interaction that is dependent on SMAD7 [27].
TGF-β receptors interact with the regulatory p85 subunit of PI3K, resulting in activation of the
PI3K/AKT pathway, which controls translational responses through mammalian target of rapamycin
(mTOR) [28]. Activation of non-SMAD signaling occurs in a context-dependent manner, and these
pathways also crosstalk with the canonical SMAD pathway.

4. Tumor Suppressive Effects of TGF-β

TGF-β can act as a potent tumor suppressor in normal and premalignant epithelial cell types
(Figure 2). TGF-β triggers G1 phase cell cycle arrest by different mechanisms in different cell
types [29]. For example, this molecule can activate the translation-inhibitory protein 4E-BP1 (regulator
of eukaryotic translation initiation factor-4F (eIF4E)) promoter activity through SMAD4, thereby
suppressing translation and cell growth and proliferation [30]. TGF-β causes late G1 cell cycle arrest
by inducing the expression of cyclin-dependent kinase (CDK) inhibitors (p15INK4b, p21WAF1 and
p27KIP1) to inhibit CDK-cyclin complexes [31]. In MCF10A and MDA-MB-231 cell lines, the tumor
suppressor p53 is a critical SMAD partner, which promotes TGF-β-induced p21 expression to block cell
cycle progression [32]. In addition, TGF-β exerts growth inhibitory effects by inhibiting the expression
of CDC25a phosphatase (which is required for CDK-cyclin activation) [33] or negatively regulating
Id proteins (helix-loop-helix (HLH) proteins, which are essential for inhibition of cell differentiation
and growth arrest) [34] in the prostate epithelial cell line HPr-1. TGF-β directly inhibits c-MYC by
binding a transcriptional repression complex containing SMAD2/3, E2F4/5, p107, and C/EBPβ to the
TGF-β inhibitory element in the proximal region and thus achieving cell cycle arrest in HaCaT, COS-1,
and Mv1Lu-tet-p15 cells and human leukemia MO-91 cells [35].

In addition to cell cycle arrest, TGF-β can induce cell apoptosis in the early phase of
tumorigenesis [29]. However, the precise mechanisms by which TGF-β induces this effect in different
cell types remain unclear. The expression of some apoptotic regulators (such as growth arrest
and DNA damage (GADD) 45, Bcl-2-like protein 11 (BIM), BCL-2 interacting killer (BIK), death
associated protein kinase (DAPK), FAS, and B-cell lymphoma-extra large (BCL-XL)) was shown to
be regulated by the TGF-β/SMAD signaling pathway [36]. For example, BIM was found to be a key
mediator of TGF-β-induced apoptosis in intestinal adenoma cells [37] and in hepatocarcinoma cells [38].
TGF-β1-associated regulatory SMAD proteins bind to the BIK (also known as NBK) promoter, which
encodes a proapoptotic sensitizer protein in B cells [39]. After TGF-β1 treatment, researchers found
that TGF-β induced SMAD-dependent binding between the proapoptotic effector BIM and BCL-XL
in gastric carcinoma cell lines [40] and a decrease in BCL-XL expression followed by activation of
the apoptosis proteins caspase-9 and caspase-3 in human hepatoma cells (HuH-7) [41]. TGF-β can
activate the TAK1-p38/JNK pathway, which has been reported to lead to apoptosis in HEK 293T
cells [25]. This molecule also promoted the expression of SMAD-dependent GADD45β in hepatocytes
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and plays an important role in cell death by mediating delayed TGF-β-induced p38 MAP kinase
activation [42]. Here, the effects of TGF-β in proapoptotic signaling occur in a context-dependent
manner. Additionally, the TGF-β signaling pathway can be coupled to the cell death machinery through
the induction of reactive oxygen species (ROS) [43], apoptosis genes (SHIP and TIEG), modulation
of epigenetic regulators (DNMTs) [44], H3K79me3 and H2BK120me1 [45], and telomere shortening
through regulating human telomerase reverse transcriptase (hTERT) in the breast cancer MCF-7 cell
line [46]. These effects of TGF-β in proapoptotic signaling occur in a context-dependent manner.

Figure 2. TGF-β-induced growth inhibition and apoptosis. The TGF-β/SMAD pathway can arrest cells
in the G1 phase of the cell cycle by modulating the expression of specific genes, including induction of
4EBP1, p15INK4b, p16INK4A, p21WAF1 and p57KIP2 and repression of Id proteins, E2F, c-MYC and
CDC25a genes. The TGF-β/SMAD pathway can induce cell apoptosis by inducing the expression of
proapoptotic genes, such as BCL-XL, BIM, BIK, SHIP and TIEG. The TGF-β activation of TAK-1 occurs
via TRAF6 and the adaptor XIAP-mediated TAB/TAK-1 complex and GADD45β. Activation of NF-κB
by the TAK pathway stimulates p38/JNK phosphorylation, which has been reported to lead to apoptosis.
Additionally, the TGF-β signaling pathway can be coupled to the cell death machinery through ROS,
autophagy activation (ATG-5/-6/-7), induction of DAPK expression, epigenetic changes and shortening
of telomere length (regulating hTERT). Inhibitory signals are indicated with inhibitory red arrows;
Stimulatory signals are indicated with green arrows. SMAD-mediated transcriptional events are
indicated with the black arrow.

The TGF-β signaling pathway can inhibit tumor growth by multiple other mechanisms, including
activating autophagy in certain human cancer cells. For example, in human hepatocellular carcinoma
cell lines, TGF-β induced the accumulation of autophagosomes and increased the expression levels of
the autophagy markers Autophagy-related 5 (ATG5), Beclin1, ATG7 and death-associated protein kinase
(DAPK) [47]. Moreover, siRNA-mediated silencing of autophagy genes attenuated TGF-β-mediated
growth inhibition and induction of the proapoptotic genes BIM and BMF in human hepatocellular
carcinoma cells [48].

Because of its central role in tumor suppression, TGF-β signaling components were found to
be mutated and functionally inactivated in various cancers [49]. The first example was SMAD4,
which is frequently mutated in gastrointestinal cancers [50]. Subsequently, other TGF-β signaling
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components, e.g., TGF-β receptors [51] and SMADs (SMAD2 and SMAD3), were found to be mutated
in various cancers, including bladder, colon, breast, esophageal, stomach, brain, liver, and lung
cancers [52]. Loss of tumor suppressor function and epigenome and microenvironmental changes can
also affect the tumor-promoting activity of the TGF-β receptor/SMAD pathway [53]. For example,
in gastrointestinal tumors, TβR1 activity was decreased due to the methylation status of the TβR1
promoter [54]. In turn, TGF-β/SMAD can affect the epigenome of genes involved in cancer processes.
TGF-β and SMAD2/3 show oncogenic activities, such as promoting glioma cell proliferation, by affecting
the methylation status of the platelet-derived growth factor-β (PDGF-B) gene and autocrine PDGF-B
signaling within tumor microenvironments [55]. TGF-β stimulated myofibroblast percent and invasion
rate in tumor-associated fibroblasts (CAFs) that increase tumor invasion [56].

5. TGF-β-induced Tumor Promoting Effects

5.1. Cell Biology of TGF-β-induced EMT

In the late stage of cancer progression, cancer cells remain responsive to TGF-β but become resistant to
its cytostatic effects. In fact, by acting directly on cancer cells, TGF-β can promote tumorigenesis by inducing
the so-called epithelial to mesenchymal transition (EMT) [57]. Under normal physiological conditions,
EMT plays a crucial role in the context of embryogenesis and tissue damage repair [58]. This process can
be subverted and pathological, and EMT drives the development of fibrotic disease and tumorigenesis [59].
EMT is characterized by changes in the levels of three prominent biomarkers (E-cadherin, vimentin,
and N-cadherin), and these changes can lead to decreased adhesion of cells, loss of polarity and tight
junctions. At the same time, epithelial cells adopt the traits of a mesenchymal phenotype, notably motility
and susceptibility to invasion and metastasis (Figure 3) [60]. Importantly, mesenchymal cancer cells are
correlated with poor prognosis and associated with resistance to chemotherapy [61]. Interestingly, recent
studies have questioned the necessity of EMT in establishing metastasis [62]. Zheng et al. reported that
in genetically engineered mouse models of pancreatic adenocarcinoma development and spontaneous
metastasis mouse models of breast cancer, tumor cells could metastasize without activating EMT programs,
and EMT only contributed to chemoresistance [63]. Similarly, Fischer et al. also showed that EMT is not
required for lung metastasis but contributes to chemoresistance in spontaneous breast-to-lung metastasis
models [64]. However, these findings have been challenged by other researchers, who believed that Zheng
et al. failed to completely suppress the activation of EMT, and their results can only speak to the redundancy
of EMT within the transcriptional network in pancreatic carcinomas. These researchers continue to
subscribe to the notion that EMT is required for metastatic dissemination in pancreatic carcinoma cells [65].

Increasing data have shown that EMT is not a single, stereotypical program but instead has a
multistep process that passes through intermediate hybrid states (partial EMT state, P-EMT) during the
transition from epithelial to mesenchymal cells [66]. The TGF-β-induced transition from epithelial to
P-EMT is reversible, whereas the transition from P-EMT to mesenchymal cells is potentially irreversible
depending on the type of cell that is involved [59]. Studies have found that there are at least seven
tumor subpopulations associated with different EMT stages in skin and breast cancer tissues, which
contributes to intratumor heterogeneity. These EMT subpopulations displayed differences in cellular
plasticity, invasiveness, and metastatic potential, and tumor cells with an early stage of EMT were most
likely to metastasize [67]. An interesting paper reported that TGF-β activates scleroderma epithelial
cells to the P-EMT process in fibrotic skin [68]. Related to this, single cell RNA-seq showed that P-EMT
plays an important role in head and neck cancer, and further in vitro analyses suggested that TGF-β
dynamically controls the transition between P-EMT and non-P-EMT states in cells [69].
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Figure 3. TGF-β mediates EMT. TGF-β is a strong promoter of EMT, which is characterized by a loss
of epithelial and gain of mesenchymal markers. Polar epithelial cells remodel into highly migratory
mesenchymal cells, followed by decreased adhesion of cells and loss of polarity and tight junctions.
TGF-β via SMAD or non-SMAD signaling pathways can induce the expression of several EMT-TFs,
such as SNAIL1, SNAIL2, ZEB1/2 and TWIST. The migratory and invasive mesenchymal-like tumor
cells extravasate from primary lesions into blood or lymphatic vessels and then intravasate to distant
sites via, where they form metastatic colonies upon MET.

5.2. Molecular Mechanisms in TGF-β-induced EMT

SMAD levels/activities mediate TGF-β-induced EMT by inducing the expression of E-cadherin
transcriptional repressors, such as SNAIL, ZEB and TWIST, which cooperate with other transcription
regulators in the nucleus [58]. Several additional lines of evidence argue for a role of SMADs
in TGF-β-induced EMT, and some examples are provided below. Knockdown of SMAD4 in
MDA-MB-231 breast cancer cells robustly attenuated bone metastasis in nude mice and significantly
prolonged survival of the treated animals [70]. SMAD3 and SMAD4 interact to form a complex
with SNAIL1 that targets the tight-junction protein (CAR) and E-cadherin during TGF-β-driven
EMT in breast epithelial cells. Conversely, co-silencing of SNAIL1 and SMAD4 by siRNA inhibited
repression of CAR and occludin during EMT [71]. In addition, SMAD3/SMAD4-mediated SNAIL
transcription contributed to EMT during skin carcinogenesis, while SMAD2 loss significantly increased
this effect [72]. Moreover, SMAD7, the transcriptional target and negative regulator of TGF-β signaling,
upregulated TGF-β and inducing SMAD7 transcription prevented TGF-β-induced EMT and invasion
of cancer cells [73]. Additionally, ubiquitin ligases that promote poly-ubiquitination and proteasomal
degradation of SMADs affect EMT. This finding is illustrated by E3 ubiquitin ligase RNF8, which
activates TWIST via K63-linked ubiquitination to promote EMT and cancer stem cell (CSC) self-renewal,
resulting in enhanced metastasis and chemoresistance in breast cancer [74].

TGF-βcan also induce EMT in a non-SMAD-dependent fashion, for example, by promoting cytoskeletal
remodeling, which leads to activation of ERK [75]. The ERK required for cytoskeletal remodeling interacts
with SHC or GRB2 to form an SHC-GRB2-ERK complex, which is a key component of TGF-β-induced
tumor invasion and metastasis [76]. ERK substrates, AP-1 family members, enhance SMAD transcriptional
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activity to regulate gene expression and TGF-β-induced EMT [77]. However, the RHO-like GTPases,
including RHOA, RAC and CDC42, are also involved in TGF-β-induced EMT. TGF-β regulates cytoskeletal
changes via mediating RHO GTPase to achieve the dissolution of tight junctions among cells. TGF-β
mediates the RHOA activity level and promotes the activation of LIM kinase (LIMK) by Rho-related kinase
(ROCK) and phosphorylated myosin light chain (MLC) to inhibit cofilin [78]. In addition, TGF-β affects
tight junctions through SMAD7-dependent CDC42-PAK1 (p21-activated kinase) and filopodia formation.
The TRAF6-TAK1-JNK/P38 pathway and PI3K-AKT-mTOR signaling are also necessary non-SMAD
pathways for TGF-β-mediated EMT [79,80]. Scientists have shown that PI3K/AKT signaling promotes
tumor metastasis by inducing TWIST1 phosphorylation, via a crosstalk between AKT/PKB and TGF-β
signaling [81]. Twist also had a significant effect on AKT signaling pathway activation by inducing
expression of miR-10b in gastric cancer cells, and the miR-10b induced by TWIST increased the expression
of a well-characterized pro-metastatic gene, RHOC [82]. Moreover, in an orthotopic syngeneic mouse tumor
model, metastasis caused by EMT was attenuated in mice treated with the p38 inhibitor SB203580 [83].
TRAF6 knockdown inhibited the migration and invasion caused by EMT of SCCHN (squamous cell
carcinoma of head and neck) cells [84].

In addition to these SMAD/non-SMAD pathways, TGF-β affects the activities of other EMT
trigger signaling pathways (NOTCH, WNT, INTEGRIN, etc.) by several complexes, such as ZEB1/2,
the SNAIL1-SMAD3/4 complex, the β-catenin-SMAD2 complex, the LEF1-SMAD3/4 complex and
the SMAD3-AP1-1 complex [85]. As early as 20 years ago, scientists discovered that SMAD4 could
form a complex with β-catenin and LEF1/TCF (lymphoid enhancer factor1), which are downstream
components of the Wnt signaling cascade in vivo [86]. SMAD signaling subsequently stimulates the
formation of β-catenin/LEF1 and SNAIL-LEF1 complexes, which promote EMT by inhibiting the
expression of E-cadherin [87,88]. TGF-β can promote EMT associated with WNT-11 signals through
the WNT-11 receptor FZD8 in prostate cancer [89]. Moreover, WNT-11 signaling mediates the nuclear
entry process of TAK1 (TGF-β-activated kinase) [90]. The TGF-β and NOTCH pathways coregulate
a large cohort of genes in human cancer, such as renal cell carcinoma [91]. R-SMAD activates the
NOTCH ligand Jagged1 to release Notch intracellular domain (ICN) and then binds to CLS (an acronym
for CBF-1/RBPJ-κ in Homo sapiens/Mus musculus respectively, Suppressor of Hairless in Drosophila
melanogaster, Lag-1 in Caenorhabditis elegans). This ICN-CLS complex induces the binding of the
transcription factor SNAIL or HEYl to the E-cadherin E-box to reduce E-cadherin expression and
initiate the EMT process [92]. Moreover, SMAD signaling and MAPK/JNK signaling converge at
AP1-binding promoter sites by SMAD3 and SMAD4, which cooperate with c-JUN/c-FOS [93], and the
RAS-ERK MAP kinase pathways are likely to act synergistically with TGF-β and contribute to multiple
aspects of the EMT, including the pro-invasive and pro-metastatic behavior of tumor cells of diverse
tissue origins [94]. TGF-β increases the level of SNAIL and promotes EMT with the cooperation of
oncogenic RAS [57] and the transcription factor nuclear factor κB (NF-κB) [95]. In addition, TGF-β
upregulates receptors and ligands of PDGF, leading to phosphorylation of PI3K and activation of the
SRC/STAT3 pathway, thereby triggering the EMT process [96].

5.3. MicroRNAs Involved in TGF-β-induced EMT

Two microRNA (a class of small noncoding RNAs approximately 22 nt in length)-dependent
negative feedback loops are at the heart TGF-β-induced EMT (Figure 4). These pathways are the
SNAIL1/miR-34 family/ZEB/miR-200 family feedback loop and the autocrine TGF-β/miR-200 feedback
loop [97].
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Figure 4. MicroRNAs in TGF-β-induced EMT. At the heart of TGF-β-induced EMT, there are two
main double-negative feedback regulatory loops of miRNAs, e.g., the SNAIL1/miR-34 family and
ZEB/miR-200 family and the autocrine TGF-β/miR-200 negative feedback loop. Specifically, TGF-β
downregulates miR-200 family members, thereby increasing ZEB1 and ZEB2 mRNA levels indirectly,
and ZEB binds to promoters of the miR-200 members to repress their expression, thus constituting a
double-negative regulatory loop. The same situation occurs in SNAIL1 and miR-34, which are directly
linked to p53 status. For the autocrine TGF-β/miR-200 system, autocrine TGF-β positively regulates the
expression of SNAIL1 and then increases ZEB mRNA and protein levels, further downregulating miR-200.
Inhibitory signals are indicated with inhibitory (dashed) red arrows; Stimulatory signals are indicated with
green arrows.

Mechanistically, TGF-β downregulates miR-200 family members, including
miR-200a/-200b/-200c/-141/-429, which augments ZEB1 and ZEB2 mRNA levels. ZEB counteracts
this mechanism through binding to the promoters of the miR-200 members and thereby repressing
their expression. Additionally, miR-200 family members maintain the epithelial phenotype not
only by targeting ZEB1/2 but also by actively repressing genes involved in cell motility and
invasion [98]. MiR-1199-5p similarly regulates ZEB1 expression [99]. A comparable mechanism
governs SNAIL1/miR-34 and the control of p53 status [100]. One study showed that in colorectal cancer,
Zinc Finger protein 281 (ZNF281) can be an intermediate regulator between SNAIL1 and miR-34 [101].
In addition to SNAIL and p53, miR-34b experiences epigenetic regulation (chromatin modifications
and DNA methylation) by directly targeting methyltransferases and deacetylases, resulting in a
positive feedback loop inducing partial demethylation and activity [102]. Silencing miR-34a promoted
liver metastases of colon cancer associated with upregulation of c-MET, SNAIL, and β-catenin
expression [103]. Transcriptome profiling studies have demonstrated that TGF-β signaling regulates
the SMAD4/miR-34a signaling network [104]. The SNAIL1/miR-34 regulatory loop was shown
to be involved in the early reversible stage of EMT (from epithelial to P-EMT), whereas the
ZEB/miR-200 system is responsible for the establishment of a mesenchymal state [105]. For the
autocrine TGF-β/miR-200 system, autocrine TGF-β positively regulates the expression of SNAIL1 and
then increases ZEB mRNA and protein levels, further affecting miR-200 [106]. This process makes the
second switch (from P-EMT to mesenchymal) irreversible, modulating the maintenance of EMT.
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High mobility group protein A2 (HMGA2) has been shown to promote lung cancer progression
in mouse and human cells by competing with TGF-β type III receptor for the let-7 microRNA (miRNA)
family [107], while decreased let-7g levels influence the TGF-β pathway by targeting TβR1 and
SMAD2 gene expression [108]. The overexpression of miR-10b induced TGF-β-driven EMT in breast
cancer [109]. In contrast, silencing of miR-10b markedly suppressed the formation of lung metastases
by inhibiting its target gene HOXD10 in a mouse mammary tumor model [110].

TGF-β upregulates certain miRNAs, such as miR-182, which prolong NF-κB activation by
directly suppressing an NF-κB negative regulator (cylindromatosis, CYLD) [111]. Overexpression of
miR-182 restrained SMAD7 expression and promoted breast tumor invasion and TGF-β-induced
osteoclastogenesis and bone metastasis [73]. MiR-181a, another miRNA upregulated by TGF-β, promoted
TGF-β-mediated EMT and metastasis in breast cancer [112] and via repression of SMAD7 in ovarian cancer
progression [113]. TGF-β activates miR-1269 by SOX4 and thereby enhances TGF-β signaling by targeting
SMAD7 and HOXD10. This positive feedback loop significantly increased the ability of colorectal cancer
cells to invade and metastasize in vivo [114]. Overexpression of miR-216a/217 activated the PI3K/AKT and
TGF-β pathways by targeting PTEN, and SMAD7 underlies hepatocarcinogenesis and tumor recurrence
of hepatocarcinoma [115]. TGF-β induces the expression and promoter activity of miR-155 through
SMAD4. This change reduces RHOA protein and disrupts tight junction formation, leading to EMT [116].
Other research has shown that miR-206 inhibits autocrine production of TGF-β as well as downstream
neuropilin-1 (NRP1) and SMAD2 expression, resulting in decreased migration, invasion, and EMT in
breast cancer cells [117]. Several other miRNAs, such as miR-373, miR-655, miR206, miR-155, miR-140-5p,
miR-494, miR-125a/b, and miR-375, have been implicated in EMT [118–122]. However, for many of these
factors, their specific functions remain to be elucidated.

5.4. LncRNAs Involved in TGF-β-induced EMT

Long non coding RNAs (LncRNAs) are a class of RNAs that do not encode proteins or have minimal
coding capacity. LncRNAs are emerging as important regulators of a variety of cellular and physiologic
functions, such as chromatin dynamics, gene expression, growth, differentiation, and development [123].
LncRNAs can be differentially expressed and localized within the cell. They play a role in chromatin
and DNA interactions, negatively or positively affecting the stability or processing of coding mRNA,
directly binding to and modulating the functions of signaling proteins, and competitively binding to
and thereby controlling the function of miRNAs [124]. Aberrant expression and mutations in lncRNAs
have been linked to tumorigenesis, metastasis, and tumor stage [125]. Moreover, they have been
detected in the circulating blood and/or urine of cancer patients. For example, plasma levels of a novel
lncRNA, p53-induced transcript (Linc-pint), were significantly lower in patients with pancreatic ductal
adenocarcinoma (PDAC) than healthy controls [126]. The expression of twenty lncRNAs linked with
breast cancer-associated genes (BCAGs) was detectable in human breast cancer cell lines with different
expression patterns [127]. LncRNAs are novel, potential therapeutic targets and biomarkers for cancer
treatment, and new functions continue to be discovered [128].

Whereas previous studies have shown the involvement of miRNAs in regulating TGF-β signaling
and EMT, only a few studies have reported a prominent role of lncRNAs in these processes. Trans-acting
lncRNA ELIT-1 induced by TGF-β1 forms a positive TGF-β/SMAD3 signaling feedback and promotes
EMT progression by acting as a SMAD3 cofactor [129]. The miR-17~92 polycistronic miRNA cluster
encoded by the lncRNA MIR17HG locus was shown to attenuate the TGF-β signaling pathway and
stimulate angiogenesis and tumor growth [65,130]. In a recent study, researchers found that a lncRNA
activated by TGF-β, lncRNA-ATB, induces EMT and invasion by competitively binding miR-200 family
members, which promoted organ-specific metastasis by binding IL-11 mRNA. This competitive binding
increased IL-11 mRNA stability, which caused autocrine induction of IL-11 and subsequent activation
of STAT3 signaling [131]. These findings suggest that lncRNA-ATB, a mediator of TGF-β signaling,
could predispose HCC patients to metastasis [132]. Another study showed that lncRNA-PNUTS,
which is highly expressed in mesenchymal breast tumor cells, competitive binds to and neutralizes the
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activity of miR-205 during EMT. Moreover, elevated expression of lncRNA-PNUTS was correlated
with upregulated levels of ZEB mRNAs [133]. LncRNA MEG3 can modulate the activity of TGF-β
genes by binding to distal regulatory elements [134]. Another lncRNA, DNM3OS, was associated with
overexpression of TWIST1 and specifically contributed to EMT in ovarian cancer [135]. Recently, a paper
showed that lncRNA-MUF can directly activate WNT/β-catenin signaling and EMT by binding to
ANNEXIN 2A. LncRNA-MUF can also indirectly promote EMT by competitively binding to miR-34a
and upregulating SNAIL1 expression [136].

Reduced lncRNA H19 expression in hepatocarcinogenesis (HCG) tissues from patients with the
epithelial TGF-β gene signature [137] but increased H19 expression promoted tumor metastasis after
TGF-β treatment in Hep3B cells [138]. In a mouse model of spontaneous metastatic breast cancer,
lncRNA H19 mediated EMT and MET by differentially binding to the microRNAs miR-200b/c and
let-7b [139]. LncRNA H19 can also interact with SLUG and/or EZH2, which regulates E-cadherin
expression [140]. Lnc-Spry1 is downregulated by TGF-β and plays a direct regulatory role in the
early stage of TGF-β-induced EMT, thus affecting cell invasion and migration. This molecule also
controls gene and protein expression levels through an interaction with the splicing factor U2AF65 [141].
LncRNA-KRTAP5-AS1 and lncRNA-TUBB2A control the function of CLAUDIN-4 and thereby influence
EMT in gastric cancer [142]. LncRNA HOTAIR (for HOX Transcript antisense intergenic RNA) acts as a
crucial player during EMT by mediating a physical interaction between SNAIL and EZH2, which form
an enzymatic subunit of the polycomb repressive complex 2, the main writer of chromatin-repressive
marks [143]. Together, these findings suggest that lncRNAs can be mediators of TGF-β signaling and
may serve as a potential target for anti-metastatic therapies. The mechanisms by which lncRNAs
regulate TGF-β signaling are largely unknown, and how they affect TGF-β pathway components in
cancer metastasis remains to be discovered (Figure 5 and Table 1).

Figure 5. LncRNAs in TGF-β signaling and TGF-β-induced EMT. LncRNAs associated with TGF-β
signaling and TGF-β-induced EMT in various cancer cell types. LncRNAs with high expression in
tumor tissues (in red) and low expression in tumor tissues (in green).
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Table 1. LncRNAs involved in TGF-β signaling, focusing on those that impact TGF-β-induced EMT.
LncRNAs with high expression in tumor tissues (in red) and low expression in tumor tissues (in green).

Cancer Type LncRNA Function and Mechanism of Action Example of Key Findings or Experiments

Breast cancer

lncRNA-ATB [144] Functions as a sponge of miR-141-3p,
increasing ZEB1 and ZEB2 expression.

Knockdown results in a morphological change of
breast cancer cells from spindle-like to round shape
and in a remarkable inhibition of cell migration
and invasion.

AC026904.1 and UCA1 [145]

Functions as an enhancer RNA (eRNA) to
activate Slug gene transcription in the
nucleus, whereas UCA1 exerts a
competitive endogenous RNA (ceRNA) for
titrating miR-1 and miR-203a to promote
Slug expression at the post-transcriptional
level in the cytoplasm.

Knockdown of either AC026904.1 or
UCA1 prolongs survival time of the nude mice
bearing D3H2LN mammary tumors, these two
genes exert critical roles in TGF-β-induced EMT
and promote invasion in metastatic breast cancer.

NKILA [146] Suppresses TGF-β-induced EMT by
blocking NF-κB signaling

Overexpression reduces TGF-β-induced tumor
metastasis in vivo.

ANCR [147]

Functions as a downstream effector
molecule, down-regulated by TGF-β1,
and is essential for TGF-β1-induced EMT
by decreasing RUNX2 expression.

Ectopic expression partly attenuates the
TGF-β1-induced EMT and knockdown promotes
TGF-β1-induced EMT and metastasis in breast
cancer.

Lnc-Spry1 [141]

Functions as an immediate-early regulator
of EMT that is downregulated by TGF-β,
affecting the expression of TGF-β-regulated
gene targets; alternative splicing by
U2AF65 splicing factor; isoform switching
of fibroblast growth factor receptors.

Knockdown promotes a mesenchymal-like
phenotype and results in increased cell migration
and invasion.

lncRNA-HIT [148] Ectopic expression disrupts tight junction
by targeting E-cadherin.

Knockdown results in decrease of cell migration,
invasion, tumor growth, and metastasis.

linc-ROR [149,150]

Functions as a sponge of miR-145 and
therefore upregulate the expression of
ARF6, which regulates adhesion and
invasion properties of breast tumor cells
through E-cadherin.

Regulates the cancer stem cell phenotype in
Triple-negative Breast Cancer, which plays a critical
role in drug resistance and metastasis.

HOXA-AS2 [151]

Functions as an endogenous sponge of
miR-520c-3p, and controls the expression of
miR-520c-3p target genes, TβR2 and RELA,
in breast cancer cells.

Knockdown inhibits the progression of breast
cancer cells in vitro and in vivo.

CCAT2 [152]

Knockdown causes cell cycle arrested in
G0/G1 phase, promotes cell apoptosis and
downregulates the protein expression levels
of TGF-β, Smad2 and α-SMA in breast
cancer cells.

Down-regulation inhibits the proliferation,
invasion and migration in breast cancer cells.

MEG3 [134,153,154]

Regulates the TGF-β pathway genes
through formation of RNA-DNA triplex
structures, and downregulates AKT and
functions as a sponge of miR-421 to
regulate E-cadherin expression.

Ectopic expression inhibits in vivo tumorigenesis
and angiogenesis in a nude mouse xenograft
model.

Gastric cancer

LINC00978 (known as
MIR4435-2HG and
AK001796) [155]

Knockdown inhibits the activation of
TGF-β/SMAD signaling pathway and EMT
in GC cells.

Knockdown inhibits the proliferation, migration
and invasion and decreases the in vivo
tumorigenicity of GC cells in mice.

UCA1 [156]
Knockdown inhibits TGF-β1-induced-EMT
process and the effect could be partly
restored by TGF-β1 treatment.

A potential oncogenic factor by regulating GC cells
proliferation, invasion, and metastasis under
TGF-β1 induction.

lncRNA-ATB [157–159] Induced by TGF-β and functions as a
ceRNA of miR-141-3p or miR-200s.

A novel biomarker of lncRNA, correlated with
increased invasion depth, more distant metastasis
and advanced tumor-node-metastasis stage.

XIST [160]
Functions as a competing endogenous
lncRNA (ceRNA) to regulate TGF-β1 by
sponging miR-185 in GC.

sh-XIST inhibited GC development in vitro.
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Ovarian
carcinomas

LncRNA-LET [161]
Regulates EMT process and the expression
of TIMP2 and activates the Wnt/β-catenin
and Notch signaling pathways.

Overexpression inhibits cell viability, migration
and EMT process, and increases apoptosis in KGN
cells

H19 [162]
Functions by competing with miR-370-3p to
regulate TGF-β-induced EMT in ovarian
cancer.

Knockdown suppresses TGF-β-induced EMT,
while H19 overexpression promotes
TGF-β-induced EMT.

MALAT1 [163,164]

TGF-β increases its expression by inhibiting
miR-200c; MALAT1 interacts with
MARCH7, which regulates
TGF-β-smad2/3 pathway by interacting
with TβR2, via miR-200a as a ceRNA.

Interrupts the interaction between
miR-200c/MALAT1 decreases the invasive capacity
of EEC cells and EMT in vitro and inhibits EEC
growth and EMT-associated protein expression
in vivo; This LncRNA plays an important role in
TβR2-Smad2/3-MALAT1/MARCH7/ATG7 feedback
loop mediated autophagy, migration and invasion
in ovarian cancer.

LINK-A [165] cervical cancer
TGF-β1 treatment has no effects on LINK-A
expression, and there is no clear
mechanism.

Overexpression increases expression of TGF-β1 in
ovarian carcinoma cells and promotes cell
migration and invasion and this effect can be
attenuated by TGF-β1; Plasma levels are correlated
with distant tumor metastasis but not tumor size.

lncRNA-ATB [166] No clear mechanism.
A promising prognostic marker that correlates with
the malignant phenotypes and poor prognosis of
cervical cancer

PTAF [167]

Functions by competing with miR-25 and
affecting SNAI2 to regulate the expression
of many EMT-related protein-coding genes
in OvCa.

A mediator of TGF-β signaling.
Upregulation induces elevated SNAI2, which in
turn promoted OvCa cell EMT and invasion;
knockdown inhibits tumor progression and
metastasis in an orthotopic mouse model of OvCa.

Bladder cancer

lncRNA-ZEB2NAT [168] Induced by TGF-β, and can regulate EMT
process by affecting ZEB2 protein level.

Knockdown reverses CAF-CM-induced EMT and
invasion of cancer cells, as well as reduces the
ZEB2 protein level.

MALAT1 [169]

Induced by TGF-β and regulates EMT by
negatively correlated E-cadherin,
N-cadherin and fibronectin expression by
zeste 12 (suz12) in vitro and in vivo.

Overexpression is significantly correlated with
poor survival in patients with bladder cancer.
Inhibition of malat1 or suz12 suppresses the
migratory and invasive properties induced by
TGF-β and inhibits tumor metastasis in animal
models.

UCA1 [170] Induced by BMP9 through phosphorylated
AKT and there are no clear mechanism.

Its BMP-9-induced expression associates with
increased proliferation and migration of bladder
cancer cells. The promoting effect of BMP9 is
rescued after interfering with UCA1 in
BMP9 overexpressed bladder cancer cells both
in vitro and in vivo.

lncRNA-ATB [171]
Is upregulated by TGF-β, acting as a
molecular sponge of miR-126 and regulate
the direct target of miR-126 (KRAS).

Its overexpression significantly promotes cell
viability, migration, and invasion in T24 cells.

PlncRNA-1 [172]
Regulates the cell cycle, cyclin-D1 and EMT
in prostate cancer cells through the
TGF-β1 pathway.

Functions as an oncogene.

ROR [173]

Knockdown can reverse
TGF-β1-induced-EMT phenotype in
SGC-996 and Noz cells. However, there are
no clear mechanism.

High expression is associated with poor prognosis
in gallbladder cancer patients and knockdown
inhibits cell proliferation, migration, and invasion.

Prostate cancer

ANRIL [174] Regulates let-7a/TGF-β1/Smad signaling
pathway.

Overexpression promotes the proliferation and
migration of prostate cancer cells.

lncRNA-ATB [175]

Upregulated by TGF-β, stimulates EMT
associated with ZEB1 and
ZNF217 expression levels via ERK and
PI3K/AKT signaling pathways.

Overexpression promotes, and knockdown of
lncRNA-ATB inhibits the growth of prostate cancer
cells via regulations of cell cycle regulatory protein
expression levels.

Brain tumor

lnc-SNHG1 [176]

Activates the TGFBR2/SMAD3 and
RAB11A/Wnt/β-catenin pathways in
pituitary tumor cells via sponging
miR-302/372/373/520.

Promotes the progression of pituitary tumors,
ectopic expression of lnc-SNHG1 promotes cell
proliferation, migration, and invasion, as well as
the EMT, by affecting the cell cycle and cell
apoptosis in vitro and tumor growth in vivo.

UCA1 [177]

Functions as a ceRNA of miR-1 and
miR-203a to promote Slug expression,
which underlies TGF-β-induced EMT and
stemness of glioma cells.

Knockdown attenuates EMT and stemness
processes and their enhancement by TGF-β.
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Lung cancer

lncRNA-LINP1 [178] TGF-β1 inhibits its transcription in a
SMAD4-dependent manner.

Inhibits TGF-β-induced EMT and thereby
controlling cancer cell migration, invasion,
and stemless in lung cancer cells.

TBILA [179]
Induced by TGF-β and functions via
cis-regulating HGAL and activating
S100A7/JAB1 signaling.

Promotes non-small cell lung cancer progression
in vitro and in vivo.

XIST [180,181]

Functions as an endogenous sponge by
directly binding to miR-137, negatively
regulating its expression and regulating
Notch gene expression.

Overexpression inhibits proliferation and
TGF-β1-induced EMT in A549 and H1299 cells,
regulating proliferation and TGF-β1-induced EMT
in NSCLC, which could be involved in NSCLC
progression.

NORAD [182]

Affects the physical interaction of its
binding partner (importin β1) with Smad3,
and then inhibits the nuclear accumulation
of Smad complexes in response to TGF-β.

Stimulates TGF-β signaling and regulates
TGF-β-induced EMT-like phenotype in A549 cells.

lncRNA-ATB [183]

Regulates EMT by down-regulating
miR-494 in A549 cells, which in turn
increases phosphorylated levels of AKT,
JAK1, and STAT3.

Overexpression promotes proliferation, migration,
and invasion of A549 cells. In contract, ATB silence
shows the opposite influence.

linc00673 [184]
Functions as a sponge of miR-150-5p and
indirectly modulates the expression of key
EMT regulator ZEB1.

Inhibition attenuates the tumorigenesis ability of
A549 cells in vivo.

NKILA [185]

Expression is regulated by TGF-β and
regulates EMT process by inhibiting the
phosphorylation of IκBα and NF-κB
activation to attenuate Snail expression.

Inhibits migration, invasion and viability of
NSCLC cells. Lower NKILA expression are
correlated with lymph node metastasis and
advanced TNM stage.

MEG3 [186]

Associates with JARID2 and the regulatory
regions of target genes to recruit the
complex by epigenetic regulation
(PRC2/JARID2/ H3K27 axis).

Knockdown inhibits TGF-β-mediated changes in
cell morphology and cell motility characteristic of
EMT and counteracts TGF-β-dependent changes in
the expression of EMT-related genes; In contrast,
overexpression enhances these effects.

lnc-MMP2-2 [187]

ls highly enriched in TGF-β-mediated
exosomes and might function by increasing
the expression of MMP2 through its
enhancer activity.

Knockdown affects lung cancer invasion and
vascular permeability.

ANCR [188]

Inhibits NSCLC cell migration and invasion
by downregulating TGF-β1 expression,
however TGF-β1 treatment shows no
significant effects on ANCR expression but
promotes NSCLC cell migration and
invasion.

Low expression level indicates shorter
postoperative survival time of NSCLC patients,
whereas, ectopic expression inhibits NSCLC cell
migration, invasion and downregulated
TGF-β1 expression, and this effect can be
attenuated by TGF- β1.

LINC01186 [189]
Functions as a mediator of TGF-β signaling,
is down-regulated by TGF-β1 regulating
EMT by Smad3

Knockdown promotes cell migration and invasion,
whereas, overexpression prevents cell metastasis.

HOXA11-AS [190]

Regulates the expression of various
pathways and genes, especially
DOCK8 and TGF-β pathway, however,
there is no clear mechanism.

Its expression may determine the overall survival
and disease-free survival of lung adenocarcinoma
patients in TCGA.

Liver cancer

lncRNA SBF2-AS1 [191] Functions as a ceRNA of miR-140-5p and
regulates the expression of TβR1.

Knockdown inhibits the proliferation, migration
and invasion of HCC cells and attenuate the
development of HCC tumor in vivo.

SNHG6-003 [166]

Functions as a ceRNA of miR-26a/b and
thereby modulates the expression of
transforming growth factor-β-activated
kinase 1 (TAK1).

Ectopic expression in HCC cells promotes cell
proliferation and induces drug resistance, whereas
knockdown promotes apoptosis. High expression
of SNHG6-003 closely correlated with tumor
progression and shorter survival in HCC patients.

LINC00974 [192]
Interacts with KRT19, as a sponge of
miR-642, activating the Notch and TGF-β
pathways.

Knockdown inhibits cell proliferation and invasion
with an activation of apoptosis and cell cycle arrest
both in vitro and in vitro.

lncRNA-ATB [132]

Upregulated by TGF-b and can induce EMT
and invasion by acting as ceRNA of
miR-200 family and increasing ZEB1/2;
promotes organ colonization by binding
IL-11 mRNA, autocrine induction of IL-11,
and triggering STAT3 signaling.

Promotes the invasion-metastasis cascade in
hepatocellular carcinoma.
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Pancreatic
cancer

PVT1 [193] Regulates EMT process via TGF-β1/Smad
signaling.

Acts as an oncogene in pancreatic cancer,
knockdown of PVT1 inhibits viability, adhesion,
migration and invasion.

MEG8 [194]

MEG8, which shares the DLK1-DIO3 locus
with MEG3, can induce the recruitment of
EZH2 protein to miR-34a and
miR-203 genes for histone H3 methylation
and transcriptional repression, inducing
EMT-related cell morphological changes
and increases cell motility in the absence of
TGF-β by activating the gene expression
program required for EMT.

Plays critical role in TGF-β-induced EMT in
A549 lung cancer and Panc1 pancreatic cancer cells.

TUG1 [195] Regulates EMT process though
TGF-β/Smad pathway

Overexpression increases cell proliferation and
migration capacities, enhancing the proliferation
and migration of pancreatic cancer cells

MIR100HG [196]

Induced by TGF-β, and this gene contains
miR-100, miR-125b and let-7a in its intron,
through SMAD2/3. These miRNAs regulate
a multitude of genes involved in the
inhibition of p53 and DNA damage
response pathways.

Plays prominent role in metastasis of pancreatic
cancer.

lncRNA-ATB [197] No clear mechanism.
Low expression levels are correlated with lymph
node metastases neural invasion, and clinical stage
and worse overall survival prognoses of patients.

Renal cancer

BX357664 [197,198] Blocks the TGF-β1/p38/HSP27 pathway. Upregulation reduces migration, invasion,
and proliferation capabilities in RCC cells.

lncRNA-ATB [199] No clear mechanism.

Its expression is correlated with metastases and
promotes cell migration and invasion in renal cell
carcinoma. Knockdown could inhibit cell
proliferation, trigger apoptosis, reduce
epithelial-to-mesenchymal transition program and
suppress cell migration and invasion.

Colorectal
cancer

lncRNA-ATB [199–201]
Upregulated by TGF-β, and suppresses
E-cadherin expression and promoting EMT
process.

High expression is significantly associated with
greater tumor size, depth of tumor invasion,
lymphatic invasion, vascular invasion, and lymph
node metastasis.

LINC01133 [202]

Downregulated by TGF-β and its
expression is positively correlated with
E-cadherin, and negatively correlated with
Vimentin. Directly interacting with SRSF6,
which promotes EMT and metastasis in
CRC cells.

Inhibits EMT and metastasis in colorectal cancer
(CRC) cells and low LIINC01133 expression in
tumors with poor survival in CRC samples.

Bone tumor

MEG3 [203]

Represses Notch and TGF-β signaling
pathway by inhibiting Notch1, Hes1,
TGF-β and N-cadherin expression,
and increasing E-cadherin.

Overexpression represses cell proliferation and
migration ability.

MALAT1 [204]

Induced by TGF-β and its overexpression
decreases E-cadherin level, however, this
effect was partially reversed by
EZH2 knockdown.

Overexpression promotes cell metastasis,
a potential diagnostic and prognostic factor in
osteosarcoma.

SNHG7 [205]

Inhibits tumor suppressor miR-34s signals
and the targets of miR-34a, including
proliferation-related Notch1,
apoptosis-related BCL-2, cell cycle-related
CDK6, and EMT-related SMAD4.

Knockdown delays the tumor growth in
osteosarcoma tissues.

Thyroid cancer

MALAT1 [206] Induced by TGF-β and supports a role for
MALAT1 in EMT in thyroid tumors.

Functions as an oncogene and as a tumor
suppressor in different types of thyroid tumors.

ROR [207] Functions as a competing endogenous RNA
(ceRNA) of sponging miR-145.

Expression is induced by TGF-β in cells
undergoing EMT.

SPRY4-IT1 [208]
Knockdown increases the levels of
TGF-β1 and p-Smad2/3 and this effect could
be rescued by the interference of TGF-β1.

A novel prognostic factor, which correlates with
poor prognosis and exhibits that silenced
SPRY4-IT1 inhibited the proliferative and
migratory abilities of TC cells.

ANRIL [209] Reduces p15INK4B expression through
inhibiting TGF-β/Smad signaling pathway.

Promotes invasion and metastasis of TC cells,
and the silencing of ANRIL inhibits the invasion
and metastasis of TPC-1 cells.
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6. TGF-β and Metastasis

6.1. TGF-β-induced Metastasis in Tissues

Tumor metastasis is the primary cause of cancer lethality; it is a progressive, multifactorial and
multistep dynamic process, including detachment from a primary tumor, invasion into surrounding
tissues, invasion into blood circulation/lymphatic circulation, survival in the circulatory system,
extravasation from blood vessels, distal colonization, etc. [210]. The migration of cancer cells is pivotal
to early metastasis, and changes in tumor cells (acquired by EMT) and the microenvironment are
the two main factors that help cancer stem cells (CSCs) to escape from the primary site [211]. In the
tumor microenvironment, TGF-β, Chemokine 4/12 (CXCL4/12), interleukin-6 (IL-6) and tumor necrosis
factor-α (TNF-α), etc. can enhance EMT. At the same time, tumor cells secrete more epithelial growth
factors, fibroblast growth factor (FGF) and insulin-like growth factor (IGF), leading to a hypoxic,
acidic, high interstitial fluid pressure (IFP) state in the microenvironment, which activates cancer
associated fibroblasts (CAFs) to produce more matrix metalloproteinases (MMPs) and remodel the
tumor extracellular matrices (ECM) [212].

TGF-β induces metastasis to bone, liver, lung and other tissues of specific cancer types, such as
breast, lung, gastric and prostate cancers (Figure 6A) [213]. Metastatic cancer cells have been shown to
disturb the tight balance of bone transformation by osteoblasts and osteoclasts, conferring a receptive
outgrowth microenvironment [214]. Tumor cells secrete cytokines and parathyroid hormone-related
protein (PTHrP), which is the main inducer of osteoclast formation (also interleukin (IL)-1/-6/-11, etc.),
and its expression is specific to the bone metastasis microenvironment [215]. TGF-β released in the
active form upon osteoclastic bone resorption enhances PTHrP signaling in osteoblasts, resulting in
osteoblasts expressing receptor activator of NFκB ligand (RANKL) while reducing osteoprotegerin
(OPG) expression [216]. The high RANKL/OPG ratio enhances the osteolytic activity, which is
associated with the release of high levels of active TGF-β. This TGF-β can further upregulate PTHrP
expression by cancer cells, thereby forming a positive feedback loop called a “vicious cycle” [217].

Many specific studies have analyzed the role of TGF-β in lung and liver metastases. In a previous
study, increased TGF-β levels were shown to lead to lung metastases in the MMTV/PyVmT transgenic
model of metastatic breast cancer [218]. In addition, in breast cancer cells, TGF-β induced ANGPTL4 via
the SMAD signaling pathway, and this cytokine could disrupt lung capillary walls and seed pulmonary
metastases [219]. Because there are inherent differences in the microvasculature of these two tissues,
lung metastasis requires robust extravasation functions provided by ANGPTl4 and other factors and
additional lung colonizing functions achieved by ID1/ID3 [220]. Therefore, the vasculature disruptive
mechanism provides a selective invasive advantage in the lung but not bone. Another study showed
that the WNT signaling inhibitor Dickkopf 1 (DKK1) is a key factor for this metastatic preference; it
reduces the recruitment of macrophages and neutrophils by the WNT/PCP-RAC1-JNK pathway and
inhibits the level of tumor-derived TGF-β to inhibit lung metastasis. Thus, tumor cells that highly
secrete DKK1 tend to metastasize to bone, while those with low DKK1 secretion tend to metastasize to
the lung [221].

Statistical analysis of gene expression profiles revealed that TGF-β signaling is the most significant
gene pathway in liver metastases of colorectal cancer [222]. Exosomes (small membrane vesicles with
a size ranging from 40 to 100 nm) from pancreatic cancer induce Kupffer cells to release more TGF-β,
which in turn activates the fibrotic pathway and forms a proinflammatory environment that supports
pancreatic cancer metastasis [223].
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Figure 6. TGF-β mediates metastasis. TGF-β produced by cancer cells can alter the bone
microenvironment by inducing the expression of osteolytic factors like PTHrP and IL11. The osteoclast
bone resorption via RANKL production by osteoblasts results in more release of TGF-β, which in turn
acts on tumor cells thereby creating a positive feedback loop called a “vicious cycle”. Chemokine receptor
CXCL4 and angiogenesis inducer connective tissue growth factor (CTGF) are also key modulators
induced by TGF-β in this process. Another important factor of this metastatic preference is the Wnt
antagonist Dickkopf 1 (DKK1); cells that highly secrete DKK1 tend to metastasize to bone, while low
DKK1-secreting tumor cells tend to metastasize to the lung. TGF-β leads to transcriptional upregulation
of proangiogenic factors, including CTGF, matrix metalloprotease (MMP)2, MMP-9, and MMP10,
or inhibition of TIMP to mediate the formation of new blood vessels. TGF-β inhibits the proliferation
of T cells and B cells and inhibits the production of immune factors by B lymphocytes. In addition,
TGF-β-induced angiopoietin-like 4 (ANGPTL4) via the SMAD signaling pathway is proangiogenic and
can disrupt lung capillary walls and seed pulmonary metastases. Inhibitory signals are indicated with
inhibitory red arrows; Stimulatory signals are indicated with green arrows.

6.2. TGF-β Promotes Angiogenesis

Regardless of the primary or secondary tumor, angiogenesis occurs once the tumor is more than
1–2 mm in diameter; therefore, a rich blood supply is necessary to provide nutrients and oxygen for
tumor growth and metastasis [224]. Tumor cells secrete a variety of growth factors, including TGF-β,
to accelerate the development of cancer by inducing angiogenesis (Figure 6B) [225].

On endothelial cells TGF-β can bind to the type I receptor, activin receptor-like kinase 1 (ALK-1),
prompting downstream signaling involving intracellular and nuclear proteins (SMADs and Id1) and
leading to a proangiogenic response [226]. Furthermore, TGF-β1 and hypoxia are potent inducers
of vascular endothelial growth factor (VEGF) expression in tumor cells, and oncogenes, especially
RAS, can also combine with the tumor microenvironment, providing the foundation for tumor cell
invasion and angiogenesis [227]. Using a mouse mammary carcinoma model, researchers confirmed
that VEGF expression in peri-necrotic areas is synergized by both hypoxia and TGF-β1, further showing
that this cooperation is achieved through hypoxia-inducible factor (HIF)-1α physically associating
with SMAD3 [228]. For example, TGF-β increases the expression of VEGF-C by coordinating with
sine oculis homeobox homolog 1 (SIX1) in tumor cells, promoting tumor lymph angiogenesis and
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lymph node metastasis [229]. Likewise, TGF-β1 could promote macrophages to secrete more VEGF
via the TβRII/SMAD3 signaling pathway in oral squamous cell carcinoma [230]. TGF-β and VEGF
form a feedback loop through the Semaphorin3A/NEM axis; in general, abrogated VEGF inhibits
the endothelial cell paracrine TGF-β1 and endothelial SMAD2/3 activation; in turn, TGF-β1 further
stimulates endothelial Semaphorin3A expression [231]. Studies have shown that in RAS-transformed
epithelial tumors, TGF-β significantly increases the expression of VEGF/VEGF-R, which has a powerful
effect on capillary formation and migration of endothelial cells, thereby promoting angiogenesis in
tumor cells [232]. TGF-β mediates the formation of new blood vessels by promoting connective tissue
growth factor (CTGF) and angiogenic regulatory enzymes, such as matrix metalloproteinases (MMP-2,
MMP-9, MMP-10, etc.) or by inhibiting tissue inhibitor of metalloproteinases (TIMP) [233].

6.3. TGF-β Promotes Immune Evasion

Under physiological conditions, the immune system is the most important element of human
defense against cancer, and T lymphocytes and natural killer cells can recognize and specifically clear
tumor cells [4,234]. However, tumor cells evade this immune surveillance through immune evasion
of TGF-β, but the cellular mechanism by which TGF-β induces T cell dysfunction remains unclear.
TGF-β may inhibit the proliferation of T cells and B cells and inhibit the production of immune factors
by B lymphocytes (Figure 6C). In transgenic mouse studies, CD4+ and CD8+ T lymphocytes showed
that expression of dominant-negative TβR2 was more effective in clearing thymoma and melanoma
cells than in wild-type mice, which indicates that T lymphocytes are central targets for the negative
regulation of TGF-β [235]. Interestingly, T cell production of TGF-β1 was shown to be a requirement
for tumors to evade immune surveillance independent of TGF-β produced by tumors [236].

For example, regulation of tumor metastasis by TGF-β/SMAD signaling was found to be achieved
by impairing the activity of tumor-infiltrating T cells [237,238], i.e., the infiltration level of CD3+,
CD4+ and CD8+ cells and the proliferation and activity of T cells (such as the secretion of granzyme,
FAS ligand (FASL), perforin and interferon (IFN)-γ) [239,240]. Regulatory T-cells (Tregs), whose
excessive function inhibit antitumor immune responses, are another vital factor for TGF-β-mediated
immune evasion by suppressing the proliferation and activation of CD8+ cytotoxic T-cells [241].
Effector Treg cells express high amounts of integrin αvβ8, which enables them to activate latent
TGF-β, and tumor-derived TGF-β, in turn, induces FoxP3 expression and generates induced Treg
cells [242]. Tregs can produce cell surface docking receptors for latent TGF-β, called glycoprotein A
repetitions predominant (GARP). Further experiments revealed that overexpression of GARP leads
to more TGF-β-releasing Treg cells and enhanced TGF-β signaling, tumor growth and metastasis in
immunodeficient mice [243].

Additionally, TGF-β blocks immune surveillance by inhibiting migration and inducing apoptosis
of antigen-presenting cells, such as dendritic cells (DCs), whose function is to mature and stimulate T
cells during the immune response. Studies have shown that tumor-derived TGF-β significantly inhibits
the proliferation of human CD4+ T cells activated by dendritic cells [244–246]. TGF-β also has an
impact on myeloid cell functions. TGF-β in the tumor microenvironment polarizes tumor-associated
macrophages (TAMs) from the pretumor (M2) phenotype to the antitumor (M1) phenotype. TGF-β
inhibits neutrophil activity (i.e., degranulation) [247]. Furthermore, tumor-derived TGF-β polarizes the
tumor-associated neutrophil (TAN) phenotype from N1 to N2 and induces a population of protumor
TANs [248].

Moreover, the development of natural killer (NK) cells and T helper 1 (Th1) differentiation depend
on TGF-β signaling. Functional studies have demonstrated that selective deletion of SMAD4 in
NK cells impedes NK cell homeostasis and maturation, thereby reducing murine cytomegalovirus
clearance [249]. A TGF-β-regulated transcription factor, T-bet, is responsible for Th1 differentiation and
survival of activated CD4+ T cells via mediating CD122 expression and IL-15 signaling in Th1 cells [250].
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7. Targeting the TGF-β Signaling Pathway in Cancer

Several TGF-β signaling inhibitors have been developed to curtail the aberrant TGF-β signaling
characteristics of tumors. There are several types of TGF-β drugs in (pre)clinical development: ligand
traps, antisense oligonucleotides (AONs), neutralizing antibodies, receptor domain-immunoglobulin
fusions and receptor kinase inhibitors (Figure 7) [251]. While these agents have shown promise in the
clinic, the complexity and pleiotropic nature of TGF-β tumor regulation render TGF-β targeted therapy
a challenge. Related to this, careful administration/dosing of TGF-β therapies as well as judicious
patient selection is needed to overcome on-target and off-target toxic side-effects [252].

Antisense oligonucleotides have been incorporated into immune cells to block translation or to
degrade TGF-β mRNA. Belagenpumatucel-L (Lucanix) is a therapeutic vaccine for non-small cell lung
cancer (NSCLC), which inhibits the expression of TGF-β2, thereby reducing the immunosuppressive
effect of TGF-β2 and thus enhancing its antitumor effect [253]. Trabedersen (AP 12009) is an antisense
oligonucleotide that specifically targets human TGF-β2 mRNA and has been used in the treatment
of metastatic melanoma and pancreatic cancer [254]. Its clinical development has been put on hold
(Clinical Trials: NCT00761280).

Multiple TβRI kinase inhibitors have been developed for the treatment of cancer and are under
clinical trials. For example, a phase I study of Galunisertib (LY2157299), a TβR1 kinase inhibitor, showed
an acceptable tolerability and safety profile in Japanese patients with advanced solid tumors [255] and
is currently under clinical development in combination with immunotherapy, anti-PD-1 antibodies,
including nivolumab and durvalumab (Clinical Trials: NCT02423343). SM16 (a TβRI kinase inhibitor)
and 1D11 (a TGF-β neutralizing antibody) synergistically inhibited metastasis in combination with
the agonistic OX40 antibody [256]. SD208, an inhibitor of TβR1, blocks the TGF-β/SMAD pathway,
Matrigel invasion and expression of TGF-β target genes (PTHrP, IL-11, CTGF, and RUNX2, etc.) and
was effective at preventing the development of bone metastases and decreasing the progression of
established osteolytic lesions in melanoma and glioma models [257,258]. However, another study
showed that SD-208 could not significantly reduce tumor growth and angiogenesis in SW-48 cells,
a human colorectal cancer model, and thus, its efficiency still needs to be assessed [259].

Blockade of TGF-β ligand and receptor binding is a crucial mechanism for TGF-β inhibitory
targeting agents. In a clinical phase I trial, PF-03446962, an anti-ALK1 antibody that displays
(dose-dependent) antiangiogenic activity, was tested. This antibody was administered to patients
who were resistant to anti-VEGF/VEGFR therapy [260]. However, in phase II, trials were stopped due
to ineffectiveness (NCT01620970). Another TGF-β monoclonal antibody, Fresolimumab (GC-1008),
was demonstrated to be safe and well tolerated in Phase I and Phase II trials [261]. Fresolimumab is an
anti-TGF-β neutralizing antibody capable of neutralizing all human isoforms of TGF-β [262]. John et
al. have shown that some melanoma or renal cancer patients with multiple doses of fresolimumab
treatment experienced cutaneous lesions during phase 1 clinical trials [195]. Moreover, a phase I study
noted that the maximum tolerated dose for the anti-TβRII monoclonal antibody LY3022859 could not
be determined, but dose escalation beyond 25 mg was considered unsafe in patients with advanced
solid tumors [263].

Finally, an interesting paper showed that a TGF-β inhibitor in combination with a PD-L1 inhibitor
(Atezolizumab) may be able to remodel the matrix microenvironment and allow T cells to enter the
interior of the tumor [237]. Furthermore, for chimeric antigen receptor (CAR) T cell therapies, CAR-T
cells can reverse the immunosuppressive effect of TGF-β [264]. This finding suggests that combination
therapies rather than mono-TGF-β therapies could prove to be the most effective approach in the future.
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Figure 7. Targeting the TGF-β signaling pathway in cancer. Various molecular mechanisms by
which TGF-β signaling is targeted for therapeutic gain are depicted. TGF-β inhibitory targeting
agents (Table 1), including TβRI kinase inhibitors, AON targeting ligand or receptor gene expression,
and antibodies interfering with ligand-receptor interactions, have been developed to curtail excessive
TGF-β pathway activation. Inhibitory signals are indicated with inhibitory red arrows; Stimulatory
signals are indicated with green arrows.

8. Concluding Remarks

TGF-β acts as a tumor suppressor during the early phase of cancer progression and as a tumor
promotor in advanced stages. The latter role, in particular, has been targeted as a potential therapeutic
approach to inhibiting tumor growth and dissemination. However, developing effective treatments
is severely hampered by the biphasic role of TGF-β in cancer and its function in many physiological
processes, including the cardiovascular system. There has been some progress in the treatment of
liver cancer and other types of cancer, but there is a pressing need for a greater understanding of
pathological TGF-β mechanisms as well as greater clarity regarding protocols of therapy administration
and patient selection.

With the success of immune checkpoint inhibitors for cancer therapy and considering the potent
immune suppressive effects of TGF-β, it may be of particular interest to see whether TGF-β targeting
agents can increase the efficiency and range of immune therapeutic agents. Such trials are underway,
and the results are eagerly awaited. As highlighted in this review, other approaches could include the
targeting of E3 ubiquitin ligases and deubiquitinating enzymes and miRNAs and lncRNAs, which
control the stability of TGF-β receptors and SMAD proteins.
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Abstract: Cancer-associated fibroblasts (CAF) are the most abundant cells of the tumor stroma and
they critically influence cancer growth through control of the surrounding tumor microenvironment
(TME). CAF-orchestrated reactive stroma, composed of pro-tumorigenic cytokines and growth factors,
matrix components, neovessels, and deregulated immune cells, is associated with poor prognosis
in multiple carcinomas, including breast cancer. Therefore, beyond cancer cells killing, researchers
are currently focusing on TME as strategy to fight breast cancer. In recent years, nanomedicine
has provided a number of smart delivery systems based on active targeting of breast CAF and
immune-mediated overcome of chemoresistance. Many efforts have been made both to eradicate
breast CAF and to reshape their identity and function. Nano-strategies for CAF targeting profoundly
contribute to enhance chemosensitivity of breast tumors, enabling access of cytotoxic T-cells and
reducing immunosuppressive signals. TME rearrangement also includes reorganization of the
extracellular matrix to enhance permeability to chemotherapeutics, and nano-systems for smart
coupling of chemo- and immune-therapy, by increasing immunogenicity and stimulating antitumor
immunity. The present paper reviews the current state-of-the-art on nano-strategies to target breast
CAF and TME. Finally, we consider and discuss future translational perspectives of proposed
nano-strategies for clinical application in breast cancer.

Keywords: cancer-associated fibroblasts; tumor microenvironment; nanoparticles; breast cancer;
antitumor efficacy

1. Introduction

In recent years, the focus of cancer research has shifted from cancer to cancer-related
stroma [1,2]. Indeed, tumor microenvironment (TME) plays a key role in several processes related
to cancer progression, including the acquisition of an invasive phenotype, cell migration capability,
chemoresistance, protection from antitumor immune response and neoangiogenesis [3]. The crosstalk
between cancer and TME has such a pivotal relevance, that nowadays the epithelial-to-mesenchymal
transition (EMT) is recognized as the central moment of cancer progression from in situ to invasive
disease [4,5]. EMT refers to the milieu of biological processes by which cancer cells gradually lose their
epithelial hallmarks and acquire mesenchymal properties related to invasion of surrounding tissues
and remodeling of the extracellular matrix (ECM) [6]. The final result of EMT is the capability of cancer
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cells to metastasize in distant sites where, again, proliferation of cancer cells up to clinically detectable
metastases depends on the organ microenvironment—the “seed and soil” hypothesis [7]. Thus, cancer
stroma not only support, but are rather protagonists of cancer progression (Figure 1). Therefore, it is not
surprising that currently an increasing proportion of research is focusing on development of anti-cancer
strategies targeted toward TME [8]. Moreover, another more pragmatic reason is exciting the interest
on anti-stromal therapies: TME is much more genetically stable than cancer [9,10]. A paradigmatic
example is breast cancer, which is genetically and phenotypically heterogeneous [11]. Therefore,
targeting breast cancer cells or pathways is rather difficult, considering that they change continuously
between patients and in the same patient. A double-acting strategy targeting both breast cancer cells
and TME might be a key for success in the treatment of breast cancer, but innovative drug delivery
systems are needed. Nanomedicine could respond to this clinical unmet need, providing smart delivery
systems based on active targeting and internalization both in cancer and in TME cells [12,13]. Due to
their size and versatility, nanoparticles have attracted interest in the field of anticancer medicine,
and they have shown ability to deliver consistent amounts of drugs and control their release at the
tumor site [14–18]. Interesting feature of nanoparticles and nano-systems is the possibility to chemically
or genetically modify their surface with a variety of targeting moieties or active ligands in order to
trigger specific direction and recognition of the biological target [19–21]. The aim of the present paper
is to review the current state-of-the-art and future translational perspectives on nano-strategies to
target breast cancer microenvironment.

Figure 1. In desmoplastic cancer, tumor cells share their niche with CAF, macrophages, blood vessels
and perivascular cells, all of which contribute to arrange the TME. First, CAF actively remodel cellular
and matrix components of the TME; M2-polarized macrophages promote metastases and generate
an immunosuppressive habit; endothelial cells and pericytes favor tumor angiogenesis and handle
oxygen supply. Finally, in the niche, interstitial ECM supports tumor architecture and regulates drug
penetration. Surrounding the tumor, ECM basement membrane acts as a barrier toward migration.
Both ECM and blood vessels contribute to increase interstitial fluid pressure and tumor hypoxia, which
are big obstacles to tumor treatment.
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2. Biological Hallmarks to Target Breast CAF

Cancer-associated fibroblasts (CAF) are the most abundant cells of the tumor stroma and
they critically influence cancer growth and progression through control of the surrounding TME
(Figure 2). CAF produce and secrete a variety of growth factors and cytokines, including transforming
growth factor β (TGFβ), vascular endothelial growth factor (VEGF), platelet-derived growth factor
(PDGF), interleukins, as well as ECM components, particularly fibrillar collagens and fibronectins,
and metalloproteinases (MMP) which support tumor growth, generate a physical barrier against
drugs and immune infiltration and facilitate cancer invasion [1,22–25]. This contributes to generate the
so-called reactive stroma and to induce a desmoplastic reaction in TME, which has been associated with
poor prognosis in multiple carcinomas, including breast cancer [26–28]. Therefore, it is increasingly
evident that effective anticancer therapies should tackle not only cancer cells but even such a tumor
fortress composed by TME and orchestrated by CAF.

Figure 2. CAF and their essential role in the TME: CAF secrete cytokines to promote cancer growth
and shape antitumor immunity; CAF control ECM composition to avoid drug penetration, favor tumor
migration and mediate exclusion of antitumor immunity from the tumor.

Previous studies have identified some phenotypical markers to detect and target pro-tumorigenic
CAF in breast cancer. Among them, we can find markers of mesenchymal origin, such as αSMA
or cell surface proteins associated with crucial biological functions of CAF, like fibroblast activation
protein (FAP), which enzymatically remodel ECM and induce cancer cells migration [29], CD10,
a zinc-dependent metalloproteinase [30], or G protein-coupled receptor 77 (GPR77), which activates
VEGF expression and angiogenesis in hypoxic breast TME [31]. Leucine-rich repeat containing 15
(LRRC15) membrane protein was also found highly expressed on CAF in many solid tumors [32].
Exploitation of these markers to drive localization of novel therapeutics would be useful to eradicate
CAF, and in some cases even to reprogram their biological functions.
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Additionally, CAF express large amounts of FAS ligand (FASL), which induces apoptosis of
FAS-expressing CD8+ T cells, and programmed cell death 1 ligand 2 (PD-L2), which induces T
cell anergy by interacting with the immune checkpoint molecule PD-1, thus avoiding anticancer
immunity in the host [33]. CAF also secrete a lot of chemokine ligands (CXCL12/SDF1, CXCL14,
CCL2, and others) that promote the proliferation of cancer cells and encourage the recruitment of
tumor-associated macrophages, thereby contributing to immunosuppression [34–37]. In particular, the
SDF1–CXCR4 interaction, together with the heat shock factor 1 (HSF1), generate an autocrine loop
in CAF that drives the transcription of pro-tumorigenic cytokines and growth factors and supports
rapid tumor growth [38,39]. Crucial signaling behind stromal communication with breast cancer
cells is represented by the transcription factor STAT1, which is able to enlarge tumorigenicity and
chemoresistance. Ablation of STAT1 in CAF may decrease cancer cell proliferation and reduce α-SMA+
reactive fibroblasts and ductal carcinoma in situ (DCIS)-like lesions in a mouse model of early breast
cancer progression [38–40].

In recent years, some biological hallmarks of CAF have been exploited to design and study
novel therapeutics and nano-therapeutics to remodel the TME and enhance the therapeutic activity
of chemotherapy [8,41]. Some others have revealed insufficient specificity for CAF targeting or still
require further preclinical research to achieve accessibility and exploitation for therapeutic purposes.
Here, we resume and list some nano-systems that have been successfully explored in preclinical setting
to target breast CAF and rearrange the breast TME (Table 1).

Table 1. Nano-strategies to target CAF and remodel the TME in preclinical models of breast cancer.

Nanoparticle Payload Effect on Breast Cancer Model Antitumor Effect Ref.

Z@FRT-scFv ZnF16Pc FAP + CAF Orthotopic 4T1 tumor CAF eradication by
PDT [42,43]

CAP-NP PTX (or other
hydrophobic drugs)

FAP + CAF and
surrounding cells MCF-7 xenograft Enhanced local drug

accumulation [44]

C16-N/losartan
hydrogel Losartan Angiotensin E0771 and 4T1 mouse

models
CAF inhibition +
ECM remodeling [45,46]

DOX-HPEG-PH20-NP rHuPH20 + DOX Hyaluronic acid +
cancer cells

4T1 syngeneic breast
tumor

ECM remodeling +
chemotherapy [47]

PTX-SNPs Sulfatide + PTX Tenascin-C + cancer
cells

Murine breast cancer
EMT6

Enhanced
chemotherapy [48]

1-NP Laminin-mimic
peptide 1 TME MDA-MB-231 tumor

model

Reduced metastases
by artificial ECM

formation
[49]

HNP liposomes Marimastat +
HA-PTX prodrug

MMP + CD44+
cancer cells orthotopic 4T1 tumor ECM remodeling +

chemotherapy [50]

BCPN OXA prodrug +
NLG919 IDO-1 + cancer cells orthotopic 4T1 tumor Immunotherapy +

chemotherapy [51]

DOX/IND-liposome Indoximod + DOX IDO-1 + cancer cells orthotopic 4T1
tumor model

Immunotherapy +
chemotherapy [52]

HA-DOX/PHIS/R848 Resiquimod + DOX DC + CD44+
cancer cells 4T1 tumor-bearing mice Immunotherapy +

chemotherapy [53]

PLGA NP Tumor antigens DC
Tumor and blood

samples from breast
cancer patients

Immune-stimulation [54]

LPD Plasmid encoding
IL-10 trap TME Orthotopic 4T1

triple-negative model Immunotherapy [55]

3. Active Nano-Systems for Breast CAF Disruption and Regulation

CAF are key actors in the restricted penetration of drug and nanodrug in the tumor tissue [56].
Indeed, CAF contribute to the biosynthesis and remodeling of the ECM and to the high tumor
interstitial fluid pressure [57]. Therefore, the development of treatment’s strategy able to eradicate
CAF could result in reduced collagen content in the ECM, leading to improved drug and nanodrug
accumulation and diffusion. Many efforts have been made to the exploitation of CAF as a potential
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target for cancer therapy [8]. In particular, they have been involved the fibroblast activation protein
(FAP), which is an integral membrane serine protease of the dipeptidyl peptidase subfamily selectively
expressed by CAF. FAP is undetectable in the stroma of normal tissue [29], suggesting that the
exploitation of FAP as a selective target of CAF could lead to specific and active delivery of cytotoxic
drugs into these cells. Currently, three different nano-approaches have been investigated with the aim
to specifically target CAF and improve therapeutic efficacy of anticancer treatments. They could be
attributed to three different subcategories that will be described in detail in the following paragraphs.

3.1. Nanoparticles for Photodynamic Therapy

In recent years, a novel antitumor approach called photodynamic therapy (PDT) has been
exploited for cancer treatment with the aim to enhance nanoparticle’s tumor uptake and improve their
therapeutic efficacy. This strategy consists in exposing the cells to non-toxic dose of light in presence
of light-sensitive molecules, known as photosensitizer (PS). Conventional PDT uses non-targeting
photosensitizer molecules and inflicts direct damage on tumor cells mainly generating reactive oxygen
species (ROS) or acts indirectly by disrupting the vasculature via endothelial cells damage [58].

In this scenario, a very exciting idea is the possibility to perform a CAF-targeted PDT to modulate
the microenvironment and promote the anticancer therapy avoiding systemic toxicities. Indeed, it is
increasingly evident the crucial role of CAF in cancer progression due to their capability to isolate
cancer cells from drugs and T-cytotoxic cell [59].

In this research area the most important studies have been performed by Zhen group, which
exploited ferritin nanocages to deliver a photosensitizer to CAF in context of breast cancer [42,43]. They
achieved CAF-targeted delivery of the photosensitizer thanks to the surface conjugation of an anti-FAP
single chain variable fragment (scFv) antibody. Moreover, the combination of FAP-targeted delivery of
the photosensitizer with a localized photoirradiation of the tumor, allowed the selective eradication of
CAF. This treatment destroyed ECM and suppressed C−X−C motif chemokine ligand 12 (CXCL12)
secretion by CAF, resulting in the significant improvement of CD8+ T-cell infiltration. This study
suggests a novel approach to modulate TME through selective killing of CAF [42]. In another study,
Zhen and colleagues combined the CAF-targeted PDT treatment with the administration of quantum
dots (QDs), demonstrating that PDT treatment could be useful to improve QDs penetration. Indeed,
this approach allowed CAF eradication in irradiated tumors and, in the meantime, promoted increase
in nanoparticle’s tumor uptake, due to reduced amount of secreted collagen in the surrounding
ECM [43]. Results from this study points out a potential role for CAF eradication in improving
tumor drug penetration and documents a promising effective combination with chemotherapy. Finally,
CAF-targeted PDT represents a great advance to modulate TME for optimal breast cancer management.

3.2. Nanoparticles for Cytotoxic Delivery

Another approach to disrupt CAF is represented by the exploitation of CAF destroying
nanoparticles. They have been designed to deliver chemotherapeutics or drugs with specific
cytotoxicity against CAF. Ji’s group proposed a double acting nanomaterial, which exploits the CAF
targeting capability and an efficient cell penetration to improve chemotherapeutic drug delivery for
the treatment of human prostate cancer model [60]. The researchers designed and synthesized a
novel cell-penetrating peptide (CPP) based on an amphiphilic peptide (C2KKG2R9) linked by the
hydrophobic tail to a cholesterol molecule monomer. Monomers of this CPP linked to a cholesterol
molecule self-assembled into a core-shell structured peptide nanoparticles (PNP). PNP was then loaded
with the antitumor drug doxorubicin (DOX) and the surface of the resulting DOX-loaded PNP (PNP-D)
was modified with an anti-FAP monoclonal antibody to specifically recognize CAF. The anti-FAP
antibody displayed CAF specificity, while the presence of CPP/cholesterol and DOX enhanced drug
penetration and cytotoxicity, respectively [60].
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In order to target CAF, another approach exploited a novel cleavable amphiphilic peptide (CAP),
which is specifically responsive to FAPα, expressed on CAF surface [44]. In aqueous solution,
CAP monomers readily self-assembled into nanofibers, which could be loaded with hydrophobic
chemotherapeutic drugs, to obtain drug-loaded spherical nanoparticles (CAP-NP). Once they reached
the tumor stroma, CAP-NP rapidly disassembled upon cleavage by FAPα and released the drug. This
strategy was effective in the treatment of prostate, breast and pancreatic tumor models containing or
recruiting FAPα+ CAF; it disrupted the stromal barrier and enhanced local drug accumulation. In case
of breast cancer model, it has to be noted that MCF-7 breast tumor cell line was FAPα−negative but
ultimately formed tumors that exhibited positive FAPα expression. Despite effective, the proposed
approach may be possible with hydrophobic drugs only, as demonstrated in case of treatment of breast
cancer-bearing mice with CAP-NP loaded with paclitaxel [44].

Recently, a peptide derivative nanofiber (C16-GNNQQNYKD-OH) has been designed and
synthesized. It is able to self-assemble into long filaments entrapping losartan molecules inside
a hydrogel exploitable for localized drug delivery [45]. Following a topical intratumor injection in
mice model of aggressive triple negative breast cancer, this hydrogel induced inhibition of collagen I
synthesis by CAF. Moreover, its combination with chemotherapeutic drug resulted in the amplification
of the therapeutic efficacy [45].

Otherwise, in a work published by Chen and colleagues, nanoliposomes loaded with Navitoclax
have been exploited for the target delivery of a small molecule inhibitor in hepatocellular carcinoma.
CAF targeting was achieved by functionalization of the liposome with FH peptide (FH-SSLNav), which
displayed an extremely high affinity to tenascin-C [61]. Tenascin-C is a tumor-specific extracellular
matrix highly expressed in most solid tumors and mainly secreted by CAF. Tumor exhibited a high-level
expression of tenascin-C, which was found to colocalize with CAF. Once in CAF, Navitoclax was
released by nanoliposomes in slow rate and inhibited the Bcl-2 proteins, thus inducing apoptosis in
CAF at very low dosage. FH-SSLNav revealed efficacy in CAF-induced death, while being much less
effective in tumor cells or healthy tissues. Moreover, the treatment led to improved nanoparticles
penetration in solid tumor due to modulation of the TME [62].

3.3. Regulation of CAF Function

The third approach to modulate TME through direct CAF targeting deals with regulation of CAF
function. Indeed, beyond complete ablation of CAFs, some preclinical research has attempted the
metabolic targeting of tumor stroma, with the aim to reprogram CAF identity and enhance therapeutic
performance of currently available chemotherapeutics.

Major studies for regulation of CAF function have been pursued by Huang group in desmoplastic
tumors (i.e., bladder and pancreatic carcinomas) and they assumed to be effective also in other cancer
subtypes (i.e., breast cancer) as long as they are desmoplastic [63–65]. The first strategy exploits
the suppression of Wnt16 in CAF. Indeed, Wnt16 is one of the major mitogenic growth factors and
its downregulation improves the antitumor effect of cisplatin in resistant cancers. By developing
a Lipid-calcium phosphate (LCP) nanoparticle loaded with cisplatin, the authors observed that the
off-target exposure of these nanoparticles induced Wnt16 secretion by CAF. This resulted in stroma
reconstitution and onset of cisplatin-resistance, which was reverted by the administration of LCP
NP loaded with the anti-Wnt16 siRNA [63]. Wnt16 downregulation was also obtained with LCP NP
loaded with the prodrug quercetin, demonstrating its capability to downregulate Wnt16 levels, reduce
the number of CAF, normalize the collagen content in tumor tissue and improve nanoparticles delivery
into the tumor [64]. Another cunning approach exploits off-targeting capability of LCP nanoparticle
coated with Protamine (LPD) to mediate the transfection of CAF with a cytotoxic protein. A plasmid
DNA encoding the secretable TNF-related apoptosis-induced ligand (sTRAIL) was formulated in LCP
NP and intravenously administered in mice bearing a desmoplastic tumor. As a result of off-target
distribution, LCP NP accumulated in CAFs and induced production of sTRAIL. The produced protein
was secreted and induced apoptosis in surrounding cells. Moreover, the production of sTRAIL induced
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also a change in CAF activation, reverting them to a quiescent state, which resulted in inhibition of
tumor growth [65]. Despite the low specificity of this delivery strategy, no significant side-effects have
been reported, since noticeable morphological changes were not detected in organs where LCP-sTRAIL
were distributed. Indeed, a reason can be attributed to the low level of sTRAIL plasmid expression in
these organs [65].

Interesting crucial pathway to be targeted when one aims at regulating CAF function is
represented by Sonic Hedgehog. A strategy to reduce proliferation and number of CAF was studied in a
xenograft mouse model of breast cancer, by using a Sonic Hedgehog inhibitor, vismodegib. Vismogedib
targeted CAF with the aim to improve drug delivery. Results from this study suggested that CAF
depletion was effective in remodelling the TME, thus promoting fluid stress alleviation. Moreover,
the combination of vismodegib with two clinically approved nanoparticles, such as Abraxane and
Doxil, improved the treatment efficacy and overall survival in selected patients [66].

Superparamagnetic iron oxide nanoparticles (SPION) were tested to modulate differentiation of
human pancreatic stellate cells (hPSCs) into CAF-like myofibroblasts. Indeed, Relaxin-2 is a hormone
belonging to the insulin superfamily, able to resolve fibrosis by stimulating MMPs production and
inhibiting Smad2/3 phosphorilation, through its binding with the Relaxin Family Peptide Receptor
type 1. However, this protein displays small size, short circulation half-life and undesired systemic
vasodilatation, which limit its direct application. To solve this issue, the endogenous hormone
relaxin-2 was conjugated to SPION, displaying inhibition of Smad2 signaling pathway and blocking
hPSCs differentiation into CAF. The inhibition of hPSCs differentiation reduced cytoskeleton marker
expression, ECM production and TGF-β-induced contractility of hPCSs. In addition, when combined
with gemcitabine, the treatment enhanced the therapeutic efficacy of chemotherapy, resulting in a
significant blockade of tumor growth [67].

4. Nano-Strategies to Modulate CAF-Instructed Tumor Microenvironment

4.1. Remodeling the Extracellular Environment

The ability to control local remodelling of ECM is a critical function of CAF and a feature of
paramount importance during the desmoplastic reaction occurring in many breast carcinomas. CAF
synthesize and secrete ECM components, cytokines and growth factors that create a favorable support
for tumor progression and a physical barrier to several drugs [28]. Dynamic stromal alterations may
induce tissue stiffening and increased tension, which have been associated with poor outcome in
patients with solid tumors, including breast cancer [26]. Moreover, collagen-rich stroma may induce
EMT and promote migration and invasion of breast tumor cells, thus supporting a crucial relevance
for tumor environment when approaching novel therapeutic strategies [68]. To face this issue, some
preclinical research has counteracted the excessive production of stromal collagen and hyaluronan
either through regulation of their secretion by CAF or enzymatically disrupting ECM.

Losartan, an angiotensin inhibitor, was assembled with C16-N peptide hydrogels and injected in a
murine model of triple negative breast cancer, where it inhibited collagen I synthesis by CAF [46]. While
acting as a local and sustainable depot of drug, the formulation significantly improved the intratumoral
accumulation and penetration of PEGylated doxorubicin-loaded liposomes, which were administered
as combine therapy. Through physical action on CAF-controlled ECM, C16-N/losartan improved drug
delivery and vascular perfusion in breast tumor, thereby reducing growth of primary tumor and lung
metastasis, as compared to single chemotherapy. In another study, recombinant human hyaluronidase,
an enzymatic agent degrading hyaluronic acid, was conjugated to the surface of PLGA NP and
pegylated to avoid rapid clearance [47]. Due to ECM degradation, rHuPH20-conjugation improved
the intratumoral accumulation of the nanoparticles in 4T1 syngeneic mouse breast tumors by fourfold,
as compared to bare nanoparticles. When loaded with doxorubicin, the hyaluronidase-nanoconjugate
was able to reduce breast tumor growth in vitro and in vivo, by showing improved efficacy at low
dosage as compared to unconjugated nanodrug [47]. ECM-reducing treatments may also increase
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blood vessels density and revert tumor hypoxia, thus normalizing tumor vasculature and enhancing
nanodrug perfusion through EPR [46]. With this perspective, Gong et al. showed enhanced
tumor permeation of nanomicelles for PDT when coupled with hyaluronidase for treatment of
4T1-bearing Balb/c mice. The anti-ECM/PDT combined therapy induced increased tumor uptake
of the nanomedicine and amplified antitumor efficacy in both breast primary tumor and metastatic
lymph nodes [69]. Promising targets for exploitation in nano-mediated tackling of the TME also
include tenascin-C, an ECM glycoprotein mainly produced by CAF and highly expressed in breast
tumors. The tenascin-C ligand sulfatide was used as targeting moiety for lipid perfluorooctylbromide
nanoparticles in order to produce a breast cancer delivery nanovehicle for paclitaxel. Nanoparticles
administration in EMT6 mouse model achieved increased accumulation of paclitaxel in breast cancer
tissue and remarkable tumor inhibition as compared to free drug or untargeted nanoparticles [48].

If ECM disruption improves anticancer drug penetration, reduces hypoxia and overcomes
chemoresistance, on the other hand reduced tumor ECM may weaken the physical barrier that confine
the tumor at its site of onset, thus allowing formation of neovessels and favoring cancer cells migration
and metastasis [70]. For this reason, some research has been devoted to production of artificial ECM.
Inspired by the self-assembled formation of natural ECM, Hu et al. developed nanofibers-transforming
nanoparticles that mimicked laminin, a component of ECM [49]. Building block for the artificial ECM
was laminin-mimic peptide 1 made from (i) hydrophobic bis-pyrene unit for nanoparticle formation,
(ii) peptide scaffold for fibers structure, (iii) specific targeting peptide sequence (i.e., RGD/YIGSR) for
binding to cancer cells, as well as natural laminin does. Intravenously injected nanoparticles (1-NP) in
MDA-MB-231-bearing mice accumulated at the tumor site through combined EPR effect and active
targeting. Upon binding to the receptor, 1-NP transformed into nanofibers of artificial ECM that
surrounded the tumor mass for over 72 hours post-injection. 1-NP efficiently restrained migration
of MDA-MB-231 cells in vitro and induced remarkable inhibition of lung metastatic rate in murine
model of highly metastatic breast cancer [49]. In order to block the metastatic spread of cancer cells,
mimics of metalloproteinase (MMP) substrates have also been used to counteract the activity of MMPs
highly expressed in a variety of tumors, including breast cancer [71]. An example is represented
by marimastat (MATT), a broad-spectrum synthetic enzyme inhibitor that achieves great inhibition
of collagenases, gelatinases and MMPs even at a nanomolar concentration [72]. (MATT)-loaded
thermosensitive liposomes (LTSLs) were assembled with hyaluronic acid-paclitaxel (HA-PTX) prodrug
to achieve dual targeting of extracellular TME and cancer cells [50]. Hybrid nanoparticles (HNPs)
released their payload upon mild hyperthermia in the TME, where HA-PTX could enter and kill
cancer cells, while MATT inhibited MMP activity, reduced activation of CAF and slowed down cancer
cells migration. As a result, treatment of 4T1-tumor-bearing mice with HNPs reduced tumor volume,
inhibited angiogenesis and decreased lung metastases.

4.2. Orchestrate an Anti-Breast Cancer Immune Response

CAF contribute to shape the immune cells in tumors by secreting proinflammatory cytokines and
chemokines, notably TGFβ, IL-6 and CCL2, to recruit immunosuppressive cells into the tumor stroma
and reject effector T cells [73,74]. The immunosuppressive TME drastically limits the promises of
effective immunotherapeutics and checkpoint inhibitors, which have risen new hope for the treatment
of several malignant tumors [75]. Overcoming immune suppression in the tumor is of fundamental
importance for effective cancer treatment. As already mentioned, therapeutic nano-strategies aimed at
targeting and ablating stromal CAF provide great benefit for tumor eradication, by both enabling access
of cytotoxic T-cells and by reducing immunosuppressive signals in the TME (see Section 3). However,
CAF eradication may not be enough, as pro-tumorigenic cytokines and chemokines are produced by
other cell types beyond CAF, here including tumor cells, pericytes, endothelial cells, and adipocytes,
which could somehow compensate for CAF absence [76]. The common features of some components
of the TME may suggest that targeting mediators of the intercellular communication among CAF,
tumor cells, vascular endothelial cells, neutrophils, dendritic cells, T-cells, and macrophages would
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lead to successful anticancer applications and complement other treatment options. To this purpose,
some preclinical studies have proposed to directly modulate the immunosuppressive factors in the
TME by nano-mediated delivery of immunotherapy.

As an example, Feng et al. have generated a dual-activatable binary cooperative prodrug
nanoparticle, termed BCPN, which contains self-assembled PEG-grafted oxaliplatin prodrug and
a disulphide bond-cross-linked homodimer of NLG919 [51]. Such a nanoparticle was proposed
as a platform for codelivery of anticancer drug (OXA) and potent inhibitor of IDO-1 (NLG919),
an enzyme implicated in tumor immunosuppression through its ability to limit T-cell function and
engage mechanisms of immune tolerance [77]. Due to high sensitivity to the acidic pH of the TME,
BCPN showed a negative to positive surface charge reversion for improved tumor penetration.
The OXA prodrug and NLG919 dimer were both released following the intracellular reductive
microenvironment. OXA induced adaptive antitumor immunogenicity by triggering immunogenic cell
death of the tumor cell, while NLG919 inactivated IDO-1, thereby inhibiting intratumoral infiltration
of T-regs. Once administered to 4T1-breast-tumor-bearing mice, BCPN promoted sustained and
enhanced antitumor immune response as compared to combine treatment with free OXA and NLG919,
thus resulting in long-term tumor regression [51]. The same strategy was adopted by Lu et al.,
who designed a dual-delivery liposome for anticancer drug and IDO-1 inhibitor [52]. They constructed
a phospholipid-conjugated indoximod (IDO-1 inhibitor, IND) prodrug that self-assembled into a
lipid bilayer liposome, and performed doxorubicin loading as a second step. NPs injected in an
orthotopic 4T1 tumor model dramatically improved the pharmacokinetics and tumor concentration
of the two drugs induced immunogenic cell death as a result of DOX activity on cancer cells and
recruitment of CD8+ cytotoxic T lymphocytes, with disappearance of T-regs, thus showing effective
immune response. The authors further combined the DOX/IND-liposome treatment with an anti-PD-1
antibody and showed synergistic efficacy with immune checkpoint blocking agents. Additional
example of combined nano-immunotherapy and -chemotherapy is represented by dual pH-responsive
multifunctional nanoparticle for co-loading of the Toll-like receptor agonist resiquimod (R848) and
the chemotherapeutic drug doxorubicin (HA-DOX/PHIS/R848) [53]. Tumor active targeting was
achieved by doxorubicin conjugation to hyaluronic acid, a ligand for breast cancer cells expressing
CD44. R848 is a Toll-like receptor agonist that promote maturation of DCs. The pH-dependent
hydrophobic/hydrophilic transformation of NP triggered the disintegration of the core, with release of
R848 to exert stimulation and maturation of dendritic cells, while DOX was specifically internalized by
cancer cells by receptor-mediated endocytosis. Immunoregulation of DCs activity of NP was assessed
in vitro as production of type I interferon and proinflammatory cytokines. Then, intravenous injection
of HA-DOX/PHIS/R848 NPs in a murine model revealed significant inhibition of tumor growth
compared to both free DOX and free R848, thus demonstrating the synergistic effects of the combined
nano-drugs on breast cancer [53].

An interesting study on lung carcinoma documents the exploitation and modulation of neutrophils
infiltration to mediate the transport of NPs across the tumor vessel barrier [78]. Gold nanorods were
linked to anti-CD11b antibodies (GNRs-CD11b), which target activated neutrophils in the peripheral
blood. After photosensitization, acute inflammation can be induced at the tumor site, thus promoting
tumor infiltration by neutrophils. The neutrophils, loaded with NPs, infiltrated the tumor, significantly
increased NP accumulation and enhanced efficacy of photothermal therapy.

Another strategy could be the adoption of nanoparticles as vehicle for tumor-associated antigens
to stimulate antitumor T-cell-mediated immune response. Indeed, PLGA NP were loaded with tumor
lysate obtained from fresh breast tumor resections and used to stimulate dendritic cells isolated from
human peripheral blood mononuclear cells [54]. Tumor lysate-loaded NPs triggered a more efficient
maturation of monocyte-derived DC compared to either tumor lysate or NPs alone, as assessed by
immunophenotyping and cytokine release. They also showed a capacity to stimulate naive autologous
T helper cells through matured DC.
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Quite recently, Shen et al. produced a nano-delivery system for a gene encoding an antibody-like
protein to trap IL-10 in the TME [55]. Indeed, high expression of IL-10 was associated with poor survival
in pancreatic and triple-negative breast cancer patients [79]. Therefore, transient expression of IL-10
trap through NP intratumoral delivery could change cytokines and tumor-infiltrating lymphocytes
within the TME, resulting in significant antitumor efficacy. The plasmid encoding IL-10 trap was
encapsulated into liposome-protamine-DNA (LPD) and administered to 4T1-bearing mice. IL-10 trap
alone significantly reduced tumor growth and enhanced median survival over one month, indicating
efficacy in immunosuppressive triple negative breast cancer [55].

5. Prospective Advancement for Clinical Translation

TME plays a key role in most of tumour progression processes, including proliferation, invasion,
and neoangiogenesis [3]. Stroma is not significant only from a biological point of view, but it has
also strong clinical implications. Indeed, CAF can affect chemosensitivity, protecting cancer cells
from cytotoxic drugs with obvious limitations in anticancer efficacy, particularly in breast cancer
subtypes in which an intense cross-talk between tumor cells and microenvironment is present,
such as basal-like malignancies [80]. An unsolved issue in clinical management of breast cancer
is the possibility to enhance antitumor immunity against cancer cells, and immune-modulating
treatments has recently gained a strong relevance both in adjuvant and in neoadjuvant settings [81,82].
However, CAF are also capable to protect malignant cells from T-cells antitumor response, thus
probably limiting the great potential of such immune-therapies, as well as antitumor vaccination
strategies [33,83,84]. If we consider such relevance of CAF and the great promise of CAF-targeted
strategies, it is surprising that stroma-targeted therapy has been poorly explored in clinical trials.
Two main reasons explain this lacking. First, it is not clear how to specifically target CAF. FAP has
been considered a promising target for CAF, being expressed in over 90% of these stromal cells [85].
However, on the other hand, FAP is also over-expressed in multipotent bone marrow stem cells, thus
explaining the overwhelming myelotoxicity observed when this strategy was assessed in pilot clinical
studies [86,87]. Preliminary clinical trials have substantially demonstrated no efficacy of anti-FAP
strategy, both by direct targeting using the monoclonal antibody sibrotuzumab in lung and colorectal
cancer [88,89], and by inhibiting the enzymatic function of FAP using talabostat [90,91]. A fortunate
pre-clinical exception is the use of a DNA-based FAP vaccine, which showed an excellent anti-stromal
CD8-mediated immunity, with subsequent restoring of chemosensitivity in a mouse model of breast
cancer [92]. However, significant myelotoxicity due to over-expression of FAP in the bone marrow has
currently limited the clinical exploitation of FAP for CAF targeting. Two surface markers specifically
linked to pro-tumorigenic CAF have been identified: CD10 and GPR77 [93,94]. These targets promise
a higher specificity for CAF, and a monoclonal antibody toward GPR77 has demonstrated enhanced
chemosensitivity and reduction of tumor stem cells in a patient-derived model of breast cancer [30].
Secondly, it is not clear which CAF have to be depleted. A tout-court depletion of CAF, indeed, might
paradoxically promote cancer progression, since CAF within certain subsets or within certain stages
of tumorigenesis express an anti-cancer profile [95]. Recently, it has been suggested that quiescent
fibroblasts, upon development of cancer, might differentiate into cancer-restraining (F1 subtype) and
cancer-promoting (F2 subtype) CAF [22]. Furthermore, “secretory CAF” have been identified as a
third possible differentiation, leading itself to cancer survival vs. cancer apoptosis pathways, based
on the secretome context. For example, some F3 CAF produce ECM-degrading proteases which
facilitate motility and invasion of cancer cells [96]. However, on the other hand, it has been observed
that CAF, upon secretion of TGFβ, inhibit cancer development in early stages but the same pathway
may stimulate cancer in advanced stages [97]. Furthermore, tumor-restraining CAF may increase
antitumor immunity, by secretion of immunomodulatory cytokines such as IL-10, TNF, and IL-6, aiding
in recruitment of macrophages and T lymphocytes, thus converting an immune-suppressive into
immune-stimulating cancer microenvironment [98]. Recently, novel approaches including single-cell
RNA sequencing have revealed that distinct subtypes of CAF co-exist within TME, with different
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phenotypes and functions [99]. Thus, the concept that cancer-related stroma is not heterogeneous like
cancer cells has been profoundly revised, and precision medicine is required also in CAF-targeted
anticancer strategies.

Turning CAF “from foes to friends” may, therefore, establish as the most appropriate treatment to
target the stroma, since possible pitfalls of complete depletion of CAF [8], which may limit clinical
translation of this strategy, might be avoided. Under this innovative perspective, nanomedicine
represents an added value for CAF-targeted anticancer treatments. Indeed, nanoparticles are optimal
drug delivery systems since they present several advantages in cancer therapy. First, they allow their
cargo to follow the so-called EPR effect, by which molecules of certain sizes tend to accumulate in
tumor tissue much more than they do in normal tissues. This property not only leads to increased
drug accumulation in the tumor mass, but also avoids off targeting and associated side effects, which
could rise hope on reduced myelotoxicity when targeting FAP by appropriate nano-vehicles. Second,
nanoparticles can be loaded with specific drugs focused on particular cell pathways and possibly
acting on different subcellular districts. Precision medicine should rely not only on accurate targets,
such as in the case of targeted monoclonal antibodies which can exert their anti-stromal activity
by immune-mediated CAF depletion. Additionally, accurate effects are needed, for example to
convert a pro-tumorigenic into an anti-cancer CAF profile by acting on CAF-mediated signaling,
such as the JAK1-STAT3 pathway [100], or by genetically modifying CAF themselves to make them
quiescent or even to allow in situ production of pro-apoptotic mediators, as recently proposed [65].
An accurate targeting might be ensured by novel nano-drugs, but the question is which target
should be used for properly addressing such strategies in activated CAF and avoiding cytotoxic
effects on normal/quiescent or F1 fibroblasts. As previously stated, FAP showed encouraging results,
but its over-expression in bone marrow may also represent a relevant drawback. CD10 and GPR77
could be more specific and accurate as hallmarks of activated cancer-promoting CAF, and further
research should address their usefulness as targets for nano-delivery of cytotoxic drugs or, possibly,
of CAF-reprogramming strategies. Another aspect to be considered is the availability of concurrent
drugs delivery and multiple contemporary anticancer effects thanks to nano-therapy, making possible
to act both on cancer cells and on TME at the same time, thus maximizing the anticancer effects and
reducing chemoresistance. Notably, a double-threaded link is present between nanomedicine and
TME. On one hand, nano-delivery may overcome current clinical limitations and acts on stromal
cells to enhance chemosensitivity and immune response. However, on the other hand, TME strongly
affects the capability of nanoparticles to reach the tumor sites, thus impacting on anticancer efficacy of
delivered drugs, particularly in the complex stroma of breast cancer [101]. A combinatorial therapy may
therefore act on CAF and other stromal compounds, allowing cytotoxic drugs specifically delivered by
nanoparticles to enhance their effect.

Several potentialities are promised by nanomedicine for specific and multi-acting cancer
treatments, but the pivotal issue is whether nanomedicine is clinically transferable in the next future.
A first great limitation is the lack of suitable preclinical models which accurately resemble spatially
and biologically human breast cancer and its complex interaction with surrounding microenvironment.
Clinical translation cannot be independent from this point, as widely demonstrated in current research,
since the great majority of promising drugs and therapeutic strategies developed in preclinical
studies do not reach clinical relevance [102]. Furthermore, preclinical reliable models of TME is
even more difficult, since spatial issues might be fundamental to properly resemble the real biological
situation [103]. Other major questions arise about safety, production standardization, and costs as well
as potential toxicities before the use of targeted nanoparticles in clinical practice, and research in this
field needs to be further accelerated.
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Abbreviations

α-SMA Alpha-smooth muscle actin
Bcl-2 B-cell lymphoma 2
BCPN Binary cooperative prodrug nanoparticle
CAF Cancer-associated fibroblasts
CAP Cleavable amphiphilic peptide
CCL2 Chemokine C-C motif ligand 2
CD Cluster of differentiation
CPP Cell-penetrating peptide
CXCL C-X-C motif ligand
DC Dendritic cells
DOX Doxorubicin
ECM Extracellular matrix
EMT Epithelial to mesenchymal transition
EPR Enhanced permeability and retention
FAP Fibroblast activation protein
GNRs Gold nanorods
HA Hyaluronic acid
HNP Hybrid nanoparticle
hPSCs Human pancreatic stellate cells
IDO-1 Indoleamine 2,3-Dioxygenase 1
IL Interleukin
LCP Lipid-calcium phosphate
LPD Liposome-protamine-DNA
LTSLs Loaded thermosensitive liposomes
MATT Marimastat
MMP Metalloproteinases
NP Nanoparticles
OXA Oxaliplatin
PEG Polyethylene glycol
PDGF Platelet-derived growth factor
PDT Photodynamic therapy
PLGA Poly(lactic-co-glycolic) acid
PNP Peptide nanoparticles
PS Photosensitizer
PTX Paclitaxel
QDs Quantum dots
ROS Reactive oxygen species
SPION Superparamagnetic iron oxide nanoparticles
siRNA Short interfering RNA
TGFβ Transforming growth factor beta
TME Tumor microenvironment
TNF Tumor necrosis factor
TRAIL TNF-related apoptosis-induced ligand
VEGF Vascular endothelial growth factor
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Abstract: Neoplastic epithelial cells coexist in carcinomas with various non-neoplastic stromal cells,
together creating the tumor microenvironment. There is a growing interest in the cross-talk between
tumor cells and stromal fibroblasts referred to as carcinoma-associated fibroblasts (CAFs), which
are frequently present in human carcinomas. CAF populations extracted from different human
carcinomas have been shown to possess the ability to influence the hallmarks of cancer. Indeed,
several mechanisms underlying CAF-promoted tumorigenesis are elucidated. Activated fibroblasts
in CAFs are characterized as alpha-smooth muscle actin-positive myofibroblasts and actin-negative
fibroblasts, both of which are competent to support tumor growth and progression. There are,
however, heterogeneous CAF populations presumably due to the diverse sources of their progenitors
in the tumor-associated stroma. Thus, molecular markers allowing identification of bona fide CAF
populations with tumor-promoting traits remain under investigation. CAFs and myofibroblasts in
wound healing and fibrosis share biological properties and support epithelial cell growth, not only by
remodeling the extracellular matrix, but also by producing numerous growth factors and inflammatory
cytokines. Notably, accumulating evidence strongly suggests that anti-fibrosis agents suppress tumor
development and progression. In this review, we highlight important tumor-promoting roles of CAFs
based on their analogies with wound-derived myofibroblasts and discuss the potential therapeutic
strategy targeting CAFs.

Keywords: angiogenesis; cancer-associated fibroblasts; extracellular matrix; fibrosis; heterogeneity;
interstitial fluid pressure; metabolic reprogramming; transforming growth factor-β; tumor stiffness

1. Significant Roles of Fibrosis in Cancer Development

1.1. Contributions of Fibrosis to Cancer Development

Injured epithelial tissues are repaired by the formation of granulation tissues rich in α-smooth
muscle actin (α-SMA)-positive myofibroblasts (a hallmark of activated fibroblasts), platelets, newly
formed blood vessels, macrophages, and other inflammatory cells and extracellular matrix (ECM).
The transforming growth factor-β (TGF-β) signal pathway is involved in the emergence of
myofibroblasts, which contribute to the production of matrix metalloproteinase (MMP) and ECM
proteins, such as collagen I, fibronectin and hyaluronic acid [1–4]. The damaged tissues are then
degraded and ECM proteins are simultaneously generated de novo [2–5]. Sustained activation of
myofibroblasts promotes dysfunctional repair mechanisms, leading to accumulation of fibrotic ECM
which is rich in collagen fibers and resistant to MMP-mediated degradation [1,6,7]. The fibrotic ECM
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inhibits epithelial cell polarity and stimulates epithelial cell proliferation, which in turn results in
conditions allowing tumor formation and development [8,9].

In fact, a growing body of evidence suggests that the presence of fibrotic lesions significantly
increases the risk of cancer in numerous tissues, including the lungs, liver and breast [8–11]. Idiopathic
pulmonary fibrosis (IPF), which is a progressive and fatal lung disease of unknown etiology, is
associated with a higher incidence of lung cancers as compared with the general population [12]. IPF
is characterized by scar tissue accumulation in the lung interstitium. The injury to type II alveolar
epithelial cells triggers production of TGF-β that leads to mitogenesis of macrophages, platelets and
myofibroblasts in the injured areas, leading to the formation of fibroblastic foci. Fibroblastic foci
containing myofibroblasts at the leading edge of lung fibrosis are an indicator of poor prognosis and
decreased survival [13].

The secreted protein acidic and rich in cysteine (SPARC) family of proteins regulate ECM
assembly and growth factor signaling to modulate interactions between cells and the extracellular
environment [14,15]. SPARC (also known as osteonectin, an acidic extracellular matrix glycoprotein)
binds to soluble procollagen and prevents procollagen from interacting with cellular receptors, such as
discoidin domain receptor 2 and integrins [15,16]. In the absence of SPARC, procollagen accumulates
at the cell surface and is inefficiently incorporated into the ECM, resulting in the production of thin
collagen fibers. SPARC is thus required for procollagen to be dissociated from the cell surface and
incorporated into the ECM.

SPARC is exclusively expressed in IPF patients, never in healthy individuals [9,17]. SPARC
expression is also tightly correlated with increased collagen deposition. Inhibition of SPARC expression
significantly attenuates fibrosis in various animal models of disease [15]. SPARC is also localized in the
cytoplasm of the actively-migrating myofibroblasts within the fibroblastic foci [17]. SPARC expression
and TGF-β signaling are reciprocally regulated; TGF-β induces SPARC expression via canonical
Smad2/3 signaling in lung fibroblasts and SPARC which, in turn, activates TGF-β signaling [18].
TGF-β also induces plasminogen activator inhibitor-1 (PAI-1) expression via Smad2/3 signaling in
lung fibroblasts. Moreover, SPARC-activated integrin promotes Akt activation that inhibits glycogen
synthase kinase-3β (GSK-3β) by serine-9/21 phosphorylation, leading to β-catenin activation and
PAI-1 expression [17]. As PAI-1 prevents lung fibroblasts from undergoing apoptosis induced by
plasminogen, ectopic SPARC expression in IPF apparently mediates the progression of interstitial
fibrosis by inhibiting apoptosis in lung myofibroblasts via β-catenin activation and PAI-1 expression
in collaboration with the TGF-β signal pathway. Taken together, the observations of these cellular
mechanisms by which SPARC promotes the activation of fibroblasts in culture and its fibrosis-promoting
ability in vivo encourage investigators to seek therapeutic strategies for blocking SPARC activity. Such
research may lead to the eradication of fibrotic diseases.

In contrast to the fibrosis-promoting SPARC function, the roles of stromal SPARC in human
carcinomas appear to be far more complex and even contradictory according to previous reports.
Enhanced SPARC expression in the tumor-associated stroma correlates with a poor prognosis for
patients with non-small cell lung cancers (NSCLC) [19] and pancreatic adenocarcinomas [20], but not
for those with bladder cancers [21]. Chemical agent-induced bladder carcinomas have been shown to
grow and progress more significantly in SPARC−/− mice than in control SPARC+/+ mice [21]. Murine
carcinoma-associated fibroblasts (CAFs) extracted from SPARC−/− bladder carcinomas also exhibit
enhanced inflammatory phenotypes via NF-κB and AP-1 signaling, thereby promoting tumor growth
and metastasis, indicating a tumor-suppressive role of SPARC in bladder CAFs. Collectively, these
observations indicate cell-context dependent roles of stromal SPARC in different tumors.

Furthermore, non-alcoholic steatohepatitis (NASH), characterized by fat accumulation,
inflammation and liver cell damage, leads to advanced fibrosis and cirrhosis, thereby increasing
the risk of developing hepatocellular carcinoma (HCC) [22,23]. Diabetes mellitus (DM) with insulin
resistance has also been demonstrated to be an independent risk factor for HCC development in
NASH patients [23,24]. Activation of insulin-like growth factor 1 (IGF1) signaling stimulates cellular
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proliferation by activating the mitogen-activated protein kinase (MAPK) pathway and increases
the transcription of c-Fos and c-Jun proto-oncogenes [25–27]. Moreover, phosphatase and tensin
homologue deleted on chromosome 10 (PTEN) is a crucial negative regulator of the insulin signal
pathway mediated by suppression of the phosphatidylinositol-3 kinase (PI3K)-Akt signal pathway.
It has been shown that concomitant down-regulation of PTEN and up-regulation of c-Met occurs
in HCC, leading to poor clinical outcomes [28]. Loss of PTEN function leads to the accumulation
of phosphatidylinositol-3,4,5-triphosphate (PIP3), which mimics the effects of PI3K activation and
triggers the activation of its downstream effectors, PDK1, Akt and Rac1/CDC42. Taken together, these
observations demonstrate that NASH induces activation of an oncogenic signal transduction series of
events in the non-cancerous liver to initiate tumor development.

1.2. Epithelial-Mesenchymal Transition (EMT) and Endothelial-Mesenchymal Transition (EndoMT) in Fibrosis
and Tumor Stroma

As the saying “tumors: wounds that do not heal” goes, myofibroblasts in wounds and fibrosis
mimic CAFs within a tumor [4,29,30] (Figure 1). Epithelial cells frequently transdifferentiate into
mesenchymal cells through EMT during wound healing and fibrosis. EndoMT, another form of cellular
transition, has also emerged as a mechanism underlying pathological fibrosis development [31–33].
Lineage-tagging experiments using a murine fibrosis model of renal injury indicate that about 30%
of the cells involved are derived from tubular epithelial cells via EMT, while about 35% arise from
EndoMT [34].

 
Figure 1. Schematic representation of both wound healing and tumor stroma. Platelets, inflammatory
immune cells including neutrophils and macrophages, vascular endothelial cells and activated
fibroblasts (myofibroblasts and carcinoma-associated fibroblasts (CAFs)) are recruited into granulation
tissues during wound healing (a) and tumor stroma (b).

EndoMT is a complex biological process in which endothelial cells lose their molecular markers,
such as vascular endothelial cadherin (VE cadherin), and acquire the myofibroblastic phenotype
expressing mesenchymal markers including α-SMA, type I collagen, and vimentin. These cells also
gain motility and are thus capable of migrating into the surrounding tissues [31]. TGF-β treatment
induces the downstream signaling pathway to significantly upregulate Snail1 expression in endothelial
cells via EndoMT [35–37]. This observation strongly suggests that EMT and EndoMT share the
similar molecular mechanisms. Remarkably, TGF-β1-induced EndoMT occurs independently of
Smad2/3 phosphorylation via non-canonical TGF-β signaling [31]. Furthermore, several important
kinases including the c-Abl protein kinase (c-Abl), protein kinase C δ (PKC-δ) and GSK-3β, have been
shown to play pivotal roles in this Smad-independent TGF-β pathway. In the absence of GSK-3β
phosphorylation, the kinase activity of GSK-3β is promoted and induces proteasomal degradation of
Snail1, thereby abrogating EndoMT. Both c-Abl and PKC-δ are required for GSK-3β phosphorylation
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to induce EndoMT [38]. From the perspective of preventing tissue fibrosis, the inhibition of GSK-3β
serine-9 phosphorylation by a specific inhibitor of PKC-δ, i.e., rottlerin, or by c-Abl, widely known
as imatinib, degrades Snail1 and thereby inhibits EndoMT [31]. Thus, rottlerin and imatinib both
effectively suppress acquisition of the myofibroblastic phenotype and pathological fibrotic changes.

Myofibroblasts reportedly promote the induction and maintenance of EMT of epithelial cells
at wound edges [4,39]. When this physiological EMT process is disrupted, wounds cannot heal.
For instance, wound re-epithelialization of dermal tissue is compromised in mice lacking functional
Slug, which is one of the transcription factors involved in TGF-β-induced EMT [40,41]. To achieve
EMT at the wound edge, myofibroblasts secrete extracellular proteolytic enzymes, such as MMPs,
which cleave ECM components and release potent TGF-β (latent form) and other EMT-inducing
cytokines [6,42]. This is an intriguing parallel with the role EMT in cancer development and
progression; while cancer cells are regulated by cytokines, such as TGF-β, these cytokines become
tethered within the ECM, such that it remains ready for mobilization in response to certain triggers.

Stromal myofibroblasts are also observed in proximity to carcinoma cells associated with the EMT
phenotype [43]. CAFs in this context participate in the release and bioavailability by secreting
extracellular proteases and ECM-remodeling enzymes. It was previously shown that normal
colonic fibroblasts differentiate into α-SMA-positive CAFs and secrete larger amounts of MMP2
and urokinase-type plasminogen activator (uPA) associated with various cancer cells [44,45]. These
proteolytic enzymes have been suggested to cleave various ECM components such as decorin, which
covalently and potently binds to TGF-β and prevents the potential ligand from binding to the TGF-β
receptor in adjacent cancer cells [46]. ECM components act as a reservoir for various cytokines;
since decorin is able to bind TGF-β1, proteolytic degradation of decorin results in the release of this
sequestered TGF-β ligand [47]. These lines of evidence all strongly suggest that paracrine signaling
from CAFs and myofibroblasts in a wound regulates epithelial-mesenchymal plasticity in nearby
epithelial cells to further promote tumor progression and fibrosis, respectively.

2. Fibrosis-Induced Tumor Progression

2.1. Origin and Differentiation into CAFs

Although CAFs represent a major cellular component of the tumor stroma, a precise molecular
definition of CAFs is as yet lacking. Attempts to define CAFs are usually aimed at identifying
morphological features and expression patterns of the following proteins: α-SMA, asporin, collagen
11-α1 (COL11A1), fibroblast-activating protein (FAP), platelet-derived growth factor receptor (PDGFR)
α/β, fibroblast-specific protein 1 (FSP1, also called S100A4), podoplanin, SPARC, S100A4, tenascin-C,
microfibrillar-associated protein 5 (MFAP5), and vimentin [33,48–50]. However, none of these markers
are specific to CAFs. Lack of the appropriate molecular markers for identifying tumor-promoting CAFs
thus makes it difficult to elucidate the biology of these fibroblasts. Such a precise understanding would
be the first, and most fundamental, step toward developing a cell type-specific targeting approach.

CAFs produce growth factors and inflammatory cytokines that are capable not only of regulating
fibroblast activation in an autocrine fashion, but also of controlling the behaviors of cancer cells as
well as other stromal cells, along with remodeling the ECM in a paracrine manner [33,51,52]. CAFs
transdifferentiate from their progenitors, such as resident fibroblasts, endothelial cells, preadipocytes
and bone marrow-derived mesenchymal stem cells (MSCs) during tumor progression [50,53–55]. MSCs
are known to differentiate into CAFs in culture [56]. Injection of MSCs with carcinoma cells into
immunodeficient mice also results in enhanced tumor growth and metastasis presumably through
differentiation into tumor-promoting CAFs [57]. However, how differences among cells of origin for
CAFs impact their biological functions has yet to be elucidated. A recent elegant study demonstrated
the unique roles of CAFs originating from bone marrow in breast carcinomas [58]. Using MMTV-PyMT
transgenic mice and adaptive bone marrow transplantation techniques, Raz et al. showed bone
marrow-derived CAFs extracted from breast tumors to have proangiogenic traits and that, when
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implanted into recipient mice, these traits were significantly more marked than in those locally
arising from the mammary gland. They also found decreased PDGFRα expression to allow bone
marrow-derived CAFs to be distinguished from other CAF populations in breast tumors, highlighting
distinct fibroblast populations present in the tumor.

Myofibroblastic CAFs are induced de novo from their progenitors including normal fibroblasts,
when treated with TGF-β, platelet-derived growth factor (PDGF), Wnt7a, exosomes and microRNAs in
culture [49,50,59–61]. Activation of fibroblasts with a pro-inflammatory state also occurs in otherwise
non-activated fibroblasts treated with interleukin (IL)-1β, IL-6, leukemia inhibitory factor (LIF) and
osteopontin [62,63]. However, it remains unknown whether these de novo generated CAFs continue to
maintain their activated, tumor-promoting traits after a series of passages in culture or incubation with
carcinoma cells within a tumor mass.

From the perspective of epigenetic modifications in myofibroblasts, LIF induces constitutive
activation of the Janus kinase 1 (JAK1)/STAT3 signaling pathway mediated by post-translational
regulation of STAT3 acetylation by p300 [64–66]. The acetylated STAT3 causes an epigenetic-dependent
loss of expression of the Src homology region 2 domain-containing phosphatase-1 (SHP-1) tyrosine
phosphatase, which is a negative regulator of the JAK/STAT pathway [67,68]. Silencing of SHP-1 gene
expression by promoter methylation leads to sustained phosphorylation of JAK1 kinase and the STAT3
transcription factor that maintain the contractile and invasive abilities of CAFs [65]. Blockage of both
JAK signal and DNA methyltransferase activities results, both in vitro and in vivo, in the reversal of
the invasive phenotype of CAFs.

Table 1 shows the common activated signal pathways in both wound-induced activated fibroblasts
and CAFs. This table comparatively details the biological roles of growth factors and cytokines in
wound-healing and tumor stroma settings.

Table 1. The critical signal pathways activated in both wound-induced fibroblasts and CAFs.

Signal Pathway Wound-Induced Fibroblasts CAFs

Epithelial growth factor (EGF)

EGF stimulation increases the
phosphorylation of myosin light
chain (MLC) subunit of myosin
that promotes cell contractility in
various different cell types.
Activation of PKC with the PKC-δ
isoform mediates the cell
contraction by EGF-stimulated
MLC phosphorylation in murine
fibroblast cells [69].

Resistance to the epidermal
growth factor receptor (EGFR)
tyrosine kinase inhibitor (TKI) is
partially medicated by CAFs in
tumors through paracrine factors
secreted from these fibroblasts
[70].

Fibroblast growth factor (FGF)

FGFs have the biological activity
of stimulating the proliferation of
fibroblasts and angiogenesis [71].
FGFs exert multiple functions
through binding to and activation
of fibroblast growth factor
receptors (FGFRs), and the main
signaling through the stimulation
of FGFRs is the RAS/MAPK signal
pathway.

CAFs secrete increased levels of
FGF-1/-3 and promote cancer cell
growth and angiogenesis through
the activation of FGFR4, which is
followed by the activation of
extracellular signal-regulated
kinase (ERK) and the modulation
of MMP-7 expression [72]. In
addition, FGF-1 and FGF-3 act as
primary autocrine mediators of
epithelial-stromal interactions in
the tumor progression.
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Table 1. Cont.

Signal Pathway Wound-Induced Fibroblasts CAFs

JAK/STAT

Synovial fibroblasts mediate
chronic inflammation and joint
destruction in patients suffered
from rheumatoid arthritis (RA).
Increased levels of IL-6, TNF-α
and IL-1β production activate
STAT3 signaling that in turn
boosts expression levels of these
cytokines in an autocrine fashion
in synovial fibroblasts, promoting
chronic inflammation [73]. STAT3
activation also induces receptor
activator of nuclear factor kappa B
ligand (RANKL) expression that
stimulates osteoclastogenesis and
thus promotes the joint
destruction [73].

CAFs release high levels of IL-6
and CCL2 upon STAT3 activation
in co-culture system with cancer
cells, promoting the self-renewal
and spheroid forming potentials of
cancer stem cells [74].
Furthermore, the leukemia
inhibitory factor (LIF)-induced
JAK1/STAT3 signaling pathway
mediates expression of the
invasive CAF phenotype [75].

PDGF

PDGFs induce fibroblast activation
and fibrosis. PDGF-BB stimulates
polarization and provides
enhancement and directionality
for collagen-driven human dermal
fibroblast migration. Akt
processes both migratory and
proliferative signals from PDGF
receptors [76].

Breast tumor cells produce
PDGF-CC to activate stromal
fibroblasts that in turn confer the
basal and estrogen receptor α-
negative phenotypes into cancer
cells, rendering them
unresponsive to endocrine
treatment [77].

PGE2-Wnt

Dermal fibroblasts expressing a
low level of Dickkopf 1, a Wnt
signaling antagonist, exhibit
enhancement of the canonical
Wnt/β-catenin signal pathway
with accumulation of
prostaglandin E2 (PGE2) [78]. The
PGE2 signaling also increases
nuclear β-catenin signaling in
fibroblasts.

Autocrine activity of PGE2
regulates the production of
angiogenic factors by fibroblasts,
which are key to the
vascularization of both primary
and metastatic tumor growth [79].
Simultaneous activation of PGE2
and Wnt signals in transgenic mice
causes gastric cancer with an
abundance of vascular endothelial
growth factor-A (VEGF-A)
expressing CAFs, derived from
bone marrow [80].

TGF-β

Upon TGF-β stimulation,
fibroblasts are activated and
undergo phenotypic transition
into myofibroblasts, the key
effector cells under fibrotic
conditions. The myofibroblast
phenotype is characterized by the
formation of gap junctions and by
the acquisition of a contractile
apparatus with associated
contractile proteins. In healing
wounds, myofibroblasts are
required for tissue repair prior to
their elimination due to the
induction of apoptosis, but
constitutively activated
myofibroblasts promote fibrosis
[81].

Increased TGF-β production by
tumor cells gives rise to the
desmoplastic stroma in murine
tumor models [82,83]. TGF-β
potently suppresses immunity,
induces angiogenesis and
promotes cancer cell migration
and invasion by stimulating EMT.
Moreover, cancer cell-derived
TGF-β activates TGF-β signaling
in CAFs, inducing the
up-regulation of monocarboxylate
transporter 4 (MCT4) (a marker of
glycolysis) and BNIP3 (a marker of
autophagy) and the loss of
caveolin-1 (CAV1) [84].
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2.2. Emerging Roles of CAFs for Therapeutic Resistance

Recent emerging evidence supports crucial roles of CAFs for therapeutic resistance, as exemplified
by innate and adaptive resistance in various human carcinomas (Figure 2).

Figure 2. Emerging roles of CAFs for therapeutic resistance. CAFs play crucial roles in innate resistance
to anti-cancer drugs (left). CAF-released insulin-like growth factor 2 (IGF2) provides cancer cells
with tumor-initiating ability and EGFR-TKI-resistance. HGF produced by CAFs blunts the efficacy
of BRAF and EGFR inhibitors in BRAF-mutant melanoma cells and lung cancer cells via MAPK
and PI3K/AKT signal pathways. CAF-produced PDGF-CC attenuates the efficacy of anti-VEGF
therapy via increasing neo-angiogenesis. Breast tumor cell-derived PDGF-CC also enables CAFs
to produce stanniocalcin 1 (STC1), HGF and IGFBP3 that contribute to promoting conversion of
luminal cancer cells into basal cancer cells, resulting in resistance to treatment with selective estrogen
receptor modulators (SERMs). Upon therapeutic insult, CAFs acquire adaptive resistance (right).
Chemotherapy induces pro-inflammatory phenotypes in CAFs via activation of NF-κB signaling,
resulting in enhanced production of Wnt family member wingless-type MMTV integration site family
member 16B (WNT16B), IL-6 and IL-8 from these fibroblasts that provides breast cancer cells with
chemoresistant ability. Increased levels of IL-7 and IL-11 production are also induced in CAFs by
chemotherapy, rendering cancer cells tumor-initiating and apoptosis-resistant. Treatment of CAFs
with the BRAF inhibitor induces ECM remodeling, resulting in activation of integrin β1/focal adhesion
kinase (FAK)/Src and ERK signaling in melanoma cells. The histone deacetylase (HDAC) inhibitor
treatment enables CAFs to produce the senescence-associated secretory phenotype (SASP) factors.
Exposure to anti-androgen therapy encourages CAFs to produce SFRP1 that promotes prostate cancer
neuroendocrine differentiation. Treatment of different human carcinomas with the CSF1 receptor
inhibitor targeting TAMs allows CAFs to boost CCL3 and CXCL-1/2/5 productions, resulting in the
recruitment of MDSCs into tumors and thus promoting tumor growth and progression.

2.2.1. Innate Resistance of CAFs to Anti-Cancer Drugs

CAFs produce inherently increased levels of growth factors and inflammatory cytokines that
attenuate the efficacy of anti-cancer treatment. For example, CAFs produce an abundance of insulin-like
growth factor 2 (IGF2) that renders cholangiocarcinoma and pancreatic cancer cells resistant to EGFR
tyrosine kinase inhibitors (TKI) by activating the insulin receptor (IR)/insulin-like growth factor 1
receptor (IGF1R) signaling axis [85,86]. CAF-produced IGF2 also reportedly promotes invasion and
metastasis of colon cancer cells [87]. Moreover, stromal IGF2 induces NANOG expression and thus
boosts the cancer-initiating properties of lung cancer cells through IR/IGF1R signaling followed by
activation of the AKT-PI3K pathway [88].

Mechanisms underlying the stroma-mediated innate resistance to the BRAF inhibitor have also
been addressed using BRAF-mutant melanoma cells in other studies. Hepatocyte growth factor
(HGF) released from fibroblasts contributes to resistance to the BRAF inhibitor, presumably via the
downstream signaling of the MAPK and PI3K/AKT pathways [89]. While treatment with BRAF-
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and MEK-inhibitors is not sufficient to overcome HGF-induced resistance, BRAF- and MET (the
HGF receptor)-inhibitors suppress the majority of HGF-induced drug resistance in BRAF-mutant
melanoma [89,90]. Similarly, HGF-producing human fibroblastic cells confer resistance to gefitinib,
a TKI selective to EGFR in lung cancer cells through the PI3K/Akt signal pathway [91]. Importantly,
anti-HGF neutralizing antibody and the natural HGF inhibitor NK4 significantly overcome the gefitinib
resistance in culture and in tumor xenografts raised by lung cancer cells admixed with HGF-producing
human fibroblasts in mice treated with gefitinib.

Inhibition of VEGF-A is effective in treating several human carcinomas [92]. However, tumors
often show resistance to anti-VEGF treatment. Importantly, CAFs have been shown to mediate the
resistance to anti-VEGF therapy and the molecular mechanism was elucidated in murine lymphoma
models [93]. Murine CAFs were isolated from subcutaneous tumors developed by lymphoma cell
lines resistant to the antiangiogenic therapy with VEGF inhibitors. The increased level of PDGF-CC
produced by CAFs resulted in rendering tumor cells resistant to anti-VEGF therapy by stimulation of
neoangiogenesis, when lymphoma cells otherwise sensitive to anti-VEGF therapy were co-implanted
with these fibroblasts into recipient mice [93].

Human breast cancers of the luminal subtypes expressing female hormone receptors are effectively
treated with selective estrogen receptor modulators (SERMs), such as tamoxifen, while tumors of
the basal-like subtype that do not express hormone receptors fail to have effective targeted therapies.
Roswall et al. have recently demonstrated that CAFs play crucial roles in regulating the phenotypic
conversion of luminal breast cancers into basal-like cancers, which show the worst overall survival
among various human breast cancer subtypes [77]. Human breast cancer cells produce PDGF-CC
that acts onto the cognate PDGF receptors expressed on closely apposed CAFs to activate these
fibroblasts. The resulting activated CAFs produce stanniocalcin 1 (STC1), HGF and insulin growth
factor binding protein 3 (IGFBP3), all of which downregulate the expression levels of the luminal
markers including FOXA1, estrogen receptor and GATA3, resulting in the conversion of the luminal
tumors into basal-like tumors [77]. Notably, the luminal phenotype and sensitivity to endocrine
therapy were shown to be restored in otherwise resistant tumors, not only by genetic targeting of
the PDGF-C gene in the MMTV-PyMT murine basal-like breast cancer model, but also by treatment
with the neutralizing PDGF-CC antibody of patient-derived triple-negative breast tumor xenografts
transplanted orthotopically in immunodeficient mice.

2.2.2. Adaptive Resistance of CAFs to Anti-Cancer Drugs

CAFs have been shown to prime chronic inflammation, as exemplified by recruitment of
protumorigenic macrophages in an NFκB signal-dependent fashion, resulting in the promotion of
tumor growth and angiogenesis [94]. With stress exposures, such as chemotherapy and radiation, these
fibroblasts also acquire the pro-inflammatory phenotype via further activating NFκB signaling, resulting
in increased survival signals of cancer cells. The activated NFκB signaling in the therapy-treated
CAFs enhances production of different cytokines including Wnt family member wingless-type MMTV
integration site family member 16B (WNT16B), IL-6 and IL-8, leading to the induction of chemoresistance
in breast cancer cells [95,96]. CAFs treated with cisplatin also boost IL-11 production to activate the
STAT3 signal pathway and upregulate the expressions of the anti-apoptotic proteins such as Bcl-2 and
survivin for prostate cancer cells to acquire resistance to apoptosis [97]. Moreover, CAFs extracted
from freshly resected human colorectal cancer specimens after chemotherapy reportedly show higher
IL-7 production than those without chemotherapy [98]. This stromal IL-7 provides CD44-positive
colon cancer cells with further increased tumor-initiating ability, thereby promoting tumor cell growth
both in vitro and in vivo [98].

Furthermore, chemotherapy-induced stromal chronic inflammation is responsible for angiogenesis
and ECM remodeling, and subsequently provides tumor cells with a physical barrier against the cytotoxic
agents administered [33,99,100]. Recent investigations have shown that conventional chemotherapy
and radiotherapy can lead to increased tumor stiffness involving the stroma response [49,101,102].
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Remarkably, treatment with PLX-4270 (BRAF inhibitor) activates tumor-associated fibroblasts to induce
ECM remodeling that activates integrin β1/FAK/Src signaling in melanoma cells [101]. This signal
activation then renders melanoma cells resistant to PLX-4270 via ERK activation.

Treatment of stromal fibroblasts with high concentrations of HDAC inhibitors, such as SAHA,
TSA and vorinostat, causes the senescence-associated secretory phenotype (SASP) mediated by the
direct activation of the NFκB signal [103,104]. Treating fibroblasts with HDAC inhibitors results in
significant paracrine stimulation of tumor growth, which suggests that high-dose HDAC inhibitors
would likely impact the stromal compartment adversely in a therapeutic setting.

Intriguingly, androgen deprivation therapy increases the population of CD105 (endoglin)-positive
CAFs, which contribute to neuroendocrine differentiation of epithelial prostate carcinoma cells [105].
CAF-derived secreted frizzled-related protein 1 (SFRP1), which is driven by the CD105-mediated
signal pathway, is both necessary and sufficient to induce the neuroendocrine differentiation of prostate
carcinoma in a paracrine manner. These series of observations raise concern regarding the undesirable
side effects of therapeutic agents; paracrine signaling from treatment-primed CAFs might influence the
regrowth and malignancy of nearby tumor cells.

CAFs play a key role in driving the drug resistance not only by raising particular gene expression
patterns and signaling pathways as mentioned above, but also by stimulating recruitment of
immunosuppressive cells into the tumor. Tumor-associated macrophages (TAMs) are non-neoplastic
cells abundant in stroma of different human tumors and exert either pro-tumoral or tumoricidal
functions in response to cytokine exposure [106,107]. A growing body of evidence indicates that
pro-tumoral TAMs support tumor growth and progression by influencing tumor hallmarks [107].
Colony-stimulating factor 1 (CSF1) receptor signaling is a key regulator of TAM recruitment,
differentiation and survival. Treatment with CSF1 receptor inhibitors targeting TAMs clearly reduces
tumor growth in murine tumor models, though the anti-tumor effect was shown to be very limited in
patients [106]. The molecular mechanisms underlying the tumor progression elicited by substantial
depletion of TAMs remain, however, unknown. Importantly, a recent study revealed this to be
due to increased CCL3 and CXCL-1/2/5 productions from CAFs treated with the CSF1 receptor
inhibitor [108]. These CAF-produced chemokines then stimulate the recruitment of polymorpho-nuclear
myeloid-derived suppressor cells (PMN-MDSCs) into tumors, resulting in the promotion of tumor
growth and progression. These findings therefore demonstrate that CAFs mediate neutralization of
the anti-tumor effect exerted by CSF1 receptor inhibitors via recruitment of PMN-MDSCs into tumors.

2.3. Cross-Talk between CAFs and Tumor Microenvironment

The wound-healing program is strongly dependent on the cross-talk between various stromal
cells and myofibroblasts at the wound site [109,110] (Figure 1). For instance, myofibroblasts induce
angiogenesis from preexisting parental vessels or from the circulating endothelial precursor cells
(EPCs) recruited at the wound site via the secretion of a potent preangiogenic chemokine, CXCL12,
also known as stromal cell-derived factor-1 (SDF-1) [111,112]. Chemotactically-attracted EPCs then
transdifferentiate into endothelial cells in the presence of VEGF, which is also secreted by myofibroblasts.

In certain contexts, myofibroblastic CAFs induce neo-angiogenesis via secretion of preangiogenic
factors including CXCL12, VEGF, PDGF, TGF-β and HGF in a wide range of cancers [49,50,113–117].
Most desmoplastic tumors are highly vascularized, wherein shifting the switch toward an
angiogenesis-promoting phenotype occurs [118,119]. Interestingly, as in the case of wound healing, the
CAF niches depend on the CXCL12/CXCR4 axis and VEGF production to stimulate the formation of
neovasculature at the invasive front of breast cancer [115,120–122]. As the CXCR4 receptor for CXCL12
is expressed on both the tumor cells and EPCs [123,124], CAF-produced CXCL12 stimulates tumor
growth and neoangiogenesis via acting CXCR4 expressed on these cells. The production of VEGF
from tumor cells and CAFs also boosts neoangiogenesis in breast cancer tissues. Collectively, niches
of myofibroblasts in wounds and CAFs are both likely to support angiogenesis, apparently through
similar signaling pathways.
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It was recently shown that hypermethylated in cancer 1 (HIC1), which is a tumor suppressor
gene located at 17p13.3, resides exclusively within CpG islands, frequently showing hypermethylation
in several tumors such as breast, lung and prostate carcinomas [125–128]. A recent study found
that HIC1-depleted breast cancer cells markedly produce CXCL14 that activates Akt and ERK1/2
signal pathways, by acting through its cognate receptor GPR85 on resident fibroblasts in a paracrine
manner, resulting in the induction of a phenotypic conversion into CAFs [127]. The activated CAFs, in
turn, boost the production of chemokine CCL17 that acts on its cognate receptor CCR4, located on
breast cancer cells, to drive metastasis. Collectively, the HIC1-CXCL14-CCL17 positive-feedback loop
reciprocally mediating interactions between breast tumor cells and myofibroblastic CAFs contributes
to the malignant potentials of breast tumors.

CAFs remodel the ECM components and thereby regulate tumor stiffness [129]. It was recently
shown that squamous cancer cells activate EGFR in response to tumor stiffness, which leads to
actomyosin contractility and collective invasion [130]. From a mechanistic standpoint, enhanced
tyrosine kinase activity of EGFR results in Ca2+-dependent regulation of Cdc42 small GTPase activity
in tumor cells, which in turn leads to phosphorylation of MLC2. The MLC kinase regulates
actomyosin-dependent ECM remodeling due to CAFs. Surprisingly, two Ca2+ channel blockers,
the phenylalkylamine verapamil and the nondihydropiridine diltiazem, which have been used for
treating hypertension and arrhythmia for decades, show the therapeutic efficacy for preventing
collective cancer invasion, an effect achieved by significantly down-regulating the phosphorylation
of MLC2.

It is noteworthy that mechanical force-mediated ECM remodeling by CAFs depends on actomyosin
contractility generated through the Rho-associated protein kinase (ROCK) signal pathway [129].
The IL-6/JAK1/signal transducer and activator of transcription 3 (STAT3) axis also controls actomyosin
contractility by regulating the levels of phosphorylated-MLC2 in both melanoma cells and CAFs.
In striking contrast to melanoma cells, in which the IL-6-gp130/ JAK1-ROCK axis is required for the
amoeboid-like individual tumor migration, this signaling pathway is not required for the migration
of squamous carcinoma cells themselves, but is required for CAFs to remodel the matrix, which is
necessary for promoting the collective invasion of these carcinoma cells [64].

EMT of epithelial tumor cells, the process by which the number of tumor-initiating cells (TICs) is
increased [131,132], is apparently regulated in cooperation with CAFs. Recent studies also highlight
the importance of epithelial-mesenchymal plasticity to be determined by several transcription factors,
including ZEB1, Snail and Twist. The resulting tumor cells with the hybrid epithelial/mesenchymal
trait mediated by partial EMT are considered to enhance the tumor-initiating, invasive and metastatic
properties as well, along with promoting chemoresistance [132–135]. These phenotypic changes are
also presumably induced by CAF-regulated ECM components, exosomes and soluble factors.

3. Metabolic Reprogramming of CAFs During Cancer Progression

3.1. Metabolic Symbiosis Between Cancer Cells and CAFs

Features of desmoplastic tumor stroma resemble those of wound healing and involution during
gestation. Mammography measures and compares the different types of breast tissue visible on a
mammogram, which is an X-ray image of the breasts routinely used to screen for breast cancer in
clinics. High breast density represents a greater amount of glandular and connective tissue than fat and
has an association with higher risk for breast cancer development [136]. The expression level of CD36,
a cell surface receptor for fatty acids, is downregulated in fibroblasts extracted from noncancerous
breast tissues with high mammographic density as well as in breast CAFs [137]. CD36 expression is
also known to be required for human mammary fibroblasts to transdifferentiate into preadipocytes
in culture. Consistently, adipocytes were shown to regenerate from myofibroblasts in a murine skin
wound healing model [138]. These findings demonstrate that down-regulation of CD36 expression
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in the stroma results in increased fibrosis in the breast, resulting in high mammographic density,
presumably via attenuated transdifferentiation into adipocytes from mammary fibroblasts.

AMP-activated protein kinase (AMPK) reportedly regulates the translocation of the fatty acid
transporter CD36 from intracellular stores to the plasma membrane [139], thereby promoting fatty
acid uptake into skeletal muscle. CD36 also contributes to the activation of mitochondrial fatty acid
β-oxidation (FAO) which in turn influences their metabolic plasticity in ovarian and oral carcinoma
cells, leading to greater lymph node metastasis [140,141].

CD36 is involved in caveolae, a subset of lipid rafts forming part of the cell membrane
microdomain enriched in cholesterol and signaling proteins. Decreased expression of CAV1, another
component of caveolae within the tumor microenvironment, is also consistently associated with
poor clinical outcomes in patients with a wide variety of malignancies [142]. CAV1-deficient
fibroblasts also show concomitantly decreased CD36 expression, stabilization of hypoxia-induced
factor-1α (HIF-1α), activation of TGF-β signal transduction and induction of myofibroblast
differentiation [142,143]. These CD36-deficient fibroblasts likewise undergo a metabolic shift from
mitochondrial oxidative phosphorylation to aerobic glycolysis, promoting the metabolic plasticity
of these fibroblasts [142,144,145] (Figure 3). These findings suggest that altered caveolae function in
the tumor microenvironment induces tumor metabolic heterogeneity, leading to the manifestation of
malignant features. These mechanistic insights into how the alteration of caveolae is induced and
maintained in CAFs are currently under investigation.

 
Figure 3. Metabolic reprogramming in CAFs. CD36 and caveolin 1 (CAV1) are components of caveolae,
a subset of lipid rafts found in the cell membrane microdomain enriched for cholesterol and signaling
proteins. These CD36 and CAV1 expressions are downregulated in CAFs. The attenuated CAV1
expression concomitantly decreases CD36 expression, stabilizes hypoxia-induced factor-1α (HIF-1α),
activates TGF-β signal transduction and induces myofibroblast differentiation in fibroblasts. This
attenuated CD36 expression also shows a metabolic shift from mitochondrial oxidative phosphorylation
to aerobic glycolysis, promoting metabolic plasticity in these fibroblasts. Tumor-derived reactive
oxygen species (ROS) are responsible for down-regulation of CAV1 in CAFs. Loss of CAV1 in CAFs
also results in ROS elevations, which in turn stabilize HIF-1α.

Initially, the Warburg effect was believed to be confined to specific tumor cell types [146–148].
However, the emerging concept of a “reverse Warburg effect” has recently attracted considerable
research attention [145,149,150]. Tumor-derived reactive oxygen species (ROS) are responsible for
down-regulation of CAV1 in CAFs [151–153] (Figure 3). Loss of CAV1 in CAFs also results in ROS
elevations, which in turn stabilize HIF-1α. In other words, malignant cells induce a “pseudo-hypoxic”
microenvironment for CAFs [145,154]. Because the transcription factor HIF-1α promotes glycolysis
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and provides cancer cells with lactate and glutamate, elevated ROS production in tumor cells
indirectly induces the uptake of intermediate metabolites of the tricarboxylic acid (TCA) cycle in
mitochondria (Figure 4). Of note, CAFs consume more glucose and secrete more lactate than normal
fibroblasts [154–156]. Furthermore, CAFs depend significantly on autophagy that may lead to resistance
to chemotherapy [145,155,157]. Collectively, fibroblasts surrounding epithelial tumor cells undergo
metabolic reprogramming, which results in a metabolic phenotype resembling that induced by the
Warburg effect. Importantly, metabolic symbiosis between epithelial cancer cells and CAFs requires a
cell population to express a different MCT subtype [145,158–161]. Epithelial tumor cells express MCT1,
which contributes to uptake of the lactate provided by CAV1-deficient CAFs, which in turn express
MCT4, a marker of both aerobic glycolysis and lactate efflux (Figure 4).

 
Figure 4. Metabolic symbiosis between cancer cells and CAFs requires the expression of a different
MCT subtype. Monocarboxylate transporter 1 (MCT1)-expressing cancer cells induce ROS-mediated
pseudohypoxia for MCT4-expressing CAFs, causing HIF-1α accumulation in the nucleus. CAFs depend
on aerobic glycolysis and secrete lactate via MCT4. Cancer cells exhibit robust lactate uptake via MCT1,
allowing them to generate large amounts of ATP via the mitochondrial TCA cycle. Tumor cells then
efficiently produce metabolic intermediates, such as NADH by utilizing lactate derived from CAFs.
ROS are a major hallmark of cancer tissues that drives robust metabolism in adjacent proliferating
MCT1-positive cancer cells, which are abundant in mitochondria, mediated by the paracrine transfer of
mitochondrial fuels, such as lactate, pyruvate and ketone bodies.

3.2. Signal Pathways Involved in Metabolic Reprogramming of CAFs

Accumulating evidence strongly suggests that p62 (also known as sequestosome 1) is involved
in metabolic reprogramming of activated fibroblasts in fibrosis and tumor stroma [162–166]. p62
is a multifunctional adaptor protein and a specific substrate for autophagy. p62 is thus selectively
incorporated into autophagosomes through the direct binding with LC3 (microtubule-associated
protein light chain 3) to be degraded by autophagy [167,168].

Hepatic stellate cells (HSCs), which can transdifferentiate into myofibroblasts in response to certain
stimuli, play critical roles in liver fibrosis and HCC development [163]. A study showed that vitamin D
receptor (VDR) signaling exerts the anti-fibrotic and anti-inflammatory effects in HSCs [163]. p62 also
mediates the anti-fibrotic function by a direct interaction with VDR and the retinoid X receptor that
promotes their heterodimerization, a process critical for target gene recruitment [163]. Moreover, Duran
et al. have shown that loss of p62 expression in HSCs enhances their myofibroblastic differentiation,
thereby impairing suppression of fibrosis and inflammation by VDR agonists in chemical agent-induced
murine fibrosis and tumor models. Consistent with the aforementioned observations, these findings
demonstrate decreased p62 expression to be crucial for myofibroblast differentiation to exert their
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actions of supporting fibrosis and tumor growth via attenuated VDR signaling. However, the molecular
mechanisms underlying the observed down-regulation of p62 expression in activated fibroblasts
remain as yet unknown.

Significant down-regulation of p62 expression also underlies the metabolic reprogramming in
CAFs mediated by the mammalian target of rapamycin (mTOR) complex 1/Myc cascade controlling
IL-6 secretion [166]. Reduced activity of the mTOR complex 1 in p62-deficient fibroblasts accounts
for c-Myc down-regulation and the subsequent up-regulation of IL-6, resulting in the promotion of
inflammation and tumorigenesis. The lack of p62 in CAFs promotes resistance to glutamine deprivation
by directly regulating ATF4 stability via its p62-mediated polyubiquitination [162]. Interestingly,
selective autophagy mainly regulated by p62 does not account for the capacity of p62-deficient CAFs
to withstand glutamine starvation [162,166]. Up-regulation of ATF4 due to p62 deficiency in the tumor
stroma enhances glucose carbon flux through a pyruvate carboxylase-asparagine synthase cascade,
which in turn results in asparagine generation as a compensatory source of the nitrogen required
for proliferation of both cancer cells and CAFs. It has been shown both in vitro and in vivo that
p62-deficient stromal fibroblasts produce non-essential amino acids which are crucial for proliferation
in the absence of glutamine by maintaining the TCA cycle in mitochondria, explaining how the
p62-deficient tumor stroma stably provides asparagine in an ATF4-dependent manner [162,164,169].
In addition, CSL/RBPJκ, a transcriptional suppressor which is converted into an activator by Notch,
plays the role of a negative regulator for CAFs [165]. CSL interacts with p62 and their expression
levels are downregulated in murine dermal CAFs through autophagy, indicating that autophagy
downmodulates CSL protein expression via p62 in CAFs [165].

4. Targeting Tumor Stroma Fibroblasts to Attenuate Tumor Progression

4.1. Tumor Stiffness and Enhanced Interstitial Fluid Pressure

As noted above, both tumor cells and CAFs secrete a number of factors which promote
angiogenesis, the most widely-accepted of which are members of the VEGF family. Angiogenesis
and lymphatic co-options correlate with tumor progression and poor patient outcomes, and are
the primary contributors to the altered fluid flow and interstitial fluid pressure (IFP) in the tumor
microenvironment [170–172]. Vessels developing in the tumor microenvironment are generally irregular
and have major gaps in the endothelial cell layer, reducing the degree of coverage by myofibroblasts
and pericytes [173–176]. Furthermore, myofibroblastic CAFs induce not only increases in the numbers
of fibrotic foci, but also the contraction of the interstitial space [33,177]. The increased vessel number in
conjunction with increased hydraulic conductivity or the relative ease with which fluid moves across
the vessel wall, is responsible for the irregular and increased influx of fluid into the tumor stroma.
Indeed, rising IFP is frequently reported in solid tumors, such as breast carcinoma, glioblastoma
and malignant melanoma [178–180]. This increased IFP is due not only to fluid failing to properly
drain out of the interstitial space, but also to a number of other physiological changes in the tumor
microenvironment, including both an increased number of tumor cells and more ECM deposition in
the tumor stroma.

Recent studies support tumor microenvironment stiffness as a therapeutic target aimed at
preventing cancer development and progression [181–184]. The tumor stromal region typically consists
of excessive amounts of fibrous collagen, which can be cross-linked by soluble mediators, such as
lysyl oxidase (LOX), thereby increasing the stiffness of the tumor microenvironment [185–187]. In turn,
this increased tumor stiffness is considered to profoundly influence tumor progression inducing
activated oncogenic signal pathways driven by activated FAK, Akt, β-catenin, and PI3K, as well as the
inhibition of tumor suppressor molecules, such as PTEN. Targeting tumor stiffness via the inhibition
of LOX enzymatic activity has been demonstrated to decrease metastatic dissemination of breast
and colorectal tumor cells in vivo [188,189]. Treatment with LOX-blocking antibody in combination
with gemcitabine also shows attenuated metastases of early-stage pancreatic tumors in Pdx1-Cre
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KrasG12D/+ Trp53R172H/+ (KPC) mice, however, the effects are not observed in late-stage tumors,
presumably due to the presence of considerable levels of already established cross-linked collagen [190].

In pancreatic cancers, tumor cells secrete Hedgehog (Hh) ligands to act on a patched (PTCH1)
receptor expressed in CAFs. Hh signaling is thus activated by the ligand binding to PTCH1 that
relieves an inhibitory effect on Smoothened (SMO) in these fibroblasts [191]. Hh signaling in CAFs
coordinates the acquisition of a poorly-vascularized, desmoplastic microenvironment which impairs
drug delivery in pancreatic adenocarcinoma [192–194]. Suppression of the stromal Hh signal by the
inhibitor of SMO improves the delivery of gemcitabine via transiently increasing vascular density of
pancreatic tumors in KPC mice [194].

Increased tumor stiffness impacts not only tumor cells, but also similarly exerts its effects on
the surrounding stromal cells, wherein tumor stiffness activates normal fibroblasts to acquire CAF
phenotypes and maintains them by the nuclear localization of yes-associated protein (YAP) in the
Hippo signal pathway [195–198]. Actomyosin contractility and Src function are required for YAP
activation by stiff matrices. Conversely, YAP depletion reduces the ability of CAFs to form fibrous
collagen networks and to promote angiogenesis in vivo. YAP regulates expression levels of several
cytoskeleton-related molecules including ANLN and DIAPH3 and then stabilizes MLC2/MYL9. Matrix
stiffness further enhances YAP activation, thereby establishing a feed-forward self-reinforcing loop
which helps to maintain the CAF phenotype [198]. Increased YAP1 activity in CAFs thus also induces
a stiff ECM associated with the Rho-ROCK axis, thereby activating both Src and YAP signaling in a
self-stimulating manner.

4.2. Therapeutic Strategy Against Activated Tumor Stroma

As noted above, CAFs compromise the effects of cancer therapies not only by producing large
amounts of tumor-promoting growth factors and inflammatory cytokines, but also by recruiting other
stromal cell types including immunosuppressive inflammatory cells into tumors. Nonetheless, as
clonal somatic genetic alterations are rarely harbored in CAFs of different human carcinomas and these
fibroblasts are anticipated to be less likely than carcinoma cells to acquire resistance to therapy [199],
CAFs are speculated to be a promising therapeutic target [50,200,201].

Treatment with chemotherapy significantly eradicates chemosensitive tumors. However, a considerable
number of CAFs often survive in the remnant tumors after treatment. The surviving CAFs acquire
innate and adaptive therapeutic resistance that are accompanied by stromal inflammation and increased
collagen accumulation, leading to iatrogenic tumor stiffness and the development of chemoresistant
tumors. Treatment with several drugs in combination with chemotherapy shows promising results
compromising the CAF-induced drug resistance in murine tumor models (Figure 5).

Aberrant IFP elevation disrupts the distribution of systemically administered anti-cancer drugs and
thereby compromises the treatment of solid tumors [171,172,202,203]. Hyaluronidases are enzymes that
catalyze the degradation of hyaluronic acid (HA), a glycosaminoglycan distributed widely throughout
various different tissues. Pegylated recombinant hyaluronidase, known as PEGPH20, contributes to the
significant decrease in IFP, thus improving gemcitabine sensitivity in pancreatic ductal adenocarcinoma
(PDAC) [204–206]. PEGPH20 reportedly reduces IFP in the PDAC microenvironment and expands
the tumor vasculature to improve perfusion, which increases access for anti-tumor immune cells and
therapeutic agents. A randomized phase II study was also performed using a total of 279 patients with
previously untreated metastatic pancreatic ductal adenocarcinoma treated with chemotherapy alone
or chemotherapy plus PEGPH20 [207]. The results demonstrated that PEGPH20 treatment is more
beneficial in patients with HA-high tumors than in those with HA-low tumors. The level of HA in the
tumor-associated stroma was also shown to be a promising biomarker for identifying patients who
may benefit from PEGPH20 treatment [207].
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Figure 5. Schematic representation of chemoresistant tumor formation by CAFs and the potential
treatment.

Metformin is an oral drug used in the management of patients with type II DM. Metformin
administration was first reported to likely be associated with a reduced risk of cancer in the DM
patients more than a decade ago [208]. Recently, mounting evidence has pointed to its anti-cancer
effects in various malignancies [209–211]. This is a typical example of drug re-positioning [212].
Metformin has been reported to play a suppressor role in inflammatory and fibrosis-related
diseases, such as atherosclerosis, cardiac fibrosis, renal fibrosis, interstitial pulmonary fibrosis and
endometriosis [213–216]. Inhibition of TGF-β signal pathway, monocyte-to-macrophage differentiation,
and NFκB-mediated inflammatory factors is involved in the molecular mechanisms underlying these
non-malignant diseases. Importantly, similar mechanisms of metformin action have been suggested
to contribute to suppression of the stromal reaction in tumors. In lung cancer, metformin was
demonstrated to suppress pulmonary interstitial fibrosis during gefitinib therapy [217]. In ovarian
cancer patients, cisplatin administration increases IL-6-producing myofibroblastic CAFs populations
through activation of NFκB signal pathway in the tumor-associated stroma [218]. Pretreatment with
metformin actually inhibits the desmoplastic stromal reaction via attenuation of the NFκB signal and
IL-6 secretion from CAFs. This explains how the IL-6 receptor antagonist, which has conventionally
been used for treating rheumatoid arthritis, might serve as an anti-cancer agent in clinical settings.

Renin-angiotensin system inhibitors, which have been prescribed for the treatment of
cardiovascular diseases, receive considerable attention in oncology [219]. Angiotensin II (AngII)
/AngII type I receptor (AT1R) axis plays pivotal roles in promoting tumor growth and progression.
The treatment of CAFs with losartan, which is a selective AT1R blocker (ARB), reportedly attenuates
activated fibroblastic state, as exemplified by TGF-β signaling and α-SMA expression, as well as
ECM production in culture [220]. Importantly, in mice orthotopically bearing breast cancer cells
chemotherapy in combination with losartan inhibits tumor growth and increases survival of the mice
more significantly than monotherapy does [219–221].

Pirfenidone is an orally active synthetic anti-fibrotic agent structurally similar to pyridine
2,4-dicarboxylate [222]. This drug was recently approved for the treatment of patients with IPF.
Pirfenidone exerts anti-fibrotic effects through inhibition of TGF-β and Hh signaling in lung fibroblasts
of IPF patients [223]. Miura et al. recently reported that pirfenidone is likely to reduce the risk of lung
cancer development in patients with IPF [224]. The retrospective analysis also demonstrated lung cancer
incidence to be significantly lower in a pirfenidone-treated group than in a non-pirfenidone-treated
group. Indeed, this anti-fibrotic agent induces apoptotic cell death of CAFs residing among NSCLC
cells [225] and decreases the expression of collagen triple helix repeat containing 1 (CTHRC1),
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which is associated with tumor aggressiveness and poor clinical outcomes for NSCLC patients [226].
Importantly, simultaneous co-administration of pirfenidone with chemotherapy inhibits tumor growth
and metastasis of breast and pancreatic carcinoma cells, presumably due to attenuation of the TGF-β
signal pathway, activated fibroblastic state and ECM protein production in CAFs [227–229].

Bromodomain-containing protein 4 (BRD4), a bromodomain and extra-terminal (BET) family
member is an important epigenetic reader. BRD4 is critical for the activated fibroblastic state and
enhancer-mediated profibrotic gene expression in both HSCs and CAFs [230,231]. Several investigations
also show that treatment with a small molecule inhibitor of BRD4 significantly attenuates fibrosis and
tumorigenesis via inhibition of stromal TGF-β signaling in murine liver fibrosis models [230,232] as
well as patient-derived pancreas and skin squamous cell carcinoma models [231,233].

Experimental evidence supports that the VDR signaling suppresses TGF-β-Smad2/3 signaling
to attenuate the fibrotic reactions in fibrosis and tumor stroma [234]. Treatment with VDR ligands
thus inhibits the activated state of HSCs and CAFs in murine liver fibrosis [235] and pancreatic
carcinoma [236] models. This anti-fibrotic effect is due to the inhibition of the Smad3 recruitment into
the binding sites of cis-regulatory regions in the profibrotic genes.

Taken together, these findings indicate that several anti-fibrosis drugs have major potential for
impairing and even blocking tumor-promoting CAFs, resulting in attenuation of tumor growth and
progression in experimental animal models.

5. Closing Remarks

In this review, we have described the close relationship between tumorigenesis and fibrosis, both
of which are accompanied by the expansion of activated fibroblast populations. Several aspects of
the cellular mechanisms underlying CAF-promoted tumorigenesis and therapy-resistance have been
elucidated. However, there are CAF populations that have surprisingly been shown to suppress
tumor growth and progression in different murine tumor models including those of the pancreas,
bladder and colon [237–240]. These studies indicate that activation of Hh signaling in CAFs by tumor
cell-produced Hh ligand suppresses the growth of tumors via bone morphogenetic protein (BMP)
signaling in tumor cells, suggesting the presence of CAF populations with tumor-suppressive functions.
In marked contrast, a very recent study using murine models of TNBC found that Hh signaling
in CAFs promotes cancer stem cell plasticity and chemoresistance in cancer cells via elevation of
stromal FGF5 production [182]. These contradictory observations raise the possibility of cancer cell
context-dependent differences in stromal Hh signaling. Although tumor-suppressive or -promoting
functions may be inherent in fibroblasts within tumors due to their multiple cells-of-origin, their
complex interactions with other stromal cells and carcinoma cells with genetically and epigenetically
diverse alterations would also presumably be crucial for generating CAF heterogeneity during tumor
progression. Thus, CAFs can reasonably be described as a “cell state” rather than a “cell type” [241].

Several growth factors and cytokines have been identified as inducing CAF differentiation in
progenitors, some of which consist of the feedback loop between cancer cells and CAFs in the tumor
microenvironment. CAFs also stably maintain their transcriptome and metabolic profiling in an
autocrine fashion. It is noteworthy that activated and tumor-promoting traits in these fibroblasts are
retained during in vitro propagations, despite a lack of ongoing interactions with carcinoma cells,
suggesting the key roles of epigenetic alterations in CAFs, as exemplified by DNA methylation [65].
Given that CAFs are responsible for high IFP in the tumor microenvironment, therapies aimed at
preventing iatrogenic tumor stiffness hold great promise. Furthermore, it is remarkable that pirfenidone,
one of the anti-fibrotic drugs, not only prevents IPF-associated lung cancer development but also inhibits
the distant metastasis of difficult-to-cure breast carcinoma. However, the molecular mechanisms which
would allow anti-cancer therapies to precisely target CAFs have yet to be elucidated. The importance
of targeting the tumor stroma as well as tumor cells themselves has attracted increasing academic
attention as researchers strive to achieve the precision medicine.
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AngII angiotensin II
ARB angiotensin II type I receptor blocker
AT1R angII type I receptor
α-SMA α-smooth muscle actin
BRD4 Bromodomain-containing protein 4
CAFs carcinoma-associated fibroblasts
CAV1 caveolin 1
c-Abl c-Abl protein kinase
CSF1 colony-stimulating factor 1
DM diabetes mellitus
ECM extracellular matrix
EGF epithelial growth factor
EGFR epidermal growth factor receptor
EMT epithelial-mesenchymal transition
EndoMT endothelial-mesenchymal transition
EPCs endothelial precursor cells
ERK extracellular signal-regulated kinase
FAK focal adhesion kinase
FGF fibroblast growth factor
FGFRs fibroblast growth factor receptors
GSK-3β glycogen synthase kinase-3β
HA hyaluronic acid
HCC hepatocellular carcinoma
HGF hepatocyte growth factor
Hh Hedgehog
HIC1 hypermethylated in cancer 1
HIF-1α hypoxia-induced factor-1α
HSCs hepatic stellate cells
IFP interstitial fluid pressures
IGF1R insulin-like growth factor 1 receptor
IGF2 insulin-like growth factor 2
IL interleukin
IPF idiopathic pulmonary fibrosis
IR insulin receptor
JAK1 Janus kinase 1
LIF leukemia inhibitory factor
LOX lysyl oxidase
MAPK mitogen-activate protein kinase
MCT monocarboxylate transporter
MLC myosin light chain
MMP matrix metalloproteinase
MSCs mesenchymal stem cells
mTOR mammalian target of rapamycin
NASH non-alcoholic steatohepatitis
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NSCLC non-small cell lung cancer
PAI-1 plasminogen activator inhibitor-1
PDAC pancreatic ductal adenocarcinoma
PDGF platelet-derived growth factor
PDGFR platelet-derived growth factor receptor
PGE2 prostaglandin E2
PI3K phosphatidylinositol-3 kinase
PIP3 phosphatidylinositol-3,4,5-triphosphate
PKC-δ protein kinase C δ

KPC Pdx1-Cre KrasG12D/+ Trp53R172H/+
PMN-MDSCs polymorpho-nuclear myeloid-derived suppressor cells
PTEN phosphatase and tensin homologue deleted on chromosome 10
ROCK Rho-associated protein kinase
ROS reactive oxygen species
SASP senescence-associated secretory phenotype
SHP-1 src homology region 2 domain-containing phosphatase-1
SDF-1 stromal cell-derived factor-1
SMO Smoothened
SPARC secreted protein acidic and rich in cysteine
STAT3 signal transducer and activator of transcription 3
STC1 stanniocalcin 1
TAMs tumor-associated macrophages
TCA tricarboxylic acid
TGF-β transforming growth factor-β
TKI tyrosine kinase inhibitor
TNBC triple-negative breast carcinoma
TIC tumor-initiating cells
uPA urokinase-type plasminogen activator
VDR vitamin D receptor
VEGF vascular endothelial growth factor
WNT16B Wnt family member wingless-type MMTV integration site family member 16B
YAP yes-associated protein
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Abstract: Idiopathic pulmonary fibrosis (IPF) is defined as a specific form of chronic, progressive
fibrosing interstitial pneumonia of unknown cause, occurring primarily in older adults, and limited
to the lungs. Despite the increasing research interest in the pathogenesis of IPF, unfavorable
survival rates remain associated with this condition. Recently, novel therapeutic agents have been
shown to control the progression of IPF. However, these drugs do not improve lung function and
have not been tested prospectively in patients with IPF and coexisting lung cancer, which is a
common comorbidity of IPF. Optimal management of patients with IPF and lung cancer requires
understanding of pathogenic mechanisms and molecular pathways that are common to both diseases.
This review article reflects the current state of knowledge regarding the pathogenesis of pulmonary
fibrosis and summarizes the pathways that are common to IPF and lung cancer by focusing on the
molecular mechanisms.

Keywords: idiopathic pulmonary fibrosis; lung cancer; pathogenesis; common pathways

1. Introduction

Idiopathic pulmonary fibrosis is a progressive and usually fatal lung disease characterized by
fibroblast proliferation and extracellular matrix remodeling, which results in irreversible distortion
of the lung’s architecture. Although its cause remains to be elucidated fully, advances in cellular and
molecular biology have greatly expanded our understanding of the biological processes involved
in its initiation and progression [1]. It is widely accepted that environmental and occupational
factors, smoking, viral infections, and traction injury to the peripheral lung can cause chronic
damage to the alveolar epithelium [2]. Based on recent in vitro and in vivo studies of IPF, the novel
therapeutic reagents pirfenidone and nintedanib were developed to slow the progression of this
complex disease [3–5]. However, these drugs do not improve lung function and patients often remain
with poor pulmonary function [6,7]. Furthermore, neither drug has been tested prospectively in
patients with coexisting IPF and lung cancer [8]. In previous studies, 22% of patients with IPF
developed primary lung cancers, corresponding with a five-fold greater risk than that in the general
population [8–12]. Similarly, primary lung cancer risk is more than 20 times higher in patients who
undergo lung transplantation for IPF than in the general population [13,14]. These observations
warrant efforts to identify pathways that are common to both disorders. Questions regarding the
proper and ideal management of patients who suffer from both IPF and lung cancer are also raised.
It is assumed that pathogenetic similarities between IPF and lung cancer are a starting point for
investigations of disease pathogenesis and the resulting insights will improve therapeutic approaches.
This review article summarizes the current knowledge of the pathogenesis of pulmonary fibrosis and
outlines the common molecular pathways between IPF and lung cancer.
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2. The Pathogenesis of Pulmonary Fibrosis

Although knowledge of the pathogenesis of IPF remains incomprehensive, numerous research
papers have contributed to the understanding of this disease. In particular, some environmental and
microbial exposures have been associated with the initiation of IPF. Various individual genetic and
epigenetic factors have also been related to the development of fibrosis, and potential contributions
of variants and interactions with putative external factors have been presumed but not clarified.
Repeated microinjury to alveolar epithelial tissues has been revealed as the first trigger of an aberrant
repair process in which several lung cells develop abnormal behaviors that promote the fibrotic
process. IPF is currently considered an epithelium-driven disease wherein dysfunctional aging lung
epithelia are exposed to recurrent microinjuries that sabotage regeneration and lead to aberrant
epithelial–mesenchymal crosstalk, creating an imbalance between profibrotic and antifibrotic mediators.
Concurrently, environments that are supportive of elevated fibroblast and myofibroblast activities
are maintained, and the normal repair mechanisms are replaced with chronic fibrosis. This review
article details the current evidence of molecular contributions to the pathogenesis of IPF. The currently
accepted mechanisms of pulmonary fibrosis are shown in Table 1 and Figure 1.

Figure 1. (A) Molecular mechanisms of pulmonary fibrosis; (B) Imbalance of profibrotic and antifibrotic
mediators lead to defective regeneration and aberrant remodeling, resulting in the pathological
transformation of pulmonary fibrosis. GERD, gastroesophageal reflux disease; AEC, alveolar epithelial
cell; EMT, epithelial mesenchymal transition; EPC, Endothelial progenitor cell.
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Table 1. Functions of representative molecules contributing to idiopathic pulmonary fibrosis.

Molecules Profibrotic/Antifibrotic Function in IPF

TGF-β Profibrotic

Extracellular matrix production
Epithelial mesenchymal transition
Epithelial cell apoptosis and migration
Recruitment of fibrocytes and immune cells
Fibroblast activation, myofibroblast proliferation
Induction of growth factor production
Induction of pro-angiogenic mediator production

PDGF Profibrotic
Extracellular matrix production
Fibroblast proliferation

FGF Profibrotic
Fibroblast activation
Endothelial cell proliferation

TGF-α Profibrotic
Epithelial cell proliferation
Endothelial cell proliferation
Fibroblast proliferation

VEGF Profibrotic Angiogenesis in injured lung
KGF Antifibrotic Maintenance and repair of injured lung
HGF Antifibrotic Maintenance and repair of injured lung

2.1. Dysfunctional Epithelia Trigger Aberrant Wound Healing Processes

It is assumed that fibrosis advances over long periods of time in patients with IPF. Thus, at the
time of diagnosis, modifications of lung structure have already been established by the disease and
pathological features, such as various stages of epithelial damage, alveolar epithelial cell (AEC) 2s
hyperplasia, dense fibrosis, and abnormally proliferating mesenchymal cells, are found. At this time, it
is not possible to determine the course of events that have led to lung damage; however, it is accepted
that dysfunctional epithelia are key to the pathogenesis of IPF [15].

Under normal conditions of lung injury, AEC1s are replaced with proliferating and differentiating
AEC2 cells and stem cells, which restore alveolar integrity by stimulating coagulation, the formation of
new vessels, activation and migration of fibroblasts, and synthesis and proper alignment of collagen.
Chemokines, such as transforming growth factor (TGF)-β1, platelet-derived growth factor (PDGF),
vascular endothelial growth factor (VEGF), and fibroblast growth factor (FGF), are central to these
processes. Conversely, continued lung injury or loss of normal restorative capacity invokes an
inflammatory phase of the wound healing process. The associated increases in the expression levels of
interleukin-1 (IL-1) and tumor necrosis factor-alpha (TNF-α) create a biochemical environment that
favors chronic flaws of regeneration and tissue remodeling [16].

2.2. Growth Factors Associated with the Initial Stages of Pulmonary Fibrogenesis

2.2.1. TGF-β

TGF-βs are multifunctional cytokines that are present as three isoforms: TGF-β1, TGF-β2,
and TGF-β3. Although the biological activities of these isoforms are indiscrete, TGF-β1 plays a
predominant role in pulmonary fibrosis [17]. The three TGF-β receptors, type I (TGFRI), type II
(TGFRII), and type III (TGFRIII), have the potential to bind to all three TGF-βs with high affinity.
However, TGF-β is the best characterized promoter of extracellular matrix (ECM) production and is
considered the strongest chemotactic factor for immune cells, such as monocytes and macrophages.
In these cell types, TGF-β activates the release of cytokines, such as PDGF, IL-1β, basic FGF (bFGF),
and TNF-α, and autoregulates its own expression. Increases in TGF-β production are consistently
observed in epithelial cells and macrophages from lung tissues of patients with IPF [18] and in rodents
with bleomycin-induced pulmonary fibrosis [19]. Smad proteins are known as mediators of TGF-β
signaling from the membrane to the nucleus [20]. Activated TGF-β receptors induce phosphorylation
of Smad2 and Smad3, and complexes of these with other Smad proteins are translocated into the
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nucleus to regulate transcriptional responses. Studies show that the deficiency of Smad3 attenuates
bleomycin-induced pulmonary fibrosis in mice [21] and that the inhibitory Smad7 prevents the
phosphorylation of Smad2 and Smad3 via activated TGF-β receptors [22,23].

TGF-β1 is considered the most important mediator of IPF. AEC2s produce TGF-β1 following
actin–myosin-mediated cytoskeletal contractions that are induced by the unfolded protein response
(UPR) following ανβ6 integrin activation. The αvβ6 integrin/TGF-β1 pathway is a constitutively
expressed molecular sensing mechanism that is primed to recognize injurious stimuli. TGF-β1 is a
strong profibrotic mediator that promotes the epithelial–mesenchymal transition (EMT); epithelial
cell apoptosis; epithelial cell migration; other profibrotic mediator production; circulating fibrocyte
recruitment; fibroblast activation and proliferation and transformation into myofibroblasts; and VEGF,
connective-tissue growth factor, and other pro-angiogenic mediator production [24].

2.2.2. PDGF

PDGF is a potent chemoattractant for mesenchymal cells and induces the proliferation of
fibroblasts and the synthesis of ECM. Activated homologous A and B subunits of PDGF can form
three dimeric PDGF isoforms. Alveolar macrophages with IPF produce higher volumes of PDGF-B
mRNA and protein [25,26]. AEC2s and mesenchymal cells also express abnormal levels of PDGF
in animal models [27]. Moreover, PDGF-B transgenic mice develop lung disease with diffusely
emphysematous lung lesions and inflammation/fibrosis in focal areas [28]. In agreement, intratracheal
instillation of recombinant human PDGF-B into rats produces fibrotic lesions that are concentrated
around large airways and blood vessels [29]. In another study, gene transfer of an extracellular domain
of the PDGF receptor ameliorated bleomycin-induced pulmonary fibrosis in a mouse model [30].
Insulin-like growth factor (IGF)-1 also promoted fibroblast proliferation synergistically with PGDF [31].
Accordingly, alveolar macrophages from patients with IPF expressed IGF-1 mRNA and protein at
greater levels than those in normal alveolar macrophages [31,32].

2.2.3. FGF

bFGF is a stimulator of fibroblast and endothelial cell proliferation that has been correlated with
the proliferative aspects of fibrosis. In particular, bFGF expression is up-regulated at various periods
of wound healing, and recombinant bFGF has been shown to accelerate wound healing. Accordingly,
anti-bFGF antibody inhibited the formation of granulated tissue and normal wound repair. Alveolar
macrophages are a predominant source of bFGF in intra-alveolar fibrotic areas following acute lung
injury [33]. In a study of IPF, mast cells were found to be the predominant bFGF-producing cells,
and bFGF levels were associated with bronchoalveolar lavage cellularity and with the severity of gas
exchange abnormalities [34].

2.2.4. TGF-α

TGF-α induces proliferation in endothelial cells, epithelial cells, and fibroblasts, and is present
in fibrotic areas [35]. In proliferative fibrotic lesions in rats with asbestos- or bleomycin-induced
pulmonary fibrosis, AECs and macrophages had elevated expression levels of TGF-α [36]. Similarly, in
transgenic mice expressing human TGF-α, proliferative fibrotic responses in interstitial and pleural
surfaces were epithelial cell specific [37]. These results indicate that TGF-α is involved in cell
proliferation under fibrotic conditions following lung injury.

2.2.5. Keratinocyte Growth Factor (KGF)

KGF is produced by mesenchymal cells, and the KGF receptor is expressed in the epithelial
tissues of developing lungs. In rats, KGF accelerated the functional differentiation of AEC2s, and the
intratracheal instillation of KGF significantly improved bleomycin-induced pulmonary fibrosis [38].
These data suggest that KGF participates in the maintenance and repair of alveolar epithelium and has
potential in the treatment of lung injury and pulmonary fibrosis.
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2.2.6. Hepatocyte Growth Factor (HGF)

HGF is produced by mesenchymal cells and has been identified as a potent mitogen for mature
hepatocytes. The HGF receptor is a c-Met proto-oncogene product that is predominantly expressed
in various types of epithelial cells. HGF levels are higher in bronchoalveolar lavage fluid and serum
from patients with IPF than in serum from healthy people [39,40]. HGF is also highly expressed by
hyperplastic AECs and macrophages in lung tissues of patients with IPF. In in vitro studies of epithelial
cells, HGF promoted DNA synthesis in AEC2s [41]. The administration of HGF also inhibited fibrotic
changes in mice with bleomycin-induced lung injury [42]. Promisingly, the combination of HGF and
interferon-γ (IFN-γ) enhanced the migratory activity of A549 cells by up-regulating the c-Met/HGF
receptor [43]. Based on these observations, HGF treatments may offer a novel strategy for promoting
the repair of inflammatory lung damage for patients with pulmonary fibrosis.

2.3. Changes in AEC2s that Lead to Aberrant Tissue Repair

Repetitive exposures of alveolar epithelium to microinjuries, such as infection, smoking, toxic
environmental inhalants, and gastroesophageal reflux, contribute to AEC1 damage. AEC2s normally
regenerate damaged cells, but when dysfunctional, their ability to reestablish homeostasis is impaired.
This condition is considered indicative of the pathogenesis of IPF [44,45].

2.3.1. UPR

High cellular activity leads to protein over-expression, and if unchecked, it can cause endoplasmic
reticulum (ER) stress. The correcting protective pathway is stimulated by the imbalance between
cellular demand for protein synthesis and the capacity of the ER to dispose of unfolded or damaged
proteins. This protective pathway is known as UPR, and it re-establishes ER homeostasis. To this
end, this pathway inhibits protein translation, targets proteins for degradation, and induces apoptosis
when overwhelmed. The activation of UPR stimulates the expression of profibrotic mediators, such as
TGF-β1, PDGF, C-X-C motif chemokine 12 (CXCL12), and chemokine C-C motif ligand 2 (CCL2), and
thus, can lead to apoptosis [46].

2.3.2. Epithelial–Mesenchymal Transition (EMT)

EMT is a molecular reprograming process, and in AEC2s, it is induced by UPR and enhanced
by profibrotic mediators and signaling pathways. Under these conditions, epithelial cells express
mesenchymal cell-associated genes, detach from basement membranes, and migrate and down-regulate
their typical markers. The most used marker of these transitioning cells is alpha smooth-muscle actin
(αSMA). However, EMT occurs during development and in cancerous and fibrotic tissues, but it is not
involved in the restoration of tissues through wound healing processes [46].

2.3.3. Wnt-β-Catenin Signaling

Other key pathways of IPF are related to the deregulation of embryological programs, such as
Wnt-β-catenin signaling, which has been associated with EMT and fibrogenesis following activation
by TGF-β1, sonic hedgehog, gremlin-1, and phosphatase and tensin homolog. Deregulation of these
pathways confers resistance to apoptosis and offers proliferative advantages to cells [47].

2.4. Endothelium and Coagulation

Damage to alveolar structures and the loss of AECs with basement membranes involves alveolar
vessels and leads to increased vascular permeability. Wound clots form during this early phase
of wound healing responses, and sequentially, new vessels are formed through the proliferation
of endothelial cells and endothelial progenitor cells (EPCs). Patients with IPF with failure of
re-endothelization have significantly decreased numbers of EPCs, likely resulting in dysfunctional
alveolar–capillary barriers, profibrotic responses, and compensatively augmented VEGF expression.

223



Int. J. Mol. Sci. 2019, 20, 1461

This series of endothelial changes could stimulate fibrotic processes and abnormalities of vessel
functions, contributing to cardio–respiratory declines and advanced disease. Furthermore, endothelial
cells may undergo a mesenchymal transition with similar consequences as those of EMT [48].

Endothelial and epithelial damage also activates coagulation cascades during the early phases
of wound healing. Coagulation proteinases have several cellular effects on wound healing.
In particular, the tissue factor-dependent pathway is central to the pathogenesis of IPF and
promotes a pro-coagulation state with increased levels of inhibitors of plasminogen activation, active
fibrinolysis, and protein C. Under these pro-coagulation conditions, degradation of ECM is decreased,
resulting in profibrotic effects and the induction of fibroblast differentiation into myofibroblasts via
proteinase-activated receptors [16].

2.5. Immunogenic Changes that Lead to Pulmonary Fibrosis

The pathobiology of IPF is led by aberrant epithelial–mesenchymal signaling, but inflammation
may also play an important role because inflammatory cells are involved in normal wound healing
from early phases. Initially, macrophages produce cytokines that induce inflammatory responses and
participate in the transition to healing environments by recruiting fibroblasts, epithelial cells, and
endothelial cells. If injury persists, neutrophils and monocytes are recruited, and the production of
reactive oxygen species exacerbates epithelial damage. The resulting imbalances between antioxidants
and pro-oxidants may also promote apoptosis of epithelial cells and activation of pathways that impair
function. Finally, monocytes and macrophages produce PDGF, CCL2, macrophage colony stimulating
factor, and colony stimulating factor 1. These proteins may also have direct profibrotic effects [44,49].

The roles of lymphocytes in IPF are still unclear. However, some lymphocytic cytokines are
considered profibrotic due to their direct effects on the activities of fibroblast and myofibroblast. Th-1,
Th-2, and Th-17 T-cells have been clearly associated with the pathogenesis of IPF. The Th1 T-cell
subset produces IL-1α, TNF-α, PDGF, and TGF-β1 and has net profibrotic effects. Th2 and Th17
responses appear more important in the pathogenesis of IPF. In particular, the typical Th2 interleukin
IL-4 induces IL-5, IL-13, and TGF-β1 expression, leading to the recruitment of macrophages, mast cells,
eosinophils, and mesenchymal cells and the direct activation of fibroblasts. Additionally, fibroblasts
from patients with IPF are hyperresponsive to IL-13, which has a positive effect on fibroblast activity
and enhances the production of ECM. The Th17 T-cell subset indirectly promotes fibrosis by increasing
TGF-β1 levels. Th17 cells are also positively regulated by TGF-β1, suggesting the presence of a
positive feedback loop [16]. Numbers of regulatory T-cells are reportedly lower in bronchoalveolar
lavage fluid and peripheral blood samples from patients with IPF than in those of healthy subjects.
Regulatory T-cells (Tregs) play a crucial role in immune tolerance and the prevention of autoimmunity;
deficiencies in numbers and functions of these T-cells play an important role in the initial phases
of pathogenesis of IPF. The function of Treg in IPF is severely impaired due to reduced number of
infiltrating Tregs in addition to dysfunction of Tregs. Interestingly, the compromised Treg function
in bronchoalveolar lavage is associated with parameters of the disease severity of IPF, indicating a
causal relationship between the development of IPF and impaired immune regulation mediated by
Tregs [50]. Previous studies have demonstrated low IFN-γ levels in the lungs of patients with IPF.
IFN-γ inhibits fibroblastic activity and abolishes Th2 responses. However, further studies are required
to characterize the roles of inflammation in the pathobiology of IPF. Currently, the early stages of IPF
are poorly understood, as are the mechanisms of disease progression [49,51]. Nonetheless, pirfenidone
(5-methyl-1-phenyl-2-[1H]-pyridone) was designed to have anti-inflammatory and antifibrotic effects
and was efficacious in the clinical setting [6].

2.6. Interactions Between ECM and Mesenchymal Cells, Fibrocytes, Fibroblasts, and Myofibroblasts

Contributions of mesenchymal cells, and particularly fibroblasts and myofibroblasts, are crucial
for the pathogenesis of IPF. These cells are recruited, activated, and induced to differentiate and
proliferate in the abnormal biochemical environments that are created by activated epithelial and
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endothelial cells. Although the initial trigger and source of mesenchymal cell recruitment remain
unclear, the current published consensus defines fibroblasts and myofibroblasts as the key cell types
for IPF. Circulating fibrocytes, pulmonary fibroblasts, and myofibroblasts have also been identified
among mesenchymal cells that are involved in IPF [52]. The most recent studies of these processes are
summarized in a well-integrated review [53].

3. Common Characteristics of IPF and Lung Cancer

Multiple studies compare IPF with cancer to provide insights into the pathogenesis of both
diseases, for which survival rates are low. Arguments against the similarities of cancer and IPF
include the presence of homogeneity, metastases, and laterality in cancers. However, cytogenetic
heterogeneity has been shown in myofibroblasts, which do not metastasize to other organs. In addition,
simultaneous involvement of both lungs is a definitive indication of IPF. However, this is primarily
based on the generally accepted assumption that tumors are almost always monoclonal and grow
in only one lung before metastasizing and invading other organs. From an anatomical viewpoint,
patients with IPF mainly exhibit fibrosis in the lung periphery and in the lower lobes, which are sites
of lung tumors in a high percentage of cases [54]. Additionally, patients with lung transplants due
to IPF have much higher rates of lung cancer, as stated above [13,14]. These observations warrant
further studies regarding the molecular connections between these two lung diseases. Furthermore,
epigenetic and genetic abnormalities, changed relationships between cells, uncontrolled proliferation,
and abnormal activation of specific signal transduction pathways are pathogenic features of both
diseases [55,56]. Principal fibrogenic molecules, signal transduction pathways and immune cells that
potentially participate both in two diseases are shown in Table 2.

Table 2. Principal factors participating both in lung cancer and idiopathic pulmonary fibrosis.

Mediators IPF Lung Cancer

Abnormal mRNA

let-7 down-regulated down-regulated
miR-21 up-regulated up-regulated
miR-29 down-regulated down-regulated
miR-30 down-regulated down-regulated

miR-155 up-regulated up-regulated
miR-200 down-regulated down-regulated

Cell-free DNA - up-regulated up-regulated
Glycoprotein Thy-1 down-regulated down-regulated

Connexin Cx43 down-regulated down-regulated

Growth Factors
TGF-β up-regulated up-regulated
PDGF up-regulated up-regulated

Migration

VEGF up-regulated up-regulated
FGF up-regulated up-regulated

laminin up-regulated up-regulated
fascin up-regulated up-regulated

Pathways
heat shock protein 27 up-regulated up-regulated

Wnt pathway up-regulated up-regulated
PI3K/Akt pathway up-regulated up-regulated

Immune Cells
FAM up-regulated up-regulated

MDSC up-regulated up-regulated
Treg down-regulated up-regulated

FAM, fibrosis-associated macrophage. MDSC, myeloid-derived suppressor cell. Treg, regulatory T-cell.

3.1. Epigenetic and Genetic Abnormalities

Hypomethylation of oncogenes and methylation of tumor suppressor genes are established
pathogenic mechanisms for most tumors. Epigenetic responses to environmental exposures, including
smoking and dietary factors, and aging have recently been identified in patients with IPF. Recent
studies also demonstrated changes to global methylation patterns in patients with IPF that are
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reciprocal to those in patients with lung cancers [57]. Under the conditions of IPF, hypermethylation
of the CD90/Thy-1 promoter region decreases the expression of the glycoprotein Thy-1, which is
normally expressed by fibroblasts [58,59]. The loss of this molecule in patients with IPF also correlates
with invasive behaviors of cancers and the transition from fibroblasts into myofibroblasts. Hence,
pharmaceutical inhibition of the methylation of Thy-1 gene may restore Thy-1 expression, suggesting
a new therapeutic approach for this disease. Specific gene mutations have also been considered
important to the origin and progression of cancer [60]. Similarly, expression of the oncogene p53, fragile
histidine triads, microsatellite instability, and loss of heterozygosity were observed in approximately
half of the cases of IPF, frequently in the peripheral honeycombed lung regions that are specifically
characteristic of IPF [60–63]. Additionally, mutations that are generally related to cancer occurrence
and development, including those affecting telomere shortening and telomerase expression, have been
observed in familial IPF [64–66]. Recently, circulating and cell-free DNA has been considered as a
diagnostic and prognostic biomarker of cancer [67]. In these studies, free circulating concentrations
of DNA increased in patients with cancer and IPF compared with that in patients with other fibrotic
lung diseases [68]. In addition to circulating DNA, abnormal expression levels of mRNA were
correlated with the pathogenesis of both diseases. These studies suggest that short non-protein-coding
RNAs regulate carcinogenesis related genes that are involved in growth, invasion, and metastasis;
these features are characteristic of cancer cells [69–71]. Recent papers show that 10% of mRNAs are
aberrantly expressed in patients with IPF [72–74]. Among them, let-7, miR-29, miR-30, and miR-200
were down-regulated, whereas miR-21 and miR-155 were up-regulated. These changes corresponded
with groups of genes that are associated with fibrosis, regulation of ECM, induction of EMT and
apoptosis. Some of these mRNAs may also affect and be affected by TGF-β expression, potentially
speeding functional deterioration in patients with IPF.

3.2. Abnormal Cell–Cell Communication

Intercellular channels provide metabolic and electrical coupling of cells and are formed by proteins
of the connexins (Cxs) family. Cxs are necessary for the synchronization of cell proliferation and tissue
repair [75]. Among them, Cx43 is the most abundant on fibroblast membranes and is involved in tissue
repair and wound healing. At wound sites, the repression of Cx43 promotes repair of injured skin
tissues with increased cell proliferation and migration of keratinocytes and fibroblasts. Accordingly,
down-regulation of Cx43 is related to increased expression levels of TGF-β and production of collagen
and acceleration of the differentiation of myofibroblast, which likely promotes healing. These changes
contribute to the loss of control over the proliferation of fibroblasts that characterizes abnormal repair
and fibrosis. This contention is supported by observations of low expression of Cx43 in fibroblasts
derived from keloids and hypertrophic scars than in those derived from normal skin tissues [76].
Although low expression levels of Cxs are often correlated with the progression of cancer and the
loss of intercellular communication [77], human lung carcinoma cell lines with high expression of
Cx43 showed reduced proliferation [78]. Reduced expression of Cx43 was reported in primary lung
fibroblasts from patients with IPF, and reduced intercellular communication was also identified in
these cells [79]. Limited cell–cell communications are often reported in fibroblasts from patients with
IPF and in cancer cells, reflecting common defects of contact inhibition and uncontrolled proliferation.

3.3. Abnormal Activation of Signaling Pathways

The Wnt/β-catenin signaling pathway regulates molecules that are related to tissue invasion,
such as matrilysin, laminin, and cyclin-D1. However, arguably, the most important function of
Wnt/β-catenin pathway is to mediate crosstalk with TGF-β. This pathway is abnormally activated in
some tumors, as shown in lung cancer and mesothelioma [80]. Wnt/β-catenin pathway activation was
also shown recently in fibroproliferative disorders of liver and kidney tissues [81]. The Wnt/β-catenin
pathway is strongly activated in the lung tissues of patients with IPF [82], potentially reflecting the
activities of TGF-β [83]. Specifically, TGF-β potentially activates extracellular signal-regulated protein
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kinases 1 and 2 (ERK1/2), and the target genes of this pathway activate other signaling pathways,
including the phosphatidylinositol 3-kinase (PI3K)/Akt pathway, which regulates proliferation and
apoptosis. The roles of PI3K in proliferation and differentiation into myofibroblasts have been
demonstrated following stimulation with TGF-β [84]. In cancer cells, the activation of PI3K pathway
participates in the demise of regulatory controls over cell proliferation. Therapeutic inhibitors have
been developed using the PI3K pathway as a target, and their effects on tumor growth and survival is
being assessed in many cancers [85]. Oral administration of a PI3K pathway inhibitors significantly
prevented bleomycin-induced pulmonary fibrosis in rats [86]. Hence, clinical trials of such inhibitors
are eagerly awaited for patients with IPF.

Tyrosine kinases are key mediators of multiple signaling pathways in healthy cells with
demonstrated roles in cell growth, differentiation, adhesion, and motility and in the regulation of cell
death. Tyrosine kinase activity is controlled by specific transmembrane receptors that mediate the
activity of various ligands. Conversely, abnormal activities of these kinases have been associated with
development, progression, and spread of several types of cancer [87]. Recently, activities of tyrosine
kinase receptors were investigated in wound healing process and fibrogenesis.

TGF-β, PDGF, VEGF, and FGF are common mediators of carcinogenesis and fibrogenesis.
Among them, VEGF may directly or indirectly promote cell survival and proliferation by activating
ERK1/2 and PI3K. Accordingly, elevated expression levels of VEGF mRNA were shown in EPCs
from patients with IPF. Furthermore, antifibrotic strategies using multiple inhibitors of tyrosine kinase
receptors have been evaluated in a rat model of bleomycin-induced fibrosis; PDGF, VEGF, and FGF
inhibitors produced significant improvement in fibrosis [48,88–90]. In support of these in vitro and
in vivo observations, the multiple tyrosine kinase inhibitor nintedanib showed highly favorable results
for the treatment of IPF [7].

3.4. Abnormal Migration and Invasion Activities

TGF-β is the most important mediator of the pathogenesis and carcinogenesis of IPF.
In tumor microenvironments, TGF-β, predominantly from cancer-derived epithelial cells, induces
myofibroblast recruitment at the invasive front of the cancer tissue and protects myofibroblasts from
apoptosis. These cells encircle tumor tissues and produce TGF-β. With inflammatory mediators and
metalloproteinases, myofibroblasts break basement membranes of surrounding tissues to facilitate
tumor invasion [91,92]. Likewise, in IPF, myofibroblasts maintain proliferation through autocrine
production of TGF-β, leading to their uncontrolled proliferation [93]. Moreover, related, antifibrotic
prostaglandin E2 is down-regulated in myofibroblasts from IPF tissues [94]. TGF-β1 promotes
the nuclear localization of myocardin-related transcription factor-A (MRTF-A), which regulates the
differentiation and survival of fibroblasts, resulting in enhanced lung fibrosis [95–98]. MRTF-A has
been targeted as a mediator of tumor progression and metastasis [99–101].

In cancer cells, the capacity to invade surrounding tissue strongly correlates with the expression of
various molecules, including laminin, heat shock protein 27, and fascin [102–104]. In IPF, epithelial cells
around fibroblast foci also express these molecules [105]. However, these molecules are exclusively
expressed by bronchiolar basal cells, which are located as a layer between luminal epithelial cell and
myofibroblast layers. Hence, these molecules are likely contributors to the migration of cells and the
invasion of bronchiolar basal cells into myofibroblasts and luminal epithelium and are expressed at
the invasive front of tumors.

Matrix metalloproteases and integrins are strongly associated with invasion and migration
of cells [106]. Integrins activate cancer cells through the KRAS/RelB/NF-κB pathway and lead
to the development of stem cell-like properties, such as independent growth and drug resistance.
These properties provide cell–cell communications between inflammatory cells, fibroblasts, and
parenchymal cells through ECM. Under conditions of IPF, integrin promotes initiation, maintenance,
and resolution of tissue fibrosis. Accordingly, integrin expression was reportedly high in myofibroblasts
and AECs after lung injury. Integrin is also considered a strong regulator of TGF-β during the
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progression of lung fibrosis. A clinical study of the humanized antibody STX-100 has been conducted
for IPF [107]. Other inhibitors, such as specific antibodies against αvβ6, have also been investigated
in clinical trials, and these antibodies were tested in preclinical models of fibrosis and in the murine
model of bleomycin-induced pulmonary fibrosis.

3.5. Inflammatory Environment

Inflammatory reaction is described by some reports as a promoting factor in the development
and progression step of tumorigenesis [108]. As described above, some kinds of macrophages produce
cytokines which contribute to the inflammatory responses such as fibrosis-associated macrophages.
This macrophage behaves as an M2 phenotype macrophage expressing arginase and CD206 [109].
M2 macrophages have been broadly identified as trigger cells towards tumor progression [110–112].
Myeloid-derived suppressor cells are associated with poor prognosis in malignancies and their
accumulation in IPF is also correlated with disease progression [113]. On the other hand, infiltrating T
lymphocytes play a crucial role in tumor progression and suppression, although their roles in IPF are
still unclear [114]. Infiltrating Tregs are significantly correlated with the tumor progression whereas
deficiency in numbers and functions of Tregs is observed in the initial step of IPF (Table 2) [50,115].
Further studies regarding the role of Treg in the IPF-related cancer are awaited.

4. Conclusions

In conclusion, cancer and fibrosis are both severe lung diseases, and they share biological
pathways. Although the specific genetic and cellular mechanisms are not yet fully understood,
several signaling pathways and microenvironments have been shown to disrupt tissue architecture
and lead to dysfunction. Conversely, it is clear that lung tumorigenesis and fibrosis display highly
heterogeneous behaviors, warranting personalized therapeutic approaches. Lung fibrosis may
eventually be attenuated by therapies that are developed after considering mechanisms that are
common to cancer and IPF.
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Abstract: Uterine fibroids (UFs) are the most common benign tumors of the female genital
tract. The incidence of UFs has been estimated at 25–80% depending on selected population.
The pathophysiology of UFs remains poorly understood. The transformation of smooth muscle cells
of the uterus into abnormal, immortal cells, capable of clonal division, is the main component of all
pathways leading to UF tumor formation and tumor necrosis factor α (TNF-α) is believed to be one of
the key factors in this field. TNF-α is a cell signaling protein involved in systemic inflammation and
is one of the cytokines responsible for the acute phase reaction. This publication presents current data
about the role of tumor necrosis factor α in the biology of UFs and the related symptoms. TNF-α is
an extremely important cytokine associated with the biology of UFs, UF-related symptoms and
complaints. Its concentration has been proven to be elevated in women with clinically symptomatic
UFs. The presented data suggest the presence of an “inflammation-like” state in women with UFs
where TNF-α is a potent inflammation inducer. The origin of numerous symptoms reported by
women with UFs can be traced back to the TNF-α influence. Nevertheless, our knowledge on
this subject remains limited and TNF-α dependent pathways in UF pathophysiology should be
investigated further.

Keywords: uterine fibroid; leiomyoma; tumor; tumor necrosis factor α; cytokine; growth factor;
inflammation; clinical symptoms; pathophysiology; therapy
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1. Introduction

1.1. Uterine Fibroids—An Overview

Uterine fibroids (UFs) are the most common benign tumors of the female genital tract.
The incidence of UFs has been estimated at 25–80%, depending on the populations and multiple risk
factors [1–4]. A significant percentage of UF-positive women are symptom-free but UFs cause clinical
symptoms of sufficient intensity to impair normal daily functioning in about one-third of the affected
subjects [2,4–6]. The most common symptoms include excessive bleeding and secondary anemia,
pelvic discomfort or pain, bowel and bladder dysfunctions, infertility, and obstetric pathologies [1,2,7,8].
Symptomatic UFs are the leading cause of a decreased quality of patient life [6,9], and the main reason
behind various surgeries, chief among them hysterectomy [10,11].

1.2. Uterine Fibroids—Growth Factors and Steroid Control

Despite intensive research, the pathophysiology of UFs remains poorly understood.
The transformation of smooth muscle cells of the uterus into abnormal, immortal cells, capable of
clonal division, is the main component of all pathways leading to fibroid tumor formation. The second
component is tumor growth through uncontrollable cell division, as well as production and
accumulation of the extracellular matrix (ECM) [2,7,12,13] (Figure 1).

 

Figure 1. Microscopic slides, histologic specimens of the myometrium (A) and a uterine fibroid (B).
Hematoxylin and eosin stain, 200× magnification.

According to various authors, UF metabolism is affected through steroid hormones,
growth factors, cytokines, and chemokines [7,14–18]. Paracrine signaling plays an important role
in cellular transformation of the myometrium. The initiators of UF formation are not completely
understood, but estrogen and progesterone are believed to be the major promoters of their
growth [12,16]. The hormonal effect of these hormones on UFs is related to the aforementioned
molecules [7,16]. The influence of steroids on the growth factor expression suggests that these factors
represent the ultimate effectors of steroid action [7]. Also, the literature offers some reports suggesting
non-genomic interactions between growth factors and hormonal pathways [7,19].

Steroid action is mediated through the interactions of estrogen (ER) and progesterone (PR)
receptors with different DNA response elements, which regulate the transcription of selected
genes [12,20]. Estrogen and its receptors play an important role in myometrial tissue metabolism
and UF growth [12,18,21]. The effect of estrogen on these tumors is evident as these tumors do not
appear before the menarche and their size decreases after menopause. It is currently believed that
reduced apoptotic potential with increased proliferative potential is associated with the progesterone
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component rather than with estrogens [12,16,22–24]. The main mechanism of action of progesterone in
tumorigenesis is its effect on the increase in the concentration of selected growth factors [12,23–25].
Disturbances in growth factors (e.g., transforming growth factor β (TGF-β)) [26–29] and cytokine
secretion may be the cause of UF-derived symptoms [7,20,30]. Some of the UF properties might also
be regulated by different miRNAs in order to alter their effect on structural homeostasis of female
genital tract [31]. Alas, only a small aspect of the complex UF pathogenesis network is known and
more evidence is necessary. Extensive worldwide research is ongoing [8].

1.3. Uterine Fibroids and the Extracellular Matrix

UF growth is determined by the rate of cell proliferation, differentiation, apoptosis,
angiogenesis and ECM deposition [13,20,32]. As mentioned above, UFs are considered to be a type of
a fibrotic disorder with excessive ECM production [13,20,33,34]. Fibrosis arises through two pathways:
recruitment of the inflammatory cells and activation of the fibroblasts [13,35,36]. Fibroid tumor
tissue contains approximately 50% more ECM than the adjacent myometrial tissue. In addition,
the architecture of collagen fibrils in UFs has been found to be abnormal [36]. The main fibroid ECM
components include collagen (type I and type III), fibronectin, and proteoglycans [13,14,32,34,37].
Normal ECM undergoes a continuous balanced rebuild process, which contributes to the maintenance
of its proper amount and density. ECM matrix enzymes are regulated by special tissue inhibitors of
metalloproteinases [13,38]. Peptide growth factors can have a regulatory effect only if they bind to their
specific receptors and induce signal transmission inside the cell [7,39,40]. This condition is possible
only when the factor is released from the complexes with matrix components. ECM accumulation
is affected by several factors, e.g., TGF-β, activin A and platelet-derived growth factor (PDGF),
TNF-α, followed by estrogen and progesterone [20], and by selected microRNAs [13]. According to
Islam et al. ECM can be treated as a reservoir of growth factors and cytokines which protects them
from being degraded when staying in the ECM microenvironment [13]. When degraded by matrix
metalloproteinases (MMPs), ECM releases soluble forms of various growth factors and cytokines,
allowing them to play their molecular roles [13].

1.4. Uterine Fibroids and Cytokines

Cytokines are low-molecular-weight proteins which are produced and released by immune system
cells [41]. They have a wide range of biological effects and act over short distances, either in an autocrine
or paracrine manner [7,42]. Cytokines affect almost all known biological process, including embryonic
development, disease pathogenesis, as well as specific and non-specific responses to various antigens
and stimuli [41]. They are responsible for intracellular signal transmission by binding to specific surface
receptors [41–43]. Numerous cytokines have been identified to play a significant role in myometrial
and UF biology [35,44,45]. According to Ciarmela et al. interleukins (IL) such as IL-1, IL-6, IL-11,
IL-13, IL-15, interferon (IFN)-γ, TNF-α are involved in crucial pathways in the pathophysiology of
UFs. The abovementioned cytokines have an effect on the inflammation, neoangiogenesis and the
regulation of tissue remodeling [7]. These cytokines may also be responsible for UF-related symptoms,
i.e., pain, infertility, and obstetric pathologies [35,46].

1.5. Tumor Necrosis Factor α—An Overview and Pathways

Although various molecules are involved in UF biology, it appears that TNF-α may be one of the
most important myometrium-associated cytokines [39]. TNF-α is a cell signaling protein involved in
systemic inflammation and is one of the cytokines responsible for the acute phase reaction. TNF-α has a
dual biological nature as it might cause several undesired effects. TNF-α is a pleiotropic cytokine which
has been identified as the key regulator of the inflammatory response [43,47]. It also plays a major role
in the cell cycle, being the controller of growth, differentiation, and apoptosis [13,43,47]. TNF-α has
multiple biological functions throughout the human body, including fever and acute phase stimulation,
promotion of the adhesion molecule expression, phagocytosis stimulation, appetite suppression,
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and modulation of insulin resistance [43]. TNF-α can be an antineoplastic and antiangiogenic
agent which stimulates the immune system to fight cancer cells [39,48]. It has been found that
TNF-α is an important gene expression regulator. The interaction of chemokines and their receptors
may cause the amplification of cellular signaling pathways and induce the expression of proteins
responsible for proliferative cells or changes in their normal metabolism [35,39,49]. Despite the
anti-cancer properties of TNF-α, elevated levels of TNF-α are not always capable of destroying all
abnormal cells and, paradoxically, they can cause severe symptoms related to tumor occurrence [47,50].
Dysregulation of TNF-α production and distribution has been demonstrated in various human diseases,
including cancers, dermatoses, and inflammatory bowel diseases (Table 1) [35,43,51,52].

Table 1. Examples of human diseases with dysregulated TNF-α production [30,50,53–59].

Field Examples

Rheumatology
Rheumatoid arthritis

Psoriatic Arthritis
Ankylosing Spondylitis

Dermatology Plaque psoriasis

Ophtalmology Uveitis

Psychiatry Depression

Gastroenterology Crohn’s Disease
Ulcerative Colitis

Urology Renal cell carcinoma

Gynecology Ovarian cancer
Uterine fibroids

Neurology Alzheimer’s Disease

TNF-α is produced mainly by activated macrophages but it can also be produced by other
cell types, e.g., lymphocytes and neutrophils [43,60]. TNF-α is produced as a 233-amino acid-long
type II transmembrane protein arranged in homotrimers [61]. The soluble homotrimeric form is
then released via proteolysis by the ADAM metallopeptidase domain 17 (ADAM17) and has a
triangular shape [62,63]. Importantly, both the secreted and the membrane forms are biologically active,
although their specific functions remain the subject of some controversy among the researchers [60,64].

TNF-α is also found in smooth muscle cells as a response to tissue injury or upon immune
responses to various stimuli [65–67]. TNF-α uses two types of receptors: TNF-α receptor type 1
(TNFR1) and TNFR2 (Figure 2).

TNFR1 is expressed in most tissues, whereas TNFR2 is found primarily in the immune system
cells [43]. After binding to the receptor, the TNF-α molecule may activate one of the three potential
effects: (1) activation of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB),
which is a transcription factor involved in cell survival, proliferation and the inflammatory response
(this include NF-κB-inducing kinase (NIK) [68] and I kappa B kinase (IKK) [69]); (2) activation of the
mitogen-activated protein kinases (MAPK) pathways (through c-jun N-terminal kinase (JNK) [70] and
on the other hand through receptor interacting protein (RIP) kinases family [71] and MAP kinase kinase
(MEKK) [72]), involved in cell differentiation and proliferation; and (3) induction of death signaling
(Figure 2) [43,60,73,74]. Most of the mentioned pathways are tumor necrosis factor receptor-associated
factor (TRAF)2 dependent as presented in Figure 2 [75].
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Figure 2. TNF-α receptors, pathways and different types of signals—schematic diagram. TNF-α has
an ability to induce apoptosis, cell survival or inflammation depending on selected pathway.
Tumor necrosis factor α (TNF-α); tumor necrosis factor α receptor (TNFR); tumor necrosis factor
receptor type 1-associated death domain (TRADD); Fas-associated protein with death domain (FADD);
tumor necrosis factor receptor-associated factor (TRAF); mitogen-activated protein kinase kinase kinase
(MEKK); c-jun N-terminal kinase (JNK); activator protein 1 (AP-1); receptor interacting protein (RIP);
mitogen-activated protein kinases (MAPK); nuclear factor κ-light-chain-enhancer of activated B cells
(NF-κB); NF-κ-B-inducing kinase (NIK); I κB kinase (IKK).; T-bar as a drug - binding point interaction.

TNFRs form trimers when reached by the ligand. This binding leads to the dissociation of
the silencer of death domains (SODD) inhibitory protein [76]. When SODD is finally dissociated,
tumor necrosis factor receptor type 1-associated death domain (TRADD) protein binds into free
death domain [66,73,77,78]. The TRADD protein binding may activate three different important
pathways [66,73,78]. The first pathway is the activation of the NF-κB protein complex, which leads
to changes in the DNA transcription, cytokine production and cell survival (Figure 2). The NF-κB
pathway is also responsible for cell proliferation, inflammatory response, and anti-apoptotic factors [79].
The NF-κB pathway has some serious connections with the UF-related pathways: the focal adhesion
kinase (FAK) signaling activated by TGF-β [29], and with activin A [80]. IL-1α and TNF-α are the
factors that block the differentiation of human myoblasts with the activation of the TGF-β-activated
kinase (TAK)-1 pathway. As described by Trendelenburg et al. this pathway can be modulated
(tracing to p38 and NF-κB) with the use of different factors like drugs or genetic modifications [80].
Additionally, TGF-β increases the expression of apoptosis-related p53 and Bax proteins mediated by
their major regulator—TNF-α [81]. Apoptosis is a mechanism by which cells undergo programmed
death. This process can be mediated through the receptor or the mitochondrial pathways. The extrinsic
pathway involves binding of a ligand e.g., soluble protein like TNF-α to its cognate cell surface
receptor [20,82]. The second pathway depends on MAPK activation (Figure 2). TNF-α activates
JNKs, which are responsive to stress stimuli. JNKs are involved in various processes, e.g.,
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apoptosis, cell degeneration, differentiation and proliferation, inflammatory conditions, and cytokine
production [83,84]. JNKs and p38 MAPKs can exert antagonistic effects on cell proliferation and
survival. This crosstalk is an important regulatory mechanism in numerous cellular responses [85].
The third and the weakest pathway is responsible for induction of death signaling (Figure 2). In this
pathway, TRADD binds FADD, which is a stimulus to caspase-8 concentration raise and results in
subsequent autoproteolytic activation and effector caspases cleaving [86]. These three TNF-α pathways
have many conflicting effects. Some of them enhance the transcription of the anti-apoptotic proteins,
while others have a positive effect on the inhibitory proteins which interfere with death signaling.
This delicate balance can shift both ways, depending on cell type, concurrent stimulation of other
cytokines, and the influence of reactive oxygen species [43,73].

2. Material and Methods

A review of the publications on the role of TNF-α in UF biology and UF-derived symptoms
is presented. Authors conducted their search in PubMed of the National Library of Medicine and
Google Scholar. Databases were extensively searched for all original and review articles/book chapters
using keywords (one or in combinations): uterine fibroid; uterine leiomyoma; tumor necrosis factor α
published in English until October 2018. Moreover additional articles in bibliographies of reviewed
articles were searched. Overall, most relevant articles were reviewed and included as appropriate.

3. Discussion

3.1. Uterine Fibroids and Inflammation

Inflammation plays a major role in tumorigenesis and inflammation-related factors are key players
in the development of many benign and malignant neoplasms, especially due to high increase in the
occurrence of a mutation and the proliferation rate of the mutated cells [35,87]. As stated by Wegienka,
local chronic inflammation constitutes a microenvironment which enables UF development and UFs
are the effect of the presence of various inflammatory-derived molecules in the myometrium [88,89].
UF is thought to be an inflammatory-related fibrotic disorder. According to the available data,
UF pathophysiological pathways depend on the activated macrophages, whose number in the UF tissue
is increased as compared to the adjacent normal myometrium [90]. The abovementioned cells play a
key role in the reparative processes and myofibroblast recruitment [35,91]. Menstruation, infections,
mechanical injuries, and oxidative stress may be the causes of the inflammation in the uterus [13].
Myofibroblasts produce ECM as a response to the influence of various cytokines and growth factors.
In normal conditions, this process can repair damaged tissues. However, it may also lead to fibrosis if
there is no control or the deregulation of the controlling pathways is too high [13,32,92–94].

MED12 somatic mutation is the most often detected DNA mutation in human UFs
(70–80%) [95–98]. This mutation is a driver for stimulating the development of UFs and influencing
genomic instability [99,100]. MED12 is also related to endocrine and growth factor pathways [12].
A possible impact of altered signaling in UF pathophysiology on inflammatory responses and genomic
repair mechanisms is being extensively researched [101]. UFs growth is mostly hormone-dependent
and progesterone is believed to be the most important hormone in this complicated process [12,23,24].
The main mechanism of progesterone action in UF tumorigenesis is its effect on the increase in the
concentration of selected growth factors [7,29]. Factors which have been proven to have a serious
impact on UF tumorigenesis include TGFs, activin A, vascular endothelial growth factors (VEGFs),
and other pro-inflammatory agents [14,15,29,102] (Figure 3).
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Figure 3. Progesterone and progesterone-related factors. The role of selected factors in UF
tumorigenesis. Transforming growth factor (TGF); vascular endothelial growth factor (VEGF);
tumor necrosis factor α (TNF-α); extracellular matrix (ECM). Estrogen as a factor preparing the
tumor to be stimulated by progesterone (dotted arrow).

According to the available sources, elevated levels of TGF-β play an important role in UF
growth and clinical symptom progression [7,26,27,29,103], which appears to be one of the key
factors in myofibroblast transformation and fibrosis progression [17,29,35,37]. Activin A is yet
another factor, by no means less important, which was found to be involved in cell proliferation,
differentiation, death signaling, and metabolism [81,104]. Activin A and the related proteins,
e.g., anti-Müllerian hormone (AMH) or bone morphogenetic proteins (BMPs), belong to the
TGF-β superfamily [105]. Recent studies have proven the role of activin A in inflammation
processes [35,81,105], wound repair [106], and fibrosis [81,107]. Activin A produced by macrophages
is responsible for cell transformation, which leads to tumor occurrence [35,108]. It also plays
various physiological roles in a wide range of other tissues [109]. As suggested by different authors,
elevated activin A concentrations might also be responsible for excessive ECM production [81,104].
In a study by Ciarmela et al. mRNA levels of activin A were found to be more expressed in UF tissue
as compared to the adjacent myometrium [109]. Islam et al. found that mRNA levels of collagen,
fibronectin and versican variants in ECM were increased by activin A [104]. The same authors also
found that activin A induced phosphorylation of the Smad proteins in UF cells [104], which is one of
the pathways of profibrotic signaling [13,29]. The potential pathological connections between TGF-β,
activin A and TNF-α will be described later in this article.

3.2. ECM and Inflammation in Uterine Fibroids

ECM found in UF differs from the normal ECM in a well-formed myometrial tissue [13,14,110].
The presence of inflammatory cells in UFs contributes to excessive ECM production, tissue remodeling,
and tumor growth [35]. ECM accumulation is regulated by growth factors, cytokines and steroid
hormones. Increased production and accumulation of abnormal ECM results in further tumor
volume gain [13,14,110]. MMPs are the enzymes which are responsible for matrix lysis and
remodeling [29,111–113]. They are regulated by tissue inhibitors of metalloproteinases (TIMPs) [38].
Some growth factors increase the concentration of TIMPs, which slows down the conversion of
the entire ECM and results in its excessive accumulation [29,103,114]. Modified MMP activity
is then insufficient to degrade the appropriate amount of ECM to maintain tissue [29,111,115].
Proteolytic enzymes which are produced as a response to inflammation are responsible for
several major UF developing processes, e.g., angiogenesis and proliferation of fibroblasts [20,35].
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TGF-β, activin-A, and TNF-α are able to increase the synthesis of ECM components through
the activation of multiple signaling pathways, e.g., the Smad proteins and various kinases.
Cytokines (e.g., interleukins and TNF-α) and growth factors (e.g., VEGF), fibroblast growth factors
(FGFs), endothelial growth factor (EGF), and different TGFs are among those angiogenic factors which
have been extensively described due to their ability to regulate the expression of proteases and their
inhibitors, and enhance cell proliferation and migration [20,112,115,116]. As stated by Chegini (2010),
angiogenesis depends on the specific balance between promoters and inhibitors [20]. In this place,
TNF-α plays the role of the angiogenic suppressor [20], but its role is much more complex.

3.3. Tumor Necrosis Factor α in Uterine Fibroids

TNF-α is produced by macrophages whose significant numbers can be found in UFs [35,43,60].
Increased TNF-α expression has been found in UF tumors as compared to the adjacent normal
myometrium [49]. According to Nair et al. TNF-α secreted by adipocytes enhances the proliferation
of UFs [117]. What is currently known is that polymorphisms in the genes encoding IL-1β, IL-6,
and TNF-α have been associated with an increased risk of these tumors [20,118–120].

According to available data, fibroid tissue and the adjacent unchanged myometrial tissue
demonstrated that TNF-α is abundantly present in the cytoplasm of tumor cells [49,121], which is
consistent with the findings of Plewka et al. from 2013 [122]. In that study, Plewka et al. investigated
the expression of different inflammatory mediators, e.g., IL-1β, TNF-α or cyclooxygenase 2 (COX-2),
in the normal myometrium and UFs in women of reproductive age. These authors found significantly
higher TNF-α immunoreactivity in UFs as compared to normal uterine smooth muscle tissue [122].

In the work of Kurachi et al. staining for TNF-α in UF tissue obtained in the proliferative
phase was more abundant than in the secretory phase of the menstrual cycle [49]. This relation
was not found in the normal myometrium [49]. The addition of progesterone resulted in a
decrease in immunoreactive TNF-α expression as compared to control cultures, while a similar
addition of estradiol did not affect the TNF-α expression [49]. In cultured UF cells, the treatment
with progesterone inhibited the expression of insulin-like growth factor 1 (IGF-1) and the TNF-α,
and augmented the expression of apoptosis-inhibiting Bcl-2 protein [123], which is consistent with
other reports in the literature. Progesterone is a steroid hormone with anti-inflammatory and
mitogenic activity [101,124]. Natural killer (NK) cell activity is suppressed under the influence
of progesterone [125]. Progesterone regulates uterine NK cells through a glucocorticoid receptor
mediated process and steroidal antiprogestogens (e.g., mifepristone) could abolish the inhibitory
effect of this hormone [126]. Elevated levels of progesterone have an effect on increased TGF-β and
decreased TNF-α production [7,29,101]. Progesterone, being the main steroid hormone responsible
for the formation and growth of UFs, should lead to a decrease in TNF-α concentration. However,
paradoxically, the remaining pathways, many of which are still undefined, make TNF-α concentrations
higher in the presence of these tumors, as shown by other authors [39] and our recent work [30].

The picture becomes more complex when we bear in mind that TNF-α is a potent stimulator
of aromatase activity, what results in enhanced conversion of androstenedione to estrone [127].
TNF-α influences key genes and enzymes involved in estrogen metabolism, making it more hormonally
active and carcinogenic [128]. Estrogens have been known to play a major role in UF pathophysiology
as described above, including also pathways like Ras-Raf-MEK, which are more in common with
TNF-α [18].

The reciprocal feedback of progesterone and TNF-α seems more complex when considered along
with activin A. As mentioned before, activin A is one of the major factors involved in UF pathogenesis,
with a direct pro-fibrotic effect on UF cells by the expression of ECM protein (via Smad pathway)
induction [104]. The regulation of activin A biological function in fibrosis-related processes is complex
due to the influence of several molecules [81]. The effect of TNF-α in the paths in which activin A
is involved is vital, but the pathophysiology of this factor involves also TGF-β1, IL-1, IL-1β, IL-13,
angiotensin, and others [81,129,130]. In a study by Protic et al. activin A mRNA expression was
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upregulated by TNF-α in myometrial and UF cells [35]. The same effect was also found in other cell
types [129].

Activins are produced in the gonads, pituitary gland, placenta, and other organs. In the ovary,
activin increases FSH binding and FSH-induced aromatization. Activin A enhances the activity
of aromatase enzyme and simultaneously suppresses progesterone production [131]. In a study
by Shukovski and Findlay (1990), activin A was found to delay the process of luteinization [132].
Hillier et al., concluded that activin A is responsible for promoting estrogen synthesis and
simultaneously suppresses the synthesis of progesterone [131]. According to Ciarmela et al., activin A
should be considered as a steroid-regulated factor involved in myometrial functionality and that the
disruption of its signaling may contribute to tumor growth [109]. The abovementioned observations
both, the complexity of these processes and the limitations of the available data. The presented
information suggests that UFs have their own complicated path of connections and conjugations,
in which TNF-α plays a role as an activin A upregulator, where activin A affects progesterone,
which in turn inhibits TNF-α. It seems reasonable to assume that includes one or more additional
factors which allow for TNF-α to bypass the inhibitory effect of progesterone and induce its related
inflammatory reactions. These observations are also supported by some of the effects of ulipristal
acetate (UPA) on UF tumors [133]. Despite the fact that UPA has a potent effect on one of the major
UF pathophysiological pathways—progesterone and is TGF-β dependent [27], it also increases the
activity of alkaline phosphatase, upregulates caspases, and downregulates TNF-α expression [134].
According to Ciarmela et al. UPA was also found to inhibit the expression and functions of activin
A and activin receptor in UF tumor cells [135]. In our opinion, more research about the described
pathway and its molecular connections is necessary to better understand it in the context of UFs.

Wang et al. found that TNF-α upregulates the mRNA levels of MMP-2 in UF cell cultures.
The same observations were made with protein levels, whereas this effect was insignificant in the
normal myometrium [136]. Their finding might play a major role in releasing soluble forms of various
growth factors and cytokines from ECM, as mentioned before [13]. Such dependence may also have an
effect in the form of a self-winding dependency circle—TNF-α, which releases various cytokines also
releases further TNF-α molecules and, at some point, this can become a cascade difficult to control.

Islam et al. found that activin A expression was increased under the influence of TNF-α [16],
which might solve the mystery how this cytokine can stimulate ECM production, as activin A
is an important profibrotic factor in UF pathology [13,81]. The role of TNF-α in UF formation
and growth seems even more justified as it was proven that TNF-α has a potent influence on
extracellular signal–regulated kinases (ERKs) [13,136]. The abovementioned ERK pathway plays
an important role in integrating external signals from the presence of mitogens and is a part of the
Ras-Raf-MEK-ERK signal transduction cascade. This cascade participates in various processes such as
cell cycle progression, cell migration, survival, differentiation, proliferation, and transcription [137].
The activity of the Ras-Raf-MEK-ERK cascade is increased in more than one-third of human neoplasms,
and inhibition of its components might be an effective anti-tumor strategy [137].

3.4. Obesity, Inflammation and Tumor Necrosis Factor α in Uterine Fibroids

Obesity is a condition in which excessive body fat may interfere with the maintenance of an
optimal state of health. Obesity is predominantly caused by excessive food intake, lack of physical
activity, and genetic susceptibility [138,139]. According to the available data, obesity is considered to
be a major risk factor for UFs [3,8,26,140,141]. The reasons for this dependence are in this case sought in
the metabolic function of adipose tissue [141,142]. Most adrenal androgens are metabolized to estrogen
with aromatase in the adipose tissue [142,143]. Pathophysiological factors attributed to the occurrence
of UF include reduced production of sex hormone-binding globulin (SHBG) in obese women [141,144].
This protein binds a large proportion of the circulating sex hormones, not allowing their hormonal
activity on sensitive tissues, which affects the delicate hormonal balance of the body [144,145].
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Obesity is characterized by a chronic state of inflammation and this might be a cause of
abnormal tissue regeneration, as is the case in UFs [35]. Excessive adipose tissue may release various
inflammatory mediators. These relations may predispose to a pro-inflammatory state of the tissues
and enhanced oxidative stress [146]. Excessive fat accumulation is associated also with increased levels
of reactive oxygen species (ROS), which inhibit cell apoptosis and increase ECM deposition [147,148].

Macrophages are important components of the adipose tissue, which actively participate in its
activities [35,60,149]. Other immune system cells, like lymphocytes taking part in the metabolism
of the adipose tissue, can also lead to immune deregulation [149]. As described in the available
studies, adipose tissue produces and releases a variety of pro- and anti-inflammatory factors,
including adipokines, as well as various cytokines and chemokines, such as different interleukins
and chemoattractant proteins [35,146,150]. Human adipose tissue secretes TNF-α, which may
be a good explanation of the relation between obesity and inflammation [151]. In a study by
Hotamisligil et al. TNF-α was found to be highly expressed in the adipose tissue of obese people [152],
whereas Zaragosi et al. described the same dependence for activin A [35,153]. These inflammation
enhancing factors which are accumulated and released by adipose tissue and have a direct effect on
the myometrium and myofibroblasts may result in excessive production of the ECM components,
tissue remodeling, and UF occurrence [35,81].

Further studies are necessary to show the effect of body weight change (gain or loss) on TNF-α and
other pro-inflammatory factors levels, and whether this can affect the symptoms associated with UFs.

3.5. Tumor Necrosis Factor α, Uterine Fibroids and the Related Symptoms—Overview

TNF-α may be considered as a chemokine which could influence numerous clinical symptoms
associated with UFs [20,35]. Abdominal and pelvic pain, infertility or gastrointestinal complaints are
just a few ailments which may be caused not only by tumor pressure but also by the paracrine and
endocrine influence of the tumor. In this section some links between UFs-derived complaints and
TNF-α are described.

3.5.1. Pain

Symptomatic UFs can cause chronic pelvic pain. Interestingly, this pain cannot always be
attributed to the presence of the mass or position of the tumor. While the subject of chronic pain
in patients with UFs has been examined only to a small extent, in the case of endometriosis this
topic is relatively well-researched [154]. TNF-α levels in the peritoneal fluid are higher in women
with endometriosis (higher stages of endometriosis correspond to higher TNF-α levels) [155,156].
The role of TNF-a as a pain inducer has been well-documented [157,158]. TNF-α stimulates the
production of prostaglandins (PG) E2 and F2α [154,159]. PGE2, for example, may play a role in the
resolution of the inflammation. Some of its effects on the human body include vomiting, fever, diarrhea,
and excessive uterine contraction [160]. Pharmacological therapies, including painkillers or hormones
for pain management are used to relieve these symptoms [20]. The literature offers some data about a
successful use of anti-TNF-α drug—etanercept—in the treatment of endometriotic implants but, to the
best of our knowledge, there is no evidence about the use of this drug in UFs treatment [161]. In our
opinion, more research about the potential role of TNF-α on UF-derived pain is needed.

3.5.2. Infertility

The connection between UFs and infertility, together with the potential impact of TNF-α in this
regard, should be highlighted.

Infertility is defined as the inability to become pregnant or carry a pregnancy to full term.
There are many causes of infertility and many different methods of treatment [162]. The immune
mechanisms are among the possible causes of some forms of infertility. Cytokines, like TNF-α,
selected ILs and others which trigger a Th1 type immune response, are suspected to play a major role
in infertility [163]. According to Wang et al. women with a history of infertility have significantly
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increased serum TNF-α concentrations in comparison to fertile controls, and TNF-α can potentially
serve as an infertility marker [164]. According to Falconer et al. inflammation affects the ovaries
and, consequently, the oocyte quality, with less favorable outcomes of in vitro fertilization [165].
TNF-α stimulates the apoptosis of human trophoblast cells and inhibits the proliferation of human
trophoblast cells in vitro [166,167]. According to some authors, TNF-α interferes with development of
the placenta and trophoblast invasion of the spiral arteries [166,168]. Abnormal production of TNF-α
and cytokines which are similar in function has been suggested to cause fetal growth restriction [169].
In a very interesting study by Azizieh and Raghubaty, elevated TNF-α serum levels were correlated
with severe pregnancy complications, e.g., recurrent miscarriages, premature rupture of membranes,
preeclampsia, and intrauterine growth restriction. These authors concluded that TNF-α must be an
important factor in the pathogenesis of these complications [168]. According to Austrian experts,
TNF-α concentration, distribution and stimulation period determine whether TNF-α would have
a beneficial or adverse effect on the female reproductive system [166]. TNF-α was also found to
differ between women with and without the polycystic ovary syndrome (PCOS). According to a
meta-analysis by Gao et al. TNF-α serum levels in women with PCOS are elevated as compared to
PCOS-free controls. Those authors concluded that TNF-α serum levels might be related to insulin
resistance and androgen excess [170].

It is officially accepted that UFs decrease the fertility potential [171,172]. According to Pritts et al.
UF-positive women have decreased rates of implantations and live births, and increased rates of
spontaneous miscarriages [171]. Some cytokines are thought to be responsible for implantation
success and optimal embryonic development [173]. TNF-α may just be one of these cytokines and
there is a chance that too high concentrations of TNF-α can have a significant impact on live birth
occurrence. In our opinion, reducing the TNF-α induced inflammation in the uterus, e.g., by removing
the UFs, might result in successes of the reproductive medicine. Unfortunately, data research on
this topic remain limited and further research is necessary. Our study, which demonstrated elevated
serum TNF-α levels in UF-positive women, was a step in that direction [30]. The next stage would
be to investigate the impact of surgical or drug therapies (e.g., UPA or alternative agents) on the
concentrations of selected cytokines and growth factors and find how to achieve the best effect, i.e.,
successful conception [172–174]. Studies about UPA and infertility are ongoing and the first answers
are expected soon [175].

3.5.3. Gastrointestinal Issues

TNF-α plays a major role in gastroenterology. Not all gastrointestinal symptoms associated with
UFs are only related to pressure on the neighboring organs. Some of them may also have a paracrine
or endocrine background. There is increasing evidence for the involvement of the immune system and
the related cytokines in various gastrointestinal disorders, altered cytokine expression, and abnormal
presence of immune cells, resulting in the occurrence of the clinical symptoms. Several diseases
and symptoms depend on the TNF-α-related pathways [176]. TNF-α is overexpressed in patients
with colitis ulcerosa and Crohn’s disease, and the degree of mucosal inflammation is positively
correlated with chemokine secretion patterns [177]. TNF-α is also a known factor in the initiation and
amplification of the inflammatory responses to Helicobacter pylori infection [178–180]. TNF-α is a
potent inhibitor of gastric acid secretion [179], and its improper secretion might be a causable factor of
many cases of dyspeptic disorders in women with UFs.

Therefore, TNF-α targets were proposed as potential treatment options and today anti-TNF-α
drugs are the gold standard in inflammatory bowel disease therapy [181,182]. These diseases are
treated with the use of TNF-α inhibitors, e.g., monoclonal antibodies like infliximab, adalimumab,
and certolizumab [183]. There is also the abovementioned decoy circulating receptor drug, etanercept,
which binds to TNF-α [184]. There are some data indicating prolonged disease stabilization in patients
treated with the use of TNF-α inhibitors, but most studies found no difference in the efficacy of that
treatment when compared to placebo [185]. However, there is a difference between benign UFs and
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malignant tumors, and further laboratory tests should be performed to evaluate the effects of these
drugs on UFs.

3.6. Tumor Necrosis Factor α, Uterine Fibroids and the Related Symptoms—Management

UFs are just one serious health problem worldwide. Pharmacotherapy is an important chapter in
UF management. Prophylaxis of UFs is practically non-existent, while treatment is often costly and
expensive. According to Soave et al. current anti-UF strategies that preserve uterus and fertility are not
capable yet of controlling clinical symptoms and tumor progression and they are mostly ineffective
in the long term outcome [6]. Anti-UF agents should be chosen according to the size and location
of UFs, age, dominant symptoms, childbearing plans and treatment availability [186]. Potent drugs
like gonadotropin-releasing hormone (GnRH) analogs or selective progesterone receptor modulators
(SPRMs) are an option for patients who need symptom relief preoperatively, who are approaching
menopause or do not accept surgical intervention. GnRH analogs have been used in women with UFs
to reduce bleeding and tumor volume, but their use is limited to short term due to their hypoestrogenic
side effects [186]. The other drugs recently used in UF therapy are SPRMs, drugs which interact
with progesterone receptors. SPRMs [187] both treat symptoms and eliminate or delay the need of
surgery [6,188].

In the case of other anti-UF agents, their poor effectiveness remains the greatest issue.
Innovative forms of UF pharmacotherapy are still under intensive investigation. As stated in recent
review from 2017 vitamin D, paricalcitol, epigallocatechin gallate, elagolix, aromatase inhibitors (AIs)
and cabergoline might find their place in UF therapy as safe and effective alternatives or co-drugs [174].
After reviewing the current literature authors found that anti-TNF-α may be also a promising option
in the nearest future. Further research on this topic should focus on individually tailored strategies,
where for example anti-TNF-α drugs would be used in women with UF-dependent clinical symptoms
that occur due to TNF-α pathways dysregulation. In light of the above, it would seem prudent to
assume that drugs directed against TNF-α would be applicable for the relief of UF-derived symptoms
(Figure 4).

Figure 4. Drugs with proven and potential effect against TNF-α in UF therapy. Nonsteroidal
anti-inflammatory drugs (NSAIDS); tumor necrosis factor α (TNF-α); ulipristal acetate (UPA);
gonadotropin-releasing hormone (GnRH); ↓ as decrease.
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However, this is not so obvious due to the failed attempts to use anti-TNF-α drugs (like infliximab)
in case of endometriosis-related pain due to the lack of clinical effects [189,190]. Better results
were obtained with pentoxyfilline, a methylated xanthine derivative, a competitive nonselective
phosphodiesterase inhibitor [191]. Pentoxifylline inhibits TNF-α production in vitro and reduces
the inflammatory action of this molecule [192,193]. According to a study by Kamencic and Thiel,
postoperative treatment with pentoxifylline reduced the pain in patients with endometriosis [193].
To the best of our knowledge, there are no studies about the use of pentoxyfilline in UF therapy.
However, this might be an interesting idea for future studies on UFs (Figure 4).

Nonsteroidal anti-inflammatory drugs (NSAIDs) are widely used to treat endometriosis-TNF-α-
related symptoms. Nevertheless, data proving that they significantly reduce endometriosis-related
pain remain insufficient [194,195]. According to some sources, NSAIDs can be used to reduce excessive
bleeding and dysmenorrhea symptoms, but there are not enough data about their efficacy [196]
(Figure 4).

According to less known studies, capsaicin and its analogs are able to block TNF-α-induced
NF-κB activation in a dose-dependent manner. This substance can therefore play a chemopreventive
role in tumor growth and the derived symptoms. However, no studies on that topic are available [197]
(Figure 4).

The use of AIs in therapy has given rise to some expectations [174]. This therapy also
includes some TNF-α-dependent pathways. AIs decrease the production of estrogens by blocking
or inactivating aromatase [174]. UF tissue expresses aromatase in higher amounts than normal
myometrial tissue [143,198]. Some connections between aromatase and TNF-α have been confirmed.
Cytokines, like ILs, prostaglandins and TNF-α can stimulate aromatase activity [127,199]. For example,
TNF-α induces aromatase expression via the adipose specific promoters [200]. To et al.
found that TNF-α regulates estrogen biosynthesis within the breast, affecting the activity of the
key estrogen-derived enzymes, i.e., aromatase or estrone sulfatase. These authors stated that TNF-α
targeting might be useful as a novel approach to anti-tumor therapies [201]. As described in our
recent review on alternative agents in UF therapy, AIs are potent drugs in UF management which
reduce UF volume and improve the associated symptoms, probably also by the reduction of TNF-α
production (Figure 4). Unfortunately, data about AIs use in UF treatment are incomplete and more
studies are still necessary [174]. Last but not least, GnRH analogs are drugs used in UFs management
which affect the TNF-α pathways. GnRH analogs act by binding to GnRH receptors, which leads to
hypogonadotropic hypogonadal state [202]. GnRH agonists have a direct and indirect effect on the
tissue in reducing proliferation and improving clinical symptoms [202]. Some of their effects might
be explained by TNF-α-related pathways. In a study by Taniguchi et al. GnRH analog treatment
attenuated TNF-α-induced cell proliferation in the endometrial stromal cells [203]. More evidence
has come also from other Japanese authors who showed that GnRH analogs treatment attenuated the
expression of IL-8 by reducing TNF-α-induced NF-κB activation [204]. In an interesting study about
spinal cord inflammatory response, Guzman-Soto et al. found that GnRH analog—leurolide has an
effect on the activation/expression levels transcription nuclear factor NF-κB and the proinflammatory
cytokines like TNF-α [205]. Further research about the connections between GnRH analogs and TNF-α
pathways is needed (Figure 4).

UPA, one of the main drugs related to the treatment of UFs [6,133,188] cannot be omitted.
Data on UPA and its effect on inflammation are incomplete. We know many paths of action of
UPA, both biochemical and genetic [133,206,207]. In the studies published by our team, we obtained
preliminary results that UPA may influence some growth factors, e.g., TGF-β3 [27]. Research on
other factors is ongoing and the results will be presented in the nearest future. In their study on
the effect of UPA on the human endometrium, Whitaker et al. found that there were significant
changes in insulin growth factor binding protein 1, IL-15, HOXA10 mRNAs expression as compared
to controls. What is more, cell proliferation in UFs from the UPA group was lower than in women
in the proliferative phase [208]. It might suggest some connection between UPA and inflammation.
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UPA has a potent effect on progesterone-TGF-β pathway [27], it also increases the activity of alkaline
phosphatase, upregulates caspases and downregulates TNF-α expression [134]. There are no studies
on the connections between TNF-α and UPA (Figure 4).

3.7. Tumor Necrosis Factor α—Novel Concepts in Diagnosis and Therapy

In our opinion, there is a possibility that TNF-α serum levels may become a marker used for clinical
verification in the case of problematic differentiation (UF or different tumor) [30], or to determine the
risk of clinical symptoms, as can be partially done with endometriosis [209].

According to a study by our group, women can be diagnosed with UFs solely using the serum
TNF-α level cut-off point [30]. Studies on TNF-α levels in patients with diseases similar to UFs, such as
uterine sarcoma or adenomyosis, may open up a new chapter in gynecological diagnostics (Figure 5).

Figure 5. Potential future directions in UF diagnosis and therapy with the use of TNF-α. Tumor necrosis
factor α (TNF-α); uterine fibroid (UF); smooth muscle tumor of uncertain malignant potential (STUMP);
leiomyosarcoma (LMS); selective progesterone receptor modulator (SPRM); ulipristal acetate (UPA);
nonsteroidal anti-inflammatory drugs (NSAIDS); ↑ as increase.

If higher levels of TNF-α are confirmed in the serum of patients with uterine sarcoma, as compared
to UF-positive patients, TNF-α could be considered as a non-specific marker which could indicate
factors such as what type of surgery should be chosen, if morcellation can be performed, and where to
refer the patient. This is important, especially in the current state of surgical management of UFs [210].
TNF-α might be useful marker to estimate the risk of UF occurrence, or for the evaluation of treatment
effectiveness (e.g., in UPA therapy). Due to the complexity of the pathophysiological pathways in
which it takes part, we believe that TNF-α will not be a specific marker for UFs, but our results
may be a starting point for further studies. It is possible that the consideration of other biochemical
parameters, such as 25-hydroxyvitamin D or TGF-β3 serum levels, in addition to serum TNF-α levels,
could increase specificity [26,28,211].

Even if the concept was wrong, it should also be considered whether, for example, TNF alpha
could be used as a potential therapy efficacy marker, as with our idea about TGF-β3 [26,28].
Since patients with UFs have elevated TNF-α serum levels, it seems logical to use them as indicators
of patient response to various treatment methods. In our opinion, some of the research on UFs
should focus on checking which growth factors and cytokines are most frequently associated with
specific clinical conditions caused by these tumors. In the case of confirming the dependence of
specific symptoms with specific growth factors (e.g., like TNF-α with pain [157,158], therapies for
individual patients could be selected more effectively. However, the necessary prerequisite is to
investigate various effects of selected drugs on the growth factors, which will allow to choose the best
therapy (Figure 5). At this point, again, the validity of the concept of co-drugs in the treatment of UFs
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should be emphasized. If safe drug connections were found, a broader spectrum of symptoms could
be better eliminated, e.g., one drug decreases TGF-β3 levels and slows down the ECM formation,
whereas another drug decreases TNF-α level and has a beneficial effect on pain and infertility (Figure 5).
Further extensive research in this field is necessary.

4. Conclusions

TNF-α is an extremely important cytokine associated with the biology of UFs,
UF-related symptoms and complaints. Its concentration has been proven to be elevated in women
with clinically symptomatic UFs. The presented data suggest the presence of an “inflammation-like”
state in women with UFs where TNF-α is a potent inflammation inducer. The origin of numerous
symptoms reported by women with UFs can be traced back to the TNF-α dependent pathways.

Nevertheless, our knowledge on this subject remains limited. It seems vital to study the
pathophysiological pathways dependent on TNF-α, in particular its associations with progesterone and
activin A. Hopefully, the results of that research will be the decisive factor in selecting the appropriate,
individually tailored UF treatment methods. It is possible that TNF-α will prove useful as an additional
clinical marker for the diagnosis and therapy of UFs. The importance of anti-TNF-α drugs in the
treatment of UFs and how drugs with proven anti-UF action affect the TNF-α dependent symptoms
should be investigated further.
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Abbreviations

ADAM17 ADAM metallopeptidase domain 17
AMH anti-Müllerian hormone
AP-1 activator protein 1
BMP bone morphogenetic protein
COX-2 cyclooxygenase 2
ECM extracellular matrix
EGF endothelial growth factor
ER estrogen receptor
ERK extracellular signal–regulated kinase
FADD Fas-associated protein with death domain
FAK focal adhesion kinase
FGF fibroblast growth factor
GnRH gonadotropin-releasing hormone
IFN Interferon
IGF-1 insulin-like growth factor 1
IKK I kappa B kinase
IL Interleukin
JNK c-jun N-terminal kinase
LMS leiomyosarcoma
MAPK mitogen-activated protein kinases
MEKK mitogen-activated protein kinase kinase kinase
MMP matrix metalloproteinase
NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells
NIK NF-kappa-B-inducing kinase
NK natural killer
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NSAID nonsteroidal anti-inflammatory drug
PCOS polycystic ovary syndrome
PDGF platelet-derived growth factor
PG Prostaglandin
PR progesterone receptor
RIP receptor interacting protein
ROS reactive oxygen species
SHBG sex hormone-binding globulin
SODD silencer of death domains
SPRM selective progesterone receptor modulator

STUMP
smooth muscle tumor of uncertain malignant
potential

TAK TGF-β-activated kinase
TGF-β transforming growth factor β
TIMP tissue inhibitor of metalloproteinase
TNFR TNF-α receptor
TNF-α tumor necrosis factor α

TRADD
tumor necrosis factor receptor type 1-associated
death domain

TRAF tumor necrosis factor receptor-associated factor
UF uterine fibroid
UPA ulipristal acetate
VEGF vascular endothelial growth factor
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Abstract: Acute lung injury is a fatal disease characterized by inflammatory cell infiltration,
alveolar-capillary barrier disruption, protein-rich edema, and impairment of gas exchange.
Protein S is a vitamin K-dependent glycoprotein that exerts anticoagulant, immunomodulatory,
anti-inflammatory, anti-apoptotic, and neuroprotective effects. The aim of this study was to
evaluate whether human protein S inhibits cell apoptosis in acute lung injury. Acute lung injury
in human protein S transgenic and wild-type mice was induced by intratracheal instillation of
lipopolysaccharide. The effect of human protein S on apoptosis of lung tissue cells was evaluated
by Western blotting. Inflammatory cell infiltration, alveolar wall thickening, myeloperoxidase
activity, and the expression of inflammatory cytokines were reduced in human protein S transgenic
mice compared to the wild-type mice after lipopolysaccharide instillation. Apoptotic cells and
caspase-3 activity were reduced while phosphorylation of extracellular signal-regulated kinase was
enhanced in the lung tissue from human protein S transgenic mice compared to wild-type mice after
lipopolysaccharide instillation. The results of this study suggest that human protein S is protective in
lipopolysaccharide-induced acute lung injury by inhibiting apoptosis of lung cells.

Keywords: acute lung injury; protein S; apoptosis; signal pathway; Erk1/2; lipopolysaccharide

1. Introduction

Acute lung injury (ALI) and its severe form, acute respiratory distress syndrome (ARDS), are
non-cardiogenic pulmonary edema, clinically defined as a severe dysfunction of gas exchange
and chest radiographic abnormalities in the absence of heart failure [1,2]. Several conditions
including severe sepsis, trauma, and ischemia/reperfusion injury may cause ALI/ARDS [1]. Multiple
therapeutic modalities are being used including lung-protective ventilation strategies, prone position
and fluid-conservative therapy, but most of them are ineffective in controlling the disease [1,3,4].
The mortality rate of patients with ARDS remains very high ranging between 35% and 46% [3–5].
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Therefore, development of new therapeutic strategies is urgently required. The pathogenesis of
the disease is not completely clear but apoptosis of alveolar epithelial cells is considered to play a
critical role [6,7]. Enhanced apoptosis of lung epithelial cells leads to damage and rupture of the
pulmonary epithelial/endothelial barrier [8]. Lipopolysaccharide (LPS) that accumulates during sepsis
by Gram-negative bacteria is an important cause of lung epithelial cell apoptosis [9,10]. The relevance
of cell apoptosis in the mechanism of ALI has been demonstrated by studies showing upregulation of
the Fas/FasL system with activation of pro-apoptotic signal pathways in the lung from patients with
ALI [7,11]. Inhibition of caspases, which are essential enzymes for the process of cell apoptosis, has been
reported to prolong the survival rate in experimental LPS-induced acute lung injury, and inhibition
of pro-apoptotic signaling pathways attenuates LPS-induced apoptosis and release of inflammatory
cytokines in rat type II alveolar epithelial cells [12,13]. Apart from supporting the role of apoptosis
in ALI, these studies point to apoptosis of lung cells as a potential target for therapeutic intervention
in ALI/ARDS.

Protein S (PS) is a vitamin K-dependent glycoprotein that has anticoagulant action by
enhancing several-fold the inhibitory activity of APC on blood coagulation, by directly blocking
the activity of prothrombinase complex, tenase, or by stimulating the inhibition of the tissue factor
inhibitory pathway [14,15]. Apart from its anticoagulant activity, PS can also independently exert
anti-inflammatory effect [16]. Previously we demonstrated that administration of PS in mice can
attenuate cell infiltration and the expression of inflammatory cytokines in LPS-induced ALI [16].
PS also has anti-apoptotic activity [17,18]. PS reduces bleomycin-induced pulmonary fibrosis by
inhibiting apoptosis of lung epithelial cells and ameliorates streptozotocin-induced diabetes by
suppressing apoptosis of pancreatic β-cells [17,18]. However, the strong anti-apoptotic activity of PS
can be also detrimental; for example, previous studies have shown that administration of PS worsens
acute liver injury induced by alcohol and chronic liver injury and liver fibrosis caused by carbon
tetrachloride [19,20].

In the present study, we hypothesized that overexpression of PS will attenuate ALI not only by
its anti-inflammatory activity but also by its inhibitory activity on cell apoptosis. To demonstrate this
hypothesis, in this study we evaluated and compared the inflammatory and apoptosis-related markers
between wild-type mice and mice overexpressing human PS in the lungs.

2. Results

2.1. Systemic and Lung Upregulation of Protein S (PS) During Lipopolysaccharide (LPS)-Induced ALI

As expected, the antigen concentration of PS was significantly increased in plasma and lung
tissue samples from both hPS-TG/SAL and hPS-TG/LPS mice compared to samples from their WT
counterparts. The plasma concentration of PS was significantly higher in the hPS-TG/LPS group than
in the hPS-TG/SAL group. The mRNA expression of hPS was positive in both hPS-TG groups but it
was not detected in both WT groups (Figure 1). No difference in the mRNA expression of mouse PS
was observed between groups.
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Figure 1. Systemic and local upregulation of Protein S (PS) during lipopolysaccharide (LPS)-induced
acute lung injury (ALI). Mice were allocated in four groups including wild type mice treated with
saline (WT/SAL, n = 3) or LPS (WT/LPS, n = 7), and human PS transgenic (TG) mice treated with
saline (hPS TG/SAL, n = 3) or LPS (hPS TG/LPS, n = 7). The level of PS was measured by enzyme
immunoassay and the gene expression by reverse transcription polymerase chain reaction (RT-PCR).
Data are expressed as the mean ± SD. * p < 0.05: hPS-TG/SAL vs WT/SAL; † p < 0.05: hPS-TG/LPS vs
hPS-TG/SAL; ‡ p < 0.05: hPS-TG/LPS vs WT/LPS. ND, not detected.

2.2. Less Lung Cell Infiltration in Mice Overexpressing Human Protein S (hPS)

The total number of infiltrating cells and the total number of neutrophils in BALF were
significantly increased in WT/LPS and hPS-TG/LPS group compared to WT/SAL and hPS-TG/SAL
groups, respectively. The total number of cells and the total number of neutrophils were decreased
in the hPS-TG/LPS group compared to the WT/LPS group but the differences were not statistically
significant (Figure 2A). There were not significant differences in the count of macrophages and
lymphocytes among groups (Figure 2A).

The number of infiltrating inflammatory cells in lung tissue was significantly increased in lung
tissue from hPS-TG/LPS and WT/LPS mice compared to mice receiving intratracheal saline, but it
was significantly decreased in hPS-TG/LPS mice compared to WT/LPS mice (Figure 2B,C).
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Figure 2. Less lung cell infiltration in mice overexpressing hPS. Mice were allocated in four groups
including wild type mice treated with saline (WT/SAL, n = 3) or LPS (WT/LPS, n = 7), and human PS
transgenic (TG) mice treated with saline (hPS TG/SAL, n = 3) or LPS (hPS TG/LPS, n = 7). Cells in
bronchoalveolar lavage fluid were counted using automatic cell counter and stained for differential
counting (A). Lung tissue samples were stained with hematoxylin & eosin (B). The number of cells was
counted using the WindROOF image processing software (C). Scale bars indicate 100 μm. Data are
expressed as the mean ± SD. * p < 0.05: WT/LPS vs WT/SAL; † p < 0.05: hPS-TG/LPS vs hPS-TG/SAL;
‡ p < 0.05: hPS-TG/LPS vs WT/LPS.

2.3. The Coagulation System Was Not Affected by hPS Overexpression

No significant difference in the plasma concentration of TAT was found between WT/LPS
and hPS-TG/LPS groups or between hPS-TG/SAL and hPS-TG/LPS groups (Figure 3). The BALF
concentration of TAT was significantly higher in hPS-TG/LPS group compared to hPS-TG/SAL group
but not between WT/SAL and WT/LPS groups. The lung tissue concentration of TAT was significantly
increased in WT/LPS and hPS-TG/LPS groups compared to WT/SAL and hPS-TG/SAL groups,
respectively (Figure 3). No significant difference in the plasma, BALF and lung tissue concentrations
of TAT was observed between WT/LPS and hPS-TG/LPS groups (Figure 3).
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Figure 3. Activation of the coagulation system was inhibited by hPS overexpression. Mice were
allocated in four groups including wild type mice treated with saline (WT/SAL, n = 3) or LPS (WT/LPS,
n = 7), and human PS transgenic (TG) mice treated with saline (hPS TG/SAL, n = 3) or LPS (hPS
TG/LPS, n = 7). The concentration of thrombin–antithrombin (TAT) was measured using an enzyme
immunoassay. Data are expressed as the mean ± SD. * p < 0.05: WT/LPS vs WT/SAL; † p < 0.05:
hPS-TG/LPS vs hPS-TG/SAL.

2.4. Suppression of Pro-Inflammatory Markers by hPS Overexpression

The plasma levels of MCP-1, MPO, TNF-α and IL-6 were significantly higher in WT/LPS mice
than in WT/SAL mice but there was no difference between hPS-TG/LPS and hPS-TG/SAL groups.
The plasma levels of MCP-1 and MPO were significantly decreased in hPS-TG/LPS group compared
to their WT counterpart (Figure 4A).

The BALF levels of MPO, TNF-α and IL-6 were significantly higher in the WT/LPS group than in
the WT/SAL group but no difference was observed between hPS-TG/LPS and hPS-TG/SAL groups.
The BALF levels of MPO, TNF-α and IL-6 were significantly reduced in the hPS-TG/LPS group
compared to its WT counterpart (Figure 4B). The BALF level of MCP-1 was not significantly different
between groups.

The lung tissue levels of MCP-1, MPO, TNF-α and IL-6 were significantly increased in the WT/LPS
group compared to the WT/SAL group but they were significantly decreased in the hPS-TG/LPS
group compared to the WT/LPS group (Figure 4C). No difference was found between hPS-TG/LPS
and hPS-TG//SAL groups.

The protein concentration of total protein in BALF was significantly (p < 0.05) enhanced in both
WT/LPS (339.1 ± 52.0 μg/mL), and hPS-TG/LPS (321.1 ± 84.3 μg/mL) groups compared to the
WT/SAL (193.1 ± 37.2 μg/mL) and hPS-TG/SAL (129.0 ± 27.2 μg/mL) groups but there was no
significant difference between WT/LPS and hPS-TG/LPS groups.
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Figure 4. Suppression of pro-inflammatory markers by hPS overexpression. Mice were allocated in
four groups including wild type mice treated with saline (WT/SAL, n = 3) or LPS (WT/LPS, n = 7), and
human PS transgenic (TG) mice treated with saline (hPS TG/SAL, n = 3) or LPS (hPS TG/LPS, n = 7).
The plasma (A), bronchoalveolar lavage fluid (B) and lung tissue (C) concentrations of cytokines and
chemokines were measured using enzyme immunoassays and myeloperoxidase was measured using a
colorimetric assay as described under materials and methods. Data are expressed as the mean ± SD.
* p < 0.05: WT/LPS vs WT/SAL; † p < 0.05: hPS-TG/LPS vs hPS-TG/SAL; ‡ p < 0.05: hPS-TG/LPS
vs WT/LPS.

2.5. Decreased Lung Apoptotic Cells in Mice Overexpressing hPS

The number of TUNEL (+) cells in lung tissue was significantly increased in the WT/LPS group
compared to the WT/SAL group. There was not significant statistical difference between hPS-TG/LPS
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and hPS-TG/SAL groups in the number of TUNEL (+) cells. The number of TUNEL (+) cells in lung
tissue was significantly increased in WT/LPS group compared to hPS-TG/LPS group (Figure 5A,B).

Figure 5. Decreased lung apoptotic cells in mice overexpressing hPS. Mice were allocated in four
groups including wild type mice treated with saline (WT/SAL, n = 3) or LPS (WT/LPS, n = 7), and
human PS transgenic (TG) mice treated with saline (hPS TG/SAL, n = 3) or LPS (hPS TG/LPS, n = 7).
Staining of terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) was performed
as described under materials and methods (A) and the number of apoptotic cells was counted using
WindROOF image processing software (B). Arrows indicate apoptotic cells. Scale bars indicate 100 μm.
Data are expressed as the mean ± SD. *p < 0.05: WT/LPS vs WT/SAL; ‡ p < 0.05: hPS-TG/LPS
vs WT/LPS.

2.6. The Expression of Apoptotic Factors Is Regulated by hPS

The mRNA expression of the markers of apoptosis inhibition Bcl2 and Bcl-xl and both the Bcl2/Bax
and Bcl-xl/Bax ratios significantly increased in the hPS-TG/LPS group compared to the WT/LPS group
(Figure 6). The mRNA expression of Bcl-xl and both the Bcl2/Bax and Bcl-xl/Bax ratios significantly
decreased in the WT/LPS group compared to the WT/SAL group (Figure 6). The mRNA expression
of Bcl2 decreased, but not at a statistically significant level, in the WT/LPS group compared to the
WT/SAL group (Figure 6).
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Figure 6. Regulation of the expression of apoptotic factors by hPS. Mice were allocated in four groups
including wild-type mice treated with saline (WT/SAL, n = 3) or LPS (WT/LPS, n = 7), and human PS
transgenic (TG) mice treated with saline (hPS TG/SAL, n = 3) or LPS (hPS TG/LPS, n = 7). Total RNA
was extracted from the whole lung tissue, reverse-transcribed and then PCR was performed using
gene-specific primers. The mRNA expression of the anti-apoptotic factors Bcl2 and Bcl-xl and of the
apro-apoptotic factor was evaluated by PCR. Data are expressed as the mean ± SD. *p < 0.05: WT/LPS
vs WT/SAL; ‡ p < 0.05: hPS-TG/LPS vs WT/LPS.

2.7. Decreased Activation of Caspase-3 in Mice Overexpressing hPS

Western blotting of lung tissue showed that the cleaved form of caspase-3, a marker of cell
apoptosis, is increased in the WT/LPS group compared to the WT/SAL and hPS-TG/LPS groups.
There was no difference between hPS-TG/LPS and hPS-TG/SAL groups (Figure 7A).

The activation of Erk1/2 was significantly increased in the hPS-TG/LPS group compared to the
WT/LPS group but no statistical difference was found between other groups (Figure 7B).
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Figure 7. Decreased cleavage of caspase-3 and increased activation of Erk1/2 in mice overexpressing
hPS. Mice were allocated in four groups including wild-type mice treated with saline (WT/SAL,
n = 3) or LPS (WT/LPS, n = 7), and human PS transgenic (TG) mice treated with saline (hPS TG/SAL,
n = 3) or LPS (hPS TG/LPS, n = 7). The presence of cleaved caspase-3 (A) and p-Erk1/2 (B) in
lung tissue was evaluated by Western blotting. Quantification was undertaken using ImageJ
(https://imagej.nih.gov/ij/index.html). Data are expressed as the mean ± SD. * p < 0.05: WT/LPS vs
WT/SAL; ‡ p < 0.05: hPS-TG/LPS vs WT/LPS. p-Erk1/2, phosphorylated-Erk1/2.

3. Discussion

The results of the present study show that overexpression of PS in the lungs attenuates ALI by
inhibiting apoptosis of lung cells. PS is a 69 KDa glycoprotein expressed by multiple cells including
hepatocytes, vascular endothelial cells, lymphocytes and lung cells [14]. Besides its anticoagulant effect,
PS can also inhibit the inflammatory response, the complement system, and prolong cell survival.
A previous study has shown that administration of hPS ameliorates LPS-induced ALI in mice by
suppressing the mRNA and protein expressions of pro-inflammatory cytokines and chemokines from
alveolar epithelial cells and macrophages, suggesting the therapeutic benefits of the anti-inflammatory
activity of hPS in ALI [16]. Consistent with these findings, here we found significantly decreased
inflammatory cells in lung tissue and significantly decreased lung concentrations of MCP-1, TNF-α and
IL-6 with reduced release of MPO in mice overexpressing hPS compared to their WT counterparts after
inhalation of LPS, further supporting the favorable effect of hPS-mediated inhibition of inflammation.
It is worth noting that there was no significant difference in the BALF concentration of protein
between WT and hPS-TG treated with LPS, suggesting that hPS overexpression exerts no effect
on the epithelial/endothelial barrier. In addition, the beneficial effect of hPS was not due to its
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anticoagulant effect because the level of TAT, a marker of coagulation activation, was not decreased in
the hPS-TG/LPS group compared to the WT/LPS group.

Previous studies have shown that apoptosis of endothelial and alveolar epithelial cells plays a
critical role in the pathogenesis of ALI [21–23]. Enhanced cell apoptosis may be detrimental because
abnormal accumulation of apoptotic cells can perpetuate the inflammatory response by the increased
release of inflammatory mediators, proteases, reactive oxygen species or lysozymes [24]. Therefore,
inhibition of cell apoptosis may prevent tissue damage, dampen the immune response and accelerate
tissue resolution and healing during acute inflammatory conditions including ALI [24]. Previous
studies have shown that PS may directly inhibit the cell process of apoptosis by binding to the TAM
(Axl, Mer, Tyro3) family of receptor tyrosine kinases. Interaction of PS with TAM receptors activates
the signaling pathways of phosphoinosotide 3-kinase(PI3k)/Akt and the mitogen-activated protein
kinase/extracellular signal-regulated kinase(MAPK/Erk) that promote cell growth and inhibit cell
apoptosis [25–28]. In addition, we previously demonstrated that hPS inhibits apoptosis by activating
the PI3K/Akt pathway in a variety of cells including lung epithelial cells [17–20]. However, to date
whether hPS also suppresses apoptosis of lung cells in ALI remains unknown. In the present study, we
demonstrated that the number of lung apoptotic cells and the cleavage of caspase-3 are decreased and
the activation of Erk1/2 is increased in mice overexpressing hPS compared to WT after induction of
ALI by intratracheal instillation of LPS. In addition, the expression of the anti-apoptotic factors Bcl2,
Bcl-xl and the Bcl2/Bax and Bcl2-xl/Bax ratios were significantly enhanced in mice overexpressing
hPS compared to their WT counterpart after treatment with LPS. These observations suggest that
hPS inhibits apoptosis of lung cells in ALI. It is worth noting here that inhibition of apoptosis by hPS
may be detrimental in some acute or chronic diseases in which its target cells play a pathological
role. For example, there is evidence showing that hPS may worsen acute alcoholic liver injury by
inhibiting apoptosis of activated natural killer T cells, enhance liver fibrosis by prolonging the survival
of fibrogenic stellate cells or promote cancer progression and metastasis by providing a survival
advantage to cancer cells [19,20,29]. However, beneficial effects of hPS have been reported in animal
models of acute and chronic disorders of the lungs including ALI and pulmonary fibrosis [16,17].
The differential expression level of hPS receptors on the cell surface may explain these organ-dependent
differential effects of hPS [30].

The low power of the experiment due to the small number of animals allocated in each
experimental group is a limitation of the present study and, therefore, the reported statistical differences
and related clinical implications should be interpreted with caution. However, this is the first
report showing that hPS inhibits apoptosis of lung cells in ALI, thereby suggesting the potential
beneficial effect of hPS in this devastating disease. Further studies should be undertaken to corroborate
these findings.

4. Materials and Methods

4.1. Experimental Animals

Characterization of the homozygous human (h) PS transgenic (TG) mouse on a C57BL/6
background has been previously reported [19]. Wild-type (WT) C57BL/6 mice were used as controls.
Male mice (8- to 10-week old) were used in the experiments. All animals were maintained in a
specific pathogen-free environment and subjected to a 12 h light:dark cycle in the animal house
of Mie University. Genotyping of hPS mice was performed by polymerase chain reaction (PCR)
using DNA extracted from the tails and by measuring the plasma concentration of PS antigen as
previously described [19]. The Committee for Animal Investigation of Mie University approved the
protocols(Approval No: 24-50, Date: 2016/02/01) of the study and all animal procedures were
performed in accordance with the institutional guidelines of Mie University and following the
internationally approved principles of laboratory animal care published by the National Institute of
Health (https://olaw.nih.gov/).
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4.2. Acute Lung Injury (ALI) Induction

Lung damage was induced by intratracheal instillation of LPS (5 mg/kg; Sigma-Aldrich, St. Louis,
MO, USA). Mice were categorized into the following groups: WT/LPS (n = 7) and hPS-TG/LPS (n = 7)
groups that received intratracheal instillation of LPS dissolved in physiological saline (SAL) (75 μL),
and WT/SAL (n = 3) and hPS-TG/SAL (n = 3) groups that received intratracheal instillation of saline
(75 μL). The instillation of LPS and saline was performed under anesthesia by intraperitoneal injection
of 62.5 mg/kg sodium pentobarbital. Mice were sacrificed 24h after LPS instillation by an overdose of
intraperitoneal pentobarbital.

4.3. Collection of Samples

After mouse euthanasia, bronchoalveolar lavage fluid (BALF) was sampled as previously
described and blood samples were collected by heart puncture and placed in tubes containing 10 U/mL
heparin [17]. The total number of cells in BALF was measured using a nucleocounter from ChemoMetec
(Allerød, Denmark). The BALF supernatant was separated by centrifugation and stored at −80 ◦C
until use for biochemical analysis. For differential cell counting BALF was centrifuged using a cytospin
and the cells were stained with May–Grunwald–Giemsa (Merck, Darmstadt, Germany).

4.4. Histological Examination

Mice were thoracotomized under profound anesthesia, the pulmonary circulation flushed with
saline and then the lungs were excised. One of the lungs was perfused with 10% neutral buffered
formalin, fixed in formalin for 24 h and then embedded in paraffin. Tissue specimens of 5 μm were
prepared, stained with hematoxylin-eosin and then examined under a light microscopy (Olympus
BX53 microscope; Tokyo, Japan). An investigator blinded to the treatment group counted the number
of inflammatory cells in a blinded fashion; at least five microscopic fields were counted per mouse.
Cell counting in the histological sections was performed using the Olympus BX53 microscope with a
plan objective, combined with an Olympus DP70 digital camera (Tokyo, Japan) and the WinROOF
image processing software (Mitani Corp., Fukui, Japan) for Windows.

4.5. Western Blotting

Activation of ERK in lung tissue was evaluated by Western blotting following standard methods
using specific antibodies purchased from Cell Signaling (Danvers, MA, USA). Apoptosis was
evaluated by measuring the cleaved form of caspase-3 (Cell Signaling) by Western blotting using
specific antibodies.

4.6. Immunohistochemistry

DNA fragmentation in lung tissue was evaluated by the terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL) method. TUNEL staining was performed at
the Biopathology institute Corporation using terminal deoxynucleotidyl transferase enzyme (Millipore
Sigma, St. Louis, MO, USA), anti-digoxigenin peroxidase (Millipore Sigma, St. Louis, MO, USA) and
3,3′-diaminobenzidine. The total number of TUNEL (+) cells was counted using the WinROOF image
processing software (Mitani Corporation, Osaka, Japan).

4.7. Biochemical Analysis

Lung tissue was homogenized in the presence of a protease inhibitor cocktail (Nacalai Tesque
Inc.; Kyoto, Japan) using Tomy Micro Smash™ MS-100R (Tomy Digital Biology Co., Tokyo, Japan),
the preparation was then centrifuged at 15,000 rpm for 10 min and supernatants collected and stored
at −80 ◦C until analysis. The concentration of PS was measured using polyclonal antihuman PS
antibody (Dako, Santa Clara, CA, USA) as capture antibody and biotin-labeled monoclonal antihuman
PS antibody (Haematologic Technologies Inc., Esset, VT) as second antibody; absolute values
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were extrapolated from a standard curve drawn using PS antigen (Enzyme Research Laboratories,
South Bend, IN, USA). The detection limit of this PS immunoassay is 0.8 ng/mL. The polyclonal
anti-hPS antibody used for this immunoassay cross-reacts with mouse PS [19]. The concentration of
total protein was measured using a commercial kit (BCATM protein assay kit; Pierce, Rockford, IL,
USA) following the manufacturer’s instructions. The concentrations of TNF-α, IL-6 and MCP-1 were
measured using commercial enzyme immunoassay (EIA) kits from BD Biosciences Pharmingen (San
Diego, CA, USA) following the manufacturer’s instructions. Thrombin–antithrombin complex (TAT),
a marker of coagulation activation, was measured using enzyme immunoassay kits from Cedarlane
Laboratories (Hornby, ON, Canada) following the manufacturer’s instructions. The concentration
of myeloperoxidase (MPO) was measured by a colorimetric assay using the synthetic substrate
2,2′-azinobis (ethylbenzyl-thiazoline-6-sulfonic acid) diammonium salt.

4.8. Gene Expression Analysis

Total RNA was harvested from the whole lung tissue with TRIzol reagent (Invitrogen, Carlsbad,
CA), according to the manufacturer’s instructions. The first-strand cDNA was synthesized from 2 μg
of total RNA with oligo-dT primer and SuperScript II RNase H Reverse Transcriptase (Invitrogen),
and PCR was performed using gene-specific primers. The RNA concentration was measured
by ultraviolet (UV) absorption at 260:280 nm using an Ultrospec 1100 pro ultraviolet/visible
(UV/Vis) spectrophotometer (Amersham Biosciences, NJ, USA). Reverse transcription of RNA
into cDNA was done using a ReverTra Ace quantitative reverse transcription PCR (qPCR RT)
kit (TOYOBO, Osaka, Japan) and then the DNA was amplified by PCR using Quick Taq HS
DyeMix (TOYOBO). The primers used in the experiments were as follows: mouse glyceraldehyde
3-phosphate dehydrogenase (GAPDH), forward: 5′-CCCTTATTGACCTCAACTACATGGT-3′, reverse:
5′-GAGGGGCCATCCACAGTCTTCTG-3′; Mouse PS, forward: 5′-TGCTCAGTTCAGCATAGC
TACA-3′, reverse: 5′-CTGATCCGAGCACAGAGATACC-3′; human PS, forward: 5′-AGGGCTCCTA
CTATCCTGGTTCTG-3′, reverse: 5′-GCCATTATAAAAGGCATTCACTGG-3′; B-cell lymphoma2
(Bcl2), forward: 5′-AGCTGCACCTGACGCCCTT-3′, reverse: 5′-GTTCAGGTACTCAGTCATCCAC-3′;
Bcl-extra large (Bcl-xl), forward: 5′-AGGTTCCTAAGCTTCGCAATTC-3′, reverse: 5′-TGTTTAGCGATT
CTCTTCCAGG-3′; Bcl2-associated x (Bax), forward: 5′-CGGCGAATTGGAGATGAACTG-3′, reverse:
5′-GCAAAGTAGAAGAGGGCAACC-3′; as described [19]. The gene expression was normalized by
the transcription level of glyceraldehyde-3-phosphate dehydrogenase.

4.9. Statistical Analysis

Data are expressed as the mean ± standard deviation of the means (S.D.). The statistical difference
between variables was calculated by analysis of variance with post hoc analysis using the Fisher’s least
significant difference test. Normality of the data was calculated using the W/S test [30]. Statistical
analyses were performed using the StatView 4.1 package software for the Macintosh (Abacus Concepts,
Berkeley, CA, USA). Statistical significance was considered as p < 0.05.
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Abstract: Pulmonary fibrosis is a fatal respiratory disease that gradually leads to dyspnea,
mainly accompanied by excessive collagen production in the fibroblast and myofibroblast through
mechanisms such as abnormal alveolar epithelial cells remodeling and stimulation of the extracellular
matrix (ECM). Our results show that a small molecule, butylidenephthalide (BP), reduces type I
collagen (COL1) expression in Transforming Growth Factor beta (TGF-β)-induced lung fibroblast
without altering downstream pathways of TGF-β, such as Smad phosphorylation. Treatment of
BP also reduces the expression of transcription factor Sex Determining Region Y-box 2 (SOX2),
and the ectopic expression of SOX2 overcomes the inhibitory actions of BP on COL1 expression.
We also found that serial deletion of the SOX2 binding site on 3′COL1 promoter results in a marked
reduction in luciferase activity. Moreover, chromatin immunoprecipitation, which was found on the
SOX2 binding site of the COL1 promoter, decreases in BP-treated cells. In an in vivo study using
a bleomycin-induced pulmonary fibrosis C57BL/6 mice model, mice treated with BP displayed
reduced lung fibrosis and collagen deposition, recovering in their pulmonary ventilation function.
The reduction of SOX2 expression in BP-treated lung tissues is consistent with our findings in the
fibroblast. This is the first report that reveals a non-canonical regulation of COL1 promoter via
SOX2 binding, and contributes to the amelioration of pulmonary fibrosis by BP treatment.

Keywords: pulmonary fibrosis; butylidenephthalide; SOX2; type I collagen; bleomycin
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1. Introduction

Pulmonary fibrosis is a disease that occurs when scar-like tissue accumulates extracellular matrix
(ECM) components (such as collagen, elastin, and fibronectin) in the pulmonary interstitial tissue.
Such prolonged fibrogenesis makes the pulmonary tissue lose elasticity, resulting in a gradual loss of ability
to contract, relax, and exchange gas. Statistics show that patients with idiopathic pulmonary fibrosis (IPF)
have a two- to three- year median duration of survival from the time of diagnosis [1]. When definitively
diagnosed, most patients’ pulmonary functions have already deteriorated, showing symptoms of dyspnea,
leading to chronic hypoxia [2]. The efficacy of current medications is not commensurate with other
treatments such as pulmonary transplantation. For example, despite clinical data showing little efficacy
with anti-inflammatory agents, inflammatory effects after injury play an important role in fibrogenesis.
However, the biggest disadvantage of pulmonary transplantation is the time it takes to find a suitable
transplant. Thus, this unmet medical need requires the development of new targets [3].

In a classical model of fibrosis, TGF-β pathways play a pivotal role [4] in inducing (1) secretion
of growth factors that facilitate the proliferation of connective tissues [5]; (2) epithelial-mesenchymal
transition (EMT) in alveolar type I or alveolar type II cells such as a myofibroblast source [6]; and
(3) regulation of metalloproteinase activity which results in tissue remodeling [7]. Inhibition of TGF-β
using approved clinical treatments for IPF (Pirfenidone) causes common side effects such as nausea
and photosensitivity [8]. In TGF-β signaling, receptor phosphorylates JNK, Akt, and p38 regulate cell
proliferation and differentiation, affecting downstream pathways like Smad and non-Smad pathways.
Phosphorylation of Smad2/3 regulates ECM deposition and EMT induction, whereas, the non-Smad
pathway improves the proliferation of fibroblast [9]. A typical signaling pathway in TGF-β enhances the
expression of collagen and other fibrogenic genes, and collagen deposition is the most common pathological
finding in patients with pulmonary fibrosis. Fibrillar-type collagens, including type I, II, III, and V, also
express during tissue fibrosis [10], with collagen I predominating in areas of mature fibrosis [11].

There has been evidence indicating the requirement of SOX2 expression in induced skin fibrosis,
recruited into fibrotic lesions in response to bleomycin treatments [12]. There is also evidence of elevated
SOX2 expression in IPF patients [13]. As such, we postulate a possibility of the requirement of SOX2 in
pulmonary fibrosis. SOX2 exhibits pluripotent qualities, allowing cells to reprogram, but also induces
tumorgenecity. In general, SOX2 functions and pathways are too complicated, making it difficult
to explain its relationship with fibrogenesis. One possibility is that the specific promoter consensus
sequences of SOX2, reported previously, drive expressions such as fibroblast growth factor 4 (Fgf4) [14].
Another author suggests that in bronchiolar Clara cells, SOX2 forms a complex with Smad3 and influences
cell proliferation [15]. Nevertheless, these studies focus on the importance of SOX2 but not on the regulatory
activity of its transcription. To address this, we have found in our previous studies that Butylidenephthalide
(BP), also known as (3E)-3-butylidene-2-benzofuran-1-one in IUPAC, showed anti-fibrotic effects in the
liver, with its mechanism enhancing Bone morphogenetic protein 7 (BMP7) expression and reducing
TGF-β in hepatic stellate cells (HSC) [16]. The HSC functions as a fibroblast after EMT, and can be reduced
through BP treatment. In addition, BP decreases the expression of SOX2 by reducing its metastasis and
invasiveness in glioblastoma multiform (GBM) cell [17].

Since our previous study demonstrated the effect of BP in treating liver fibrosis, it is possible that
BP is effective for pulmonary fibrosis. To this end, we sought to examine the anti-fibrotic effect of BP
on pulmonary fibrosis. Our data indicates that while BP reduced the expression of Collagen I, it altered
neither the TGF-β-induced downstream pathways, nor the EMT status, and the expression of Collagen I
was recovered in the exogenous overexpression of SOX2 in lung fibroblasts. Moreover, a consensus the
SOX2 binding region was found in the promoter region of COL1A1, where BP reduction of SOX2 and its
binding activity on the collagen I promoter leads to the inhibition of collagen deposition. The relationship
between SOX2 and COL1A1 was further examined by using chromatin immunoprecipitation. In the
bleomycin-induced mouse model, treatment groups were found to not only ameliorate the fibrosis score,
but also the pulmonary function. All in all, these findings reveal a BP-induced non-canonical regulation of
SOX2, and a potential candidate for the amelioration of pulmonary fibrosis.
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2. Results

2.1. BP Treatment in Human Lung Fibroblasts Attenuated Collagen Expression Driven by Exogenous TGF-β

The most extensive evidence on the origin of the myofibroblast is from fibroblast
transdifferentiation. Intensive studies have shown that TGF-β1 would induce a similar progression of
pulmonary fibrosis in mice [18], where treatment of TGF-β1 in isolated lung fibroblasts induces
fibrotic reaction such as collagen and cytokines expression [19]. To evaluate the effects of BP
in lung fibrosis, we established an in vitro model using normal human lung fibroblast cell lines
(NHLF). Previous studies have shown that TGF-β1 is an effective cytokine to induce various types of
collagen [20]. After stimulating with exogenous TGF-β treatment, cells were treated with or without
BP (0 to 30 μg/mL) for 24 h. As shown in Figure 1A, the mRNA levels of type I collagen α (COL1A1)
were dramatically increased by TGF-β (1.0 vs. 4.9), but decreased in BP treatment groups. In addition,
BP reduces mRNA and protein levels of type I collagen in a time-dependent manner (Figure 1C,D).
The protein and mRNA levels in SOX2 were found to have similar trends (response to dosage) as
those of type I collagen (Figure 1A,B). These results suggest that BP could reduce collagen production,
and that it has a potential for treating lung fibrosis.

 
(A) (B) 

 
(C) (D) 

Figure 1. BP reduced collagen I production in lung fibroblast pre-stimulated with recombinant TGF-β1.
TGF-β (5 ng/mL) stimulate for 12 h and (A) mRNA and (B) protein expression levels of BP treatment in
several dosages (0, 10, 20, and 30 μg/mL) for 24 h on type I collagen, and SOX2 expressions. (C) mRNA
and (D) protein expression levels of BP treatment for several time points (0, 1, 3, 6, 12, 24, and 48 h)
in the dosage of 30 μg/mL on type I collagen and SOX2 expressions. The same amount of DMSO
was added in 0 μg/mL groups as a vehicle control. Data showed 3 independent qPCR experiments
and presented are mean ± SD. * denotes a significant decrease with the 0 μg/ml group of p < 0.05;
** p < 0.01; *** p < 0.001 by student’s t-test.

2.2. BP Did Not Regulate the Smad and Non-Smad Pathways to Block the Effects of TGF-β

Previous reports have concluded that the role of TGF-β through the phosphorylation of
Smad2/3 leads to the stimulation of ECM production in pulmonary fibroblasts [21]. In this study,
TGF-β1 stimulation in normal lung fibroblast cell lines (NHLF) successfully upregulated in the
expression of collagen and phosphorylation of Smad 2/3. Remarkably, BP did not reduce the
phosphorylation of the downstream messenger of TGF-β, Smad2/3 (Figure 2A). Previous studies
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suggest that TGF-β-induced EMT results in the loss of E-cadherin expression, breaking the tight
junctions in the epithelial type cells. However, in this study, the expression of E-cadherin was not
changed by BP, as shown in Figure 2A, suggesting that BP would not alter the EMT status in lung
fibroblasts. In this study, the NHLF treated TGF-β1 was sufficient to induce non-Smad pathways such
as JNK, Akt, and p38 phosphorylation (Figure 2B). This treatment did not reduce the phosphorylation
in these pathways, suggesting that BP would not alter the canonic TGF-β signal pathways.

 
(A) (B) 

Figure 2. Effect of BP in canonical TGF-β downstream Smad and non-Smad pathways.
Representative images of western blot analyses for TGF-β-induced (A) phosphorylated Smad2/3 for
Smad pathway and its downstream EMT markers, and (B) phosphorylated Akt, p38 and JNK for
non-Smad pathways and the effect of BP treatment.

2.3. SOX2-Overexpression Prevented Collagen Reduction in BP Treatment

Although SOX2 plays an important role in fibroblast differentiation, the relationship between
SOX2 and fibrosis is still unclear. Weina et al. proposed that SOX2 might be involved in the
TGF-β signaling pathway and correlates it with melanoma aggressiveness and metastasis in human
melanoma cells [22]. Our previous study has shown that BP reduced SOX2 expression and stemness
in glioblastoma cancer stem cells [17]. In this study, SOX2 expression was reduced in a time-and
dose-dependent manner in BP-treated NHLFs. In order to reveal the relationship between SOX2 and
BP-reduced collagen production, we constructed a SOX2 coding sequence on the pcDNA3.1 expression
vector. NHLF transfected pcDNA3.1/SOX2 increased mRNA (Figure 3A) and protein (Figure 3B)
levels of SOX2. However, in SOX2-overexpressed cells, BP treatment did not decrease type I collagen
in both mRNA and protein levels, while the vector control group still decreased SOX2 and collagen.
These finding suggested that the expression of collagen might be correlated by SOX2.

(A) 

Figure 3. Cont.
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(B) 

Figure 3. Effects of exogenous overexpression of SOX2 on BP treatments in fibroblasts. Stable expression
lines of pcDNA3.1/SOX2 and its vector control were isolated by G418 and treated with or without BP
for 24 h. (A) Analysis of the Col I and SOX2 expressions were done on the mRNA levels by qPCR; and
(B) analysis of the Col I, phospho-Smad2/3, and SOX2 expressions were done on the protein level by
Western blot analysis (representative images). Data showed 3 independent qPCR experiments and
presented are mean ± SD. * denotes a significant decrease with the - group of p < 0.05; *** p < 0.001 by
student’s t-test.

2.4. BP Decreased SOX2 Specific Promoter Binding on Collagen

The regulation of collagen expression has been extensively studied, and components such as
SP1 and AP2 contributing to its activity are already known. However, the consensus binding of
SOX2 has still not been elucidated. To further elucidate whether the expression of collagen is reduced
by BP, we constructed the type I collagen promoter sequence from −1091 to +3 of transcription starting
site (TSS), as described in a previous report [23]. According to previous reports [24], the COL1A1
promoter has a consensus SOX2 binding sequence, (T/A)TTGTT. Thus, we divided the promoter
sequence into (1) a full length of COL1A1 promoter; (2) a SOX2 binding site mutant construct; (3) a
SOX2-AP2-SP1 binding site containing promoter; (4) a AP2-SP1 binding site containing promoter; (5) a
SP1 binding site containing promoter; and (6) a TATA box only promoter (Figure 4A). The luciferase
activity showed a significant decrease in both SOX2 binding site mutant and removal promoters,
suggesting that the consensus SOX2 binding sequence, (T/A)TTGTT, could regulate the expression
of COL1A1. To address whether BP might reduce the expression through the promoter regulation,
we evaluated the luciferase activity in the condition of BP treatment (Figure 4B). The elevated luciferase
activity in TGF-β-induced cells is significantly reduced by BP treatment (15, 30 μg/mL), and there
was no difference between the control and BP treatment groups. To further define the binding
characteristics of SOX2, we used chromatin immunoprecipitation to isolate the specific binding of
SOX2 of the promoter sequence in TGF-β-induced NHLF cells. We found the consensus SOX2 binding
site, (T/A)TTGTT, containing COL1A1 promoter existed in the anti-SOX2 bound amplicons. In the
result of qPCR analysis, SOX2 binding amplicon was markedly decreased while NHLF was being
treated by BP (16.12 vs. 6.56) (Figure 4C). These finding suggest that the expression of type I collagen
could regulated by the promoter-binding ability of SOX2 in response to BP treatment.

(A) 

Figure 4. Cont.
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(B) (C) 

*
*

Figure 4. Effects of BP and SOX2 on the activity of type I collagen promoter deletion constructs
in NHLF. Luciferase reporter gene constructs including truncated sequences of the COL1A1
promoter and (A) Responsive elements exhibiting the previous described localization of consensus
motifs of transcription factors SOX2, AP2, SP1, and TATA box are indicated. (B) The luciferase
activity was determined 45 h after transfection of pGL3/COL1A1 in NHLF cells and BP treatment.
Numbers represent the mean of 4 independent experiments. (C) ChIP analysis of SOX2 binding on
the full length COL1A1 promoter in BP-treated groups, and CT values (upper) were obtained from
qPCR analysis and the representative image (bottom) from three independent experiments of gel
electrophoresis, respectively. * denotes a significant decrease with the full-length group of p < 0.05 by
ANOVA followed by post hoc analysis of Dunnett’s test.

2.5. BP Reduced bleomycin-Induced Pulmonary Fibrosis in Mice

To determine whether BP regulates the fibrotic phenotype in vivo, we delivered BP with oral
administration to bleomycin-treated mice of lung injury (Figure 5A). BP treatment of C57B/L6 mice
did not result in weight loss and death at both high (50 mg/kg) and low (10 mg/kg) dosages (data not
shown). In terms of histology analysis, the increased cell infiltration in bleomycin-induced groups was
reduced by dose-dependent BP treatment (Figure 5B). The enlarged figure (shown in the vehicle group)
demonstrates a noted increase of inflammatory cells according to their morphology. The collagen
deposition was indicated in the blue color of the tissues by Masson-trichrome staining, and more severe
fibrosis in the vehicle group mice was observed as compared to that in BP treated groups (Figure 5C).
Based on the lung thickening and the distortion structure of the histological feature, the Ashcroft score
was found to significantly reduced in 10 mg/kg (p < 0.05) and 50 mg/kg (p < 0.05) of BP treatment
groups (Figure 5D).

(A) 

Figure 5. Cont.
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(B) (C) 

  
(D) (E) 

Figure 5. BP treatment in bleomycin-induced mice. (A) Schematic illustration experimental design.
Mice were divided into four groups, and bleomycin was instilled on day 0 in all three experimental
groups. The control group instilled the same volume of saline. Treatment groups were administered 0
(vehicle), 50 and 10 mg/kg doses of BP every other day for 30 days. Histological findings revealed lung
inflammation and fibrosis by both (B) H&E (200 × magnification) and (C) Masson’s staining (100×
magnification). (D) The Ashcroft score was measured with all field of slides, each view counted and
represented with mean ± SEM from six mice per group. (E) The hydroxyl proline content was obtained
from tissues of each lobes of lung. * denotes a significant decrease of p < 0.05 by ANOVA followed by
post hoc analysis of Dunnett’s test.

Data from BAL fluid investigation showed IL-1β, IL-6, Macrophage inflammatory protein-1β
(MIP-1β), and TNFα (which was reported as pulmonary fibrosis-related cytokines in BAL [25])
significantly decreased in BP treatment groups (Figure 6A–D. p < 0.05). These results suggest that BP is
effective in ameliorating pulmonary fibrosis in bleomycin-induced mice mediated both by reducing
collagen fiber and decreasing fibrotic related cytokines.

2.6. BP Restored Pulmonary Function in Bleomycin-Treated Mice

Bleomycin-induced pulmonary fibrosis is one of the most convincing animal models for
investigating potential therapies, as its progression is consistent with patients who have developed
lung fibrosis from bleomycin treatment. In our study, we administered bleomycin intratracheally
to observe lung histopathology and pulmonary functions. In the treatment groups, we performed
two doses of BP (50 and 10 mg/kg), and used olive oil as a vehicle control. On day 30, pulmonary
functions were measured by whole body plethysmography. The respiratory rate and tidal volumes
did not change in each of the groups. However, the Penh, EEP, relaxation times, and minute volume
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all significantly decreased (p < 0.05) (Table 1.) in BP treatment groups compared to the vehicle group
and even the control group. Penh is used as an empirical index of airway resistance [26], and the result
suggests that lung stiffness decreased and airway functions improved after BP treatment.

Table 1. Parameters of respiratory function in BP-treated groups were compared with vehicle control in
bleomycin-induced mice. Data represent the mean ± standard error of the mean of n = 6 mice per group.
* denotes a significant decrease of p < 0.05 by ANOVA followed by post hoc analysis of Dunnett’s test.Data
represent the mean standard error of the mean of n = 6 mice per group. * denotes a significant decrease of
p < 0.05 by ANOVA and subsequent post hoc test with Dunnett’s test if the p-value below 0.01.

Variable Normal 10 mg/kg 50 mg/kg Vehicle

Frequency (breaths/m) 452.5 ± 2.8 447.4 ± 75.4 460.1 ± 27.1 393.1 ± 41
Tidal volume (mL) 0.046 ± 0.001 0.046 ± 0.002 0.046 ± 0.001 0.048 ± 0.002

Accumulated volume (mL) 247.23 ± 201.77 141.03 ± 99.02 * 288.96 ± 7.5 * 124.42 ± 48.14
Minute volume (mL/m) 20.51 ± 0.06 19.94 ± 2.62 * 20.11 ± 2.59 * 18.08 ± 1.36

Inspiratory time (s) 0.0569 ± 0.0023 0.0623 ± 0.0086 0.0587 ± 0.008 0.0587 ± 0.0037
Expiratory time (s) 0.092 ± 0.003 0.101 ± 0.029 0.096 ± 0.027 0.078 ± 0.041

Peak inspiratory (mL/s) 1.313 ± 0.008 1.271 ± 0.076 1.269 ± 0.139 1.361 ± 0.048
Peak expiratory (mL/s) 1.103 ± 0.008 1.046 ± 0.07 1.037 ± 0.066 0.848 ± 0.411

Relaxation time (s) 0.0598 ± 0.0043 0.0586 ± 0.0168 * 0.0501 ± 0.0106 * 0.0815 ± 0.0075
End inspiratory pause (ms) 5.514 ± 1.089 5.296 ± 0.916 4.955 ± 0.377 6.047 ± 1.293
End expiratory pause (ms) 7.1129 ± 2.339 21.35 ± 24.67 14.08 ± 9.7 * 37.9 ± 16.21

Enhanced pause (Penh) 0.62 ± 0.002 0.608 ± 0.068 * 0.582 ± 0.105 * 0.742 ± 0.091

2.7. SOX2 and Collagen Expression Reduced in BP-Treated Lung Tissues

To further examine the inhibitory effects of SOX2 in BP-treated mice, we extracted protein lysate
from lung tissues and performed western blot analysis. Protein expressions were quantified using
immunoblot and its histogram plot show that both SOX2 and Collagen I expressions were markedly
reduced in 50 mg/kg (Figure 6E).

3. Discussion

Our findings show evidence of BP as a potential therapeutic treatment in pulmonary fibrosis.
Because fibroblasts and/or myofibroblasts in the fibrotic foci respond to the collagen synthesis [27],
lung fibroblast cells are used to identify the inhibitory effects of fibrosis. From dose- and
time-dependent studies, BP reduces the expression of collagen I in TGF-β1-treated NHLF. However, BP
treatment did not alter Smad phosphorylation, nor non-Smad pathways such as the JNK, p38, and Akt.
Interestingly, our previous data showed that SOX2 correlates with stemness but not with EMT
status [17]. TGF-β signaling also induces SOX2 expression, reiterating the relationship between
SOX2 and fibrogenesis. Thus, we conducted an ectopic expression of SOX2 to reactivate the collagen
expression in BP-treated groups. In summary, these findings revealed that without the inhibition of
the canonical TGF-β signaling pathways, BP decreases collagen deposition via SOX2 regulation.

In previous studies, ChIP-sequence analysis showed that binding activity of SOX2 on COL1A1
promoter decreases when embryonic stem cells (ESC) differentiates into neural progenitor cells
(NPC) [28], leading to a reduction in cell development with fibroblast characteristics. These findings
suggest that direct regulation of the SOX family proteins is essential for collagen expression, as well as
fibrosis. Unfortunately, these studies didn’t indicate the specific binding motif. Hence, we constructed
a series of promoter deletions in the current study and found reduced reporter activity in the
−722~+3 region in the promoter, removing a SOX2 consensus binding site. Furthermore, the promoter
activity was significantly reduced in BP-treated TGF-β-induced NHLF (Figure 4B). Collectively, BP
reduces the expression of SOX2 and Collagen I (Figure 1A), and regulates COL1A1 promoter activity
through SOX2 binding site (Figure 4A), suggesting a relationship in the regulation of SOX2 and
COL1A1. In ChIP assay, direct binding of SOX2 was found in the COL1A1 promoter region (Figure 4C).
Inhibition of collagen synthesis is able to prevent bleomycin-induced fibrosis in vivo by not only
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restriction of serine/glycine uptake, but also through the key serine and glycine synthesis enzyme,
phosphoglycerate dehydrogenase [29]. This recent study suggested that TGF-β-induced collagen
synthesis and bleomycin-induced pulmonary fibrosis could inhibit fibrogenesis through collagen
protein synthesis. Similarly, our result showed that a collagen transcription regulation is a potential
therapeutic target; however, blocking serine and glycine uptake may influence other translation levels.
Based on these findings, our study showed that BP can reduce collagen production and fibrogenesis
potentially through SOX2 binding cis-element.

To further confirm our hypothesis of fibrosis reduction through BP, we established a
bleomycin-induced pulmonary fibrosis animal model. The bleomycin-induced mice produced excessive
collagen in our vehicle control groups, measured using Masson-trichrome staining (Figure 5C) and
hydroxyl proline content assay (Figure 5E). The excessive collagen can be repressed with BP treatment,
which is consistent with our results in human lung fibroblasts (Figure 1). The change in histopathology
also shows more alveoli for better air exchange (Figure 5B), such that the accumulated and minute volumes
are significantly restored in BP treatment groups (Table 1). Increased pulmonary fibrosis positive correlates
with enhanced pause (Penh) [30,31], and our data showed a significant reduction in Penh compared to
vehicle control groups, suggesting restoration of the respiratory function with a non-invasive measurement.
Although our current study conducts a SOX2 knockout mice in animal models, the expression of SOX2 still
reduces in BP-treated lung tissues (Figure 6E), which supports our findings in the regulation of SOX2 and
collagen, thus clarifying the therapeutic effects of BP in lung fibrosis.

Our data showed immune modulation not only in the lung tissues through infiltration of
multinucleated giant cells (Figure 5B, bleomycin with vehicle treatment), but also in the findings of BAL
fluid (Figure 6), such as the IL-6 and IL-1β, that were both decreased in BP-treated groups. Other studies
show that evoked T-helper cell 2 (Th2) is related to the excessive migration of macrophages and
fibroblasts and resulted in Macrophage Inflammatory Proteins 1(MIP1) augmentation [32], as well
as pulmonary fibrosis, further supporting our data [33]. Furthermore, our study suggests a possible
relationship between inflammation and fibrosis, but the cause/result could not be determined in the
current study. This might be a possible reason for the inefficient effects of immune-repressive drugs in
the treatment of idiopathic pulmonary fibrosis patients [34].

  
(A) (B) 

 
(C) (D) 

Figure 6. Cont.

283



Int. J. Mol. Sci. 2018, 19, 3024

(E) 

Figure 6. BP reduces inflammatory response and expressions of collagen I and SOX2 in
bleomycin-induced mice. BALF was isolated (n = 5) and analyzed by ELISA for changes in (A) IL-1β,
(B) IL-6, (C) MIP1β, and (D) TNF-α. (E) Expressions of collagen I and SOX2 protein from lung tissues
in mice (n = 3) were quantified by Western blot and standardized by β-Actin. * denotes a significant
decrease of p < 0.05 by ANOVA followed by post hoc analysis of Dunnett’s test. Data presented are
mean ± SD. (BALF, broncho alveolar lavage fluid; MIP-1β, Macrophage Inflammatory Proteins 1 beta.).

Compared to our previous studies, a consistent down regulation in SOX2 was also observed in
glioblastoma stem cell [17]. Chiou et al. reported a DNA methyltransferase 1 (DNMT-1) dependent
manner which inhibits SOX2 expression through high-mobility group AT-hook 2 (HMGA2) and
miR142-3p [35], where interleukin 6 (IL-6) induces DNMT-1 hypermethylation on the promotor of
miR142-3p. Our previous microarray data in GBM observed a downregulation of HMGA2 and
COL1A1 as well, suggesting that BP reduces these targets in different cell types. One possible
explanation might be epigenetic modification, such as methylation or miRNAs. Moreover, the present
findings in BAL fluid showed a reduction of IL-6 compared to the vehicle treatment group (Figure 6).
Detailed mechanisms about BP-influenced regulation of SOX2 and its relationship between IL-6 and
other cytokines are still unknown, and will be studied in the future. In summary, our present data
supports SOX2 regulation of COL1A1 promoter as a potential target in BP treatment of pulmonary
fibrosis (Figure 7).

Figure 7. A short schematic mechanism of BP to treat pulmonary fibrosis. In a mouse model of
bleomycin-induced pulmonary fibrosis, promoter binding enhances the collagen expression in fibroblast.
BP inhibits SOX2 expression and its binding on collagen promoter blocks fibrogenesis in vitro and in vivo.
⊥: Inhibition of the gene expression; Gray upwards arrow ↑: Increased level of TGF-β.
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4. Material and Methods

4.1. Chemical and Treatment

Butylidenephthalide (MW: 188.23), purchased from Lancaster Synthesis Ltd. (Newgate,
Morecambe, UK), was dissolved in dimethylsulfoxide (DMSO), as previously described [36] for
treatments in cell cultures. The same amount of DMSO was added as a vehicle control. For the animal
study, BP was dissolved in food grade olive oil (Forlì, Italy). In vitro studies of lung fibrosis were
performed in normal Human lung fibroblast (NHLF), which was stimulated into fibrogenesis by
recombinant human TGF-β1 (PeproTech, Catalog Number: 100-21, 5 ng/mL) for 12 h.

4.2. Cell Culture and Transfection

NHLF cell was purchased from Lonza (Basel, Switzerland) and maintained in DMEM
supplemented with bFGF (Peprotech, London, UK) (5 ng/mL), insulin (5 μg/mL), and 2% FBS
(HyClone, Logan, UT, USA). Serum supplement was removed in TGF-β treatment because the presence
of serum is likely to diminish the fibrogenic actions of TGF-β. The construct of pcDNA3.1/SOX2 was
previously described [17], and NHLF was transfected with pcDNA3.1 vector or pcDNA3.1/SOX2 by
FuGENE HD® Transfection Reagent (Promega, Mannheim, Germany). Cells were then exposed to
600 μg/mL G418 (Invitrogen, Carlsbad, CA, USA) in a complete medium containing 2% FBS for stable
clone selection over 3 weeks. The transfection efficiency was measured by Western blot for His-tag
expression before the treatment of TGF-β and BP.

4.3. RT-PCR and Western Blot Analysis

After the treatment of BP, total RNA was isolated by RNeasy RNA isolation kit (Qiagen,
Germantown, MD, USA). The subsequent RNA was quantified into 2 μg samples, and reverse
transcription was performed by QuantiTect Reverse Transcription Kit (Qiagen, Germantown, MD,
USA). The qPCR reactions were performed by the LightCycler® SYBR Green I Master (Roche, Basel,
Switzerland) reagent, and primers are listed in Tab S1. The semi-quantitative RT-PCR was performed
according to the following program: 10 min 95 ◦C followed by 40 cycles of 15 s for 95 ◦C, 20 s for
60 ◦C, and 20 s for 72 ◦C, and followed by 5 min for 72 ◦C. The qPCR detection program was as
follows: 10 min 95 ◦C followed by 40 cycles of 15 s for 95 ◦C and 1 m for 60 ◦C. The ΔCT values
were performed from ACTB normalization, and further obtained the ΔΔCT values from control group.
The relative expression rates were obtained from the 2−ΔΔCT algorithm. In terms of Western blot, cells
were lysed by PRO-PREPTM, which was purchased from iNtRON Biotechnology (Gyeonggi-do, Korea),
and incubated on ice for 30 min. Cells were centrifuged at 13,000 rpm for 15 min at 4 ◦C, and the
supernatant was then quantified for SDS-polyacrylamide gel electrophoresis. Blots were blocked in
5% skimmed milk for 1 h and hybridized with primary antibodies of His-tag (Abcam, Cambridge,
MA, USA), Collagen I (GeneTex, San Antonio, TX, USA), each at a ratio of 1:1000, and SOX2 (GeneTex,
San Antonio, TX, USA), ACTB (Sigma, St. Louis, MO, USA), each at a ratio of 1:5000, for overnight
hybridization. These data were confirmed with three independent experiments.

4.4. Promoter Construct and Assay

The promoter sequence of COL1A1 was divided into 4 parts which included a consensus
SOX2 binding site (T/A)TTGTT (−724~+3), an AP2 (−342~+3), an SP1 (−221~+3) binding sequence,
and a TATA box only (−177~+3), as described in [23], and these fragments were linked to the luciferase
reporter vector pGL3-basic (Promega, Madison, WI, USA). A SOX2del of COL1A1 was conducted by
removing the ATTGTT(−693~−687) in the promoter sequence, and cloned into the same vector.
All plasmids were prepared and transfected by FuGENE HD® Transfection Reagent (Promega).
The subsequent reaction was catalyzed and measured by Steady-Glo® Luciferase Assay System
(Promega) and a luminance ELISA reader (Fluoroskan Ascent FL, Thermo Fisher Scientific, Cleveland,
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OH, USA), following the manufacturer’s instructions. The luciferase activity was obtained by three
independent experiments, with six replicates for each group.

4.5. Chromatin Immunoprecipitation Assay

Total cell lysates (1.5 mg) were isolated from TGF-β-induced NHLF with an additional BP-treated
group. The lysates were stored on ice, and sonication was performed with UP100H (Hielscher
Ultrasonics GmbH, Teltow, Germany) to break into a 100–200 base pair length. The protein-DNA
complexes (150 μg with protease inhibitor) were allowed to hybridize with SOX2 antibodies (10 μg
Genetex) at 4 ◦C overnight. Protein A/G beads (Millipore, Hayward, CA, USA) were added and
rotated at 4 ◦C for 2 h, and washed 4 times, then heated 65 ◦C to reverse cross links. Real-time
PCR was performed to detect COL1A1 promoter sequence. The internal control used an equal DNA
concentration from the control cell lysate.

4.6. Bleomycin-Induced Pulmonary Fibrosis and Tissue Collection

Male C57BL/6 mice were purchased from the National Laboratory Animal Center and animal
studies were approved by the China Medical University Institutional Animal Care and Use Committee.
Four-week aged mice were housed in a clean enclosure and allowed to accommodate for a week; they
had free access to a standard diet. Bleomycin (0.045 U dissolved in 50 μL PBS) or PBS was then injected
with intratracheal instillation into the mice, allowing a recovery of 3 days. Bleomycin-treated mice
were then randomly grouped into BP treatment (10, 50 mg/kg) and olive oil (in both vehicle and
no bleomycin controls) orally every other day (n = 6 in all four groups), as illustrated in Figure 5A.
On Day 30, animals were sacrificed to collect bronchoalveolar lavage fluid (BALF) and lung tissue.
BALF collection is performed using cold PBS (0.5 mL), which was gently injected and pulled out
5 times through the trachea with a syringe, then stored on ice. The BALF samples were performed
by magnetic bead-based multiplex immunoassays (Bio-Plex) (BIO-RAD Laboratories, Milano, Italy)
following manufactures’ instructions. Lung tissues were removed for histopathology and protein
extraction, and divided into formalin fixation and −80 ◦C frozen storage, respectively. Fixed tissues
were embedded and followed by H&E or Masson’s trichrome stain.

4.7. Pulmonary Function Test in Mice

Bleomycin–treated mice were administered BP orally with two dosages and olive oil as a vehicle
control. Pulmonary function was measured by unrestrained Whole Body Plethysmography (WBP)
(Buxco Electronics, Inc. Wilmington, NC, USA). The WBP detected atmospheric change to obtain data,
such as respiratory rate and Tidal volume, in a specific time range. We assessed non-invasive airway
responsive data using the WBP with a single-chamber prior to animal sacrifice, and as the chamber
pressure changes, the box flow signal derived the following data: Inspiratory time (Ti); expiratory
time (Te); relaxation time (TR), defined by the time for declining 36% of the total expiratory area;
peak inspiratory flow (PIF) and peak expiratory flow (PEF); tidal volume (VT); accumulative volume
(AV); end inspiratory pause (EIP); end expiratory pause (EEP); and respiratory rate (RR). The Penh
(enhanced Pause) is referred to as an empirical parameter to limit airflow. Mice were incubated in the
chamber to prevent light and noise, and the data collection period was set at 5~15 min to exclude the
accommodation time.

4.8. Pathologic Morphology Staining and Evaluation

After lung tissues were obtained from sacrificed animals, samples were fixed in 3.7%
formaldehyde for 2 d. The dehydration, clearance, and infiltration of all tissues were performed
by a Histoprocessor (Tissue-Tek; Sakura, Tokyo, Japan). Paraffin embedded tissues were cut at a 4 μm
serial section and stained with H&E. The procedure of Masson’s trichrome staining was previously
described [16]. Briefly, sections were immersed in Bouin’s solution and then stained with Mayer’s
hematoxylin solution, Biebrich scarlet–acid, phosphomolybdic acid–phosphotungstic acid, and aniline
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blue reagents (Sigma-Aldrich, Steinheim, Germany), respectively, with a ddH2O wash between each
reagent. The samples were dried and mounted on glass slides, and sections were examined using a
microscope (IX70; Olympus Tokyo, Japan). The Ashcroft scores were evaluated with blinded label
and confirmed by a pathologist, who defined the assignment of grades from 0 to 8 [37]. The hydroxyl
proline was examined with each group of lung tissues (n = 6), and equal weight of lung tissues was
minced, following the manufacturer’s instructions of the assay kit (Cell Biolabs, San Diego, CA).

4.9. Statistical Analysis

All of the experiments were performed in three or more independent experiments.
Statistical analysis of the results (n > 5) between groups was analyzed by ANOVA to obtain the
p-value < 0.05, and a subsequent post hoc test with Dunnett’s test by SigmaPlot V12.5.
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Abbreviations

Term Definition
ECM extracellular matrix
SOX2 sex determining region Y (SRY)-box 2
COL1 type I collagen
COL1A1 type I collagen α1
TGF-β transforming growth factor beta
BP butylidenephthalide
NHLF normal lung fibroblast cell lines
E-cad E-cadherin
i.t. intratracheal
WBP whole body plethysmography
BAL bronchoalveolar lavage
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Abstract: Nonalcoholic fatty liver disease is a frequent liver malady, which can progress to
cirrhosis, the end-stage liver disease if proper treatment is not applied. Omega-3 fatty acids,
such as docosahexaenoic acid (DHA) and eicosapentaenoic acid, have been clinically proven to
lower serum triglyceride levels. Various physiological activities of omega-3 fatty acids are due
to their agonistic actions on G-protein-coupled receptor 40 (GPR40) and GPR120. Lipid droplets
(LD) accumulation in hepatocytes confirmed that DHA treatment reduced the number of larger
( >10 μm2) LDs, as well as the total area of LDs. Moreover, DHA lowered protein and mRNA
expression levels of lipogenic enzymes such as fatty acid synthase (FAS), acetyl-CoA carboxylase
and stearoyl-CoA desaturase-1 (SCD-1) in primary hepatocytes incubated with liver X receptor
(LXR) agonist T0901317 or high glucose and insulin. DHA also decreased protein expression
of nuclear and precursor sterol response-element binding protein (SREBP)-1, a key lipogenesis
transcription factor. We further found that exposure of murine primary hepatocytes to DHA for
12 h increased GPR40 and GPR120 mRNA levels. Specific agonists (Compound A for GPR120 and
AMG-1638 for GPR40), hepatocytes from GPR120 knock-out mice and GPR40 selective antagonist
(GW1100) were used to assess whether DHA’s antilipogenic effects are mediated through GPR120
or GPR40. Compound A did not decrease SREBP-1 and FAS protein expression in hepatocytes
exposed to T0901317 or high glucose with insulin. Moreover, DHA downregulated lipogenesis
enzyme expression in GPR120-null hepatocytes. In contrast, AMG-1638 lowered SREBP-1 and SCD-1
protein levels. Additionally, GW1100, a GPR40 antagonist, reversed the antilipogenic effects of
DHA. Collectively, our data demonstrate that DHA downregulates the expression SREBP-1-mediated
lipogenic enzymes via GPR40 in primary hepatocytes.

Keywords: GPR40; GPR120; DHA; omega-3 fatty acid; SREBP-1; hepatocytes

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) affects 80–100 million people in the U.S. alone [1].
Most patients in the U.S., who visit primary care providers for routine checkup have elevated levels
of alanine aminotransferase (ALT) and aspartate aminotransferase (AST), which are markers of liver
damage [2]. Among those with elevated AST and ALT levels, 33 percent are eventually diagnosed
with NAFLD [2]. This pattern is not limited to the Western world. In Asia, 25 percent of individuals
aged >18 years are diagnosed with NAFLD [3]. Even though this widespread disease has no specific
signs or symptoms, it can progress to nonalcoholic steatohepatitis (NASH) and eventually lead to
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cirrhosis [4]. Although treatment options for NAFLD are limited, thiazolidinediones and vitamin E
have been proven to effectively manage symptoms [5].

Omega-3 fatty acid provides an energy source as nutrient, but also act as a remedy for
serum hyperlipidemia. Commercially available fish oil supplements are one of the most popular
over-the-counter medications for the management of elevated serum triglyceride (TG) levels. In the U.S.
alone, about 18.8 million adults are taking fish oil supplements [6]. Omega-3-acid ethyl esters, such as
Omacor® and Lovaza®, are widely used as prescription medications for dyslipidemia [7]. Omega-3 fatty
acid supplementation decreases liver fat and reduces hepatic steatosis, as well as having beneficial
effects on most cardiometabolic risk factors. According to clinical studies, dietary supplementation
with omega-3 is efficacious for NAFLD management [8]. However, the mechanism of its TG-lowering
effect is not fully understood.

Omega-3 fatty acids, such as docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA),
have been recognized as endogenous ligands for G-protein-coupled receptor 40 (GPR40) and
G-protein-coupled receptor 120 (GPR120) [9,10]. In animal models, the administration of selective
agonists for GPR40 or GPR120 improves biochemical and pathological indices of hepatic steatosis [11,12].
Nevertheless, the proposed direct effects of omega-3 fatty acids on the G-protein-coupled receptor
(GPCR) in hepatocytes are largely uncharacterized and controversial. In the present study, we assessed
the effect of DHA on hepatic lipogenesis and attempted to clarify the roles of GPR40 and GPR120 in
antilipogenesis effect of DHA in mouse primary hepatocytes.

2. Results

2.1. Downregulation of Sterol Regulatory Element Binding Protein (SREBP)-1-Dependent Lipogenic Enzyme
Expression by DHA in Primary Hepatocytes

Public microarray data comparing control mice with mice receiving omega-3 fish oil for 2
weeks were analyzed to assess whether omega-3 fatty acids functionally benefit liver (GSE32706).
Gene ontology analyses revealed that the genes, including those involved with lipid metabolic processes
and cholesterol biosynthetic processes, were mainly altered for similar functional annotations in the liver
tissues of fish-oil-fed mice (Figure S1A). In addition, expression of genes involved in lipid metabolism
and fatty acid synthesis was repressed in the fish-oil-fed group (Figure S1A). Moreover, fish oil diet led
to a significant reduction in the expression of several genes, including srebf1, acacb, fasn, and scd1 which
are required to control hepatic TG synthesis (Figure S1B).

The SREBP1 transcription factor is a critical regulator of fatty acid homeostasis in hepatocytes.
Activation of SREBP1 controls the expression of a range of lipogenic enzymes, such as fatty acid
synthase (FAS), acetyl-coenzyme A carboxylase (ACC), and stearoyl-CoA desaturase-1 (SCD-1) [13].
Hence, we analyzed the effects of DHA and EPA (300 μM, each) on the expression of SREBP1 and its
downstream lipogenesis enzymes. The levels of FAS, ACC, and SCD-1 were diminished in mouse
primary hepatocytes treated with DHA or EPA for 12 h, and the degree of inhibition was more
prominent in DHA-treated hepatocytes (Figure 1A). The protein level of the precursor form of SREBP-1
(preSREBP-1) was decreased in primary hepatocytes in response to DHA (Figure 1B). To gain further
insight into the antilipogenic properties of DHA, primary hepatocytes were treated with liver X receptor
(LXR) agonist T0901317 (T090) to stimulate LXR-dependent SREBP-1 activation. T090-induced protein
expression of nuclear SREBP-1 and SCD-1 were decreased significantly following pretreatment of
hepatocytes with 300 μM DHA for 12 h (Figure 1C). Although the levels of preSREBP-1, FAS, and ACC
were marginally elevated by T090, all the protein expression decreased in response to the DHA
treatment (Figure 1D and Figure S2A). Primary hepatocytes were exposed to high glucose with insulin
condition to confirm the antilipogenic properties of DHA in metabolic dysfunction. As expected,
the amounts of lipogenic proteins involved in TG synthesis, such as preSREBP-1, nSREBP-1, FAS, ACC,
and SCD-1, increased under the high glucose with insulin condition, and the enhanced levels were
reversed by DHA treatment (Figure 1E and Figure S2B). These data support the notion that DHA
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ameliorates the SREBP-1-mediated lipogenesis enzyme expression caused by an LXR agonist or the
high glucose with insulin condition.

Figure 1. Decrease in lipogenesis enzymes after docosahexaenoic acid (DHA) treatment. (A,B) The
protein expression level of fatty acid synthase (FAS), acetyl-coenzyme A carboxylase (ACC),
stearoyl-CoA desaturase-1 (SCD-1) and precursor form of SREBP-1 (preSREBP-1). Mouse primary
hepatocytes were treated with DHA 300 μM or eicosapentaenoic acid (EPA) 300 μM for 12 h.
Data represent means ± SD (n = 5). GAPDH: Glyceraldehyde 3-phosphate dehydrogenase. (C) In order
to screen an optimal DHA concentration that exerts potent antilipogenic effects, primary hepatocytes
were treated with DHA 100 μM and 300 μM for 12 h followed by T0901317 (T090), liver X receptor
(LXR) agonist for additional 12 h. Data represent means ± SD (n = 5), *** p < 0.005 compared with the
control group; ### p < 0.005 compared with the T090-treated group (D) Effects of DHA on the expression
of lipogenic proteins stimulated by LXR agonist. Primary hepatocytes were treated with DHA 300 μM
for 12 h followed by T090 for additional 12 h. Data represent means ± SD (n = 5), *** p < 0.005 compared
with the control group; ### p < 0.005 compared with the T090-treated group (E) Effects of DHA on the
expression of lipogenic proteins in high glucose with insulin condition. Primary hepatocytes were
treated with DHA 300 μM for 12 h followed by 30 mM high-glucose medium for 30 min and further
incubation with 200 nM insulin for 24 h. Data represent means ± SD (n = 3), *** p < 0.005 compared
with the control group; ### p < 0.005 compared with the high glucose and insulin group.
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2.2. DHA-Induced Reduction of Total Area of Lipid Droplets in Hepatocytes

Hepatic steatosis is defined as abnormal retention of lipid droplets (LD) in hepatocytes,
which reflects the dysregulation of TG fat [14]. We explored the effect of DHA on LD formation in
hepatocytes. BODIPY® staining showed a greater increase in LDs in hepatocytes incubated under
the high glucose and insulin condition, but not with T090 (Figure 2A,B). Interestingly, no difference
was detected in the number of LDs per cell between hepatocytes treated with high glucose and
insulin and those cotreated with DHA (Figure 2C). Nevertheless, the number of LDs > 10 μm2,
representing pathological lipid accumulation, as well as the total area of LDs per cell decreased in
response to DHA (Figure 2D,E). One study showed that the decrease in the size of LDs is due mainly
to the lower activity of SCD-1 [15]. The immunoblot results showed a dramatic decrease in SCD-1 with
DHA treatment (Figure 1C,D), suggesting that DHA mainly targets enlargement of LDs in hepatocytes.

Figure 2. Morphological changes in lipid droplets (LD) after DHA treatment. (A,B) LD formation in
hepatocytes by T090 treatment or high glucose with insulin condition. Mouse primary hepatocytes
were treated with DHA for 12 h followed by treatment of T090 for 12 h or incubation with 30 mM
high glucose for 30 min and further incubation with 200 nM insulin for 24 h. LDs were stained with
BODIPY® 493/503 and visualized by confocal microscopy. (C) Images of 16 random cells from each
slide were captured and analyzed by MetaMorph to quantify number of LDs per cell. (D) Numbers of
LDs with areas ≤10 μm2 or >10 μm2 were analyzed. (E) Total area of LDs per cell were measured and
presented as means ± SEM.

2.3. Limited Role of GPR 120 in Antilipogenic Effects of DHA in Hepatocytes

Long-chain fatty acids, such as DHA, act as endogenous ligands on GPR120 and GPR40
and regulates metabolic and inflammatory homeostasis in adipocytes and macrophages [10,16].
To investigate whether GPR40 and GPR120 are present in hepatocytes, mRNA levels were determined
in HepG2 human hepatoma cell line and mouse primary hepatocytes. mRNA levels of GPR40 and
GPR120 were detectable in HepG2 and mouse primary hepatocytes (Figure S3A and Figure 3A).
Moreover, exposure to 300 μM DHA for 12 h increased the GPR40 and GPR120 mRNA levels
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(Figure S3A and Figure 3A). Plasma membrane localization of GPR40 and GPR120 in primary
hepatocyte was confirmed by immunocytochemistry (Figure 3B). These data demonstrate that GPR40
and GPR120 are expressed in hepatocytes and HepG2 cells are upregulated after DHA exposure.
Compound A (CpdA), a specific GPR120 agonist [11], was used to clarify the function of GPR120
on the antilipogenic effects of DHA. Although the basal SCD-1 level was higher in HepG2 cells [17],
CpdA concentration-dependently inhibited SCD-1 expression in T090-treated HepG2 cells and primary
hepatocytes (Figure 3C and Figure S3B). However, unlike DHA, CpdA up to 10 μM did not reduce
the expression of preSREBP-1 in primary hepatocytes treated with T090 (Figure 3C). Because series of
studies proposed direct interaction between LXR and SCD-1 [18,19], we presumed that downregulation
of SCD-1 by CpdA may not be dependent on SREBP-1 pathway. Under the high glucose with
insulin condition, CpdA did not reduce the protein level of preSREBP-1, nSREBP-1, and FAS in
hepatocytes (Figure 3D and Figure S3C). To confirm these findings, we used age-matched GPR120
knock-out (KO) mice. A pathological examination was performed in hematoxylin and eosin (H&E)
stained liver tissues from 8-weeks-old GPR120 wild-type and KO mice to rule out preexisting
histological conditions (Figure S3D). The decreased lipogenic enzyme expressions by DHA in primary
hepatocytes incubated with T090 or high glucose and insulin were not reversed by GPR120 deficiency
(Figure 3E,F and Figure S3E,F). These data imply that the inhibitory effects of DHA on the expression
of SREBP-1-mediated lipogenic enzymes are minimally associated with GPR120 signaling.
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Figure 3. Role of GPR120 in expression of lipogenesis enzymes in hepatocytes. (A) Relative mRNA
expressions of GPR40 and GPR120 levels were determined by real-time qPCR analyses in mouse
primary hepatocytes. Data represent means ± SD (n = 3). *** p < 0.005 compared with the GPR40 level
of the control group; # p < 0.05 compared with the GPR120 level of the control group.
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(B) Immunocytochemistry of GPR40 and GPR120 in primary hepatocytes. Immunofluorescent images
of GPR40 and GPR120 at their basal levels and after DHA treatment are shown. (C) Primary hepatocytes
were treated with compound A (CpdA) (1–10 μM) for 12 h followed by T090, LXR agonist for additional
12 h. Data represent means ± SD (n = 5), *** p < 0.005 compared with the control group; # p < 0.05,
### p< 0.005 compared with the T090-treated group. (D) Effects of CpdA on the expression of preSREBP1,
nSREBP1, and FAS in primary hepatocytes. Primary hepatocytes were treated with CpdA 10 μM for 12
h followed by 30 mM high-glucose medium for 30 min and further incubation with 200 nM insulin for
24 h. Data represent means ± SD (n = 5), *** p < 0.005 compared with the control group. (E) Effects of
DHA on the expression of preSREBP1, nSREBP1, FAS, and SCD-1 in GPR120 knock-out (KO) primary
hepatocytes stimulated with T090. GPR120 KO hepatocytes were treated with DHA for 12 h followed
by T090 for additional 12 h. Data represent means ± SD (n = 3), *** p < 0.005 compared with the control
group; # p < 0.05, ### p < 0.005 compared with the T090-treated group. (F) Effects of DHA on the
expression of preSREBP-1, nSREBP-1, FAS, and SCD-1 in GPR120 KO primary hepatocytes stimulated
with high glucose and insulin. GPR120 KO primary hepatocytes were treated with DHA 300 μM for
12 h followed by 30 mM high-glucose medium for 30 min and further incubation with 200 nM insulin
for 24 h. Data represent means ± SD (n = 3), * p < 0.05, *** p < 0.005 compared with the control group;
# p < 0.05, ## p < 0.01 compared with the high glucose and insulin group.

2.4. Involvement of GPR40 in Antilipogenesis Effect of DHA

We tested the potential role of GPR40 in antilipogenic effects of DHA in hepatocytes. AMG-1638 is
a well-characterized GPR40 agonist in murine species and has shown a specific full agonistic activity
compared with other candidates [20]. The enhanced expression of preSREBP-1 and SCD-1 caused
by T090 was significantly diminished in hepatocytes incubated with 3 μM AMG-1638 (Figure 4A).
Moreover, 3 μM AMG-1638 reduced the protein expression of FAS and SCD-1 as well as preSREBP-1
and nSREBP-1, under the high glucose and insulin condition (Figure 4B). We further assessed the
effect of the GPR40 antagonist GW1100 to confirm whether the antilipogenic properties of DHA were
related with GPR40 activation. When hepatocytes were co-incubated with both GW1100 and DHA,
the inhibitory effects of DHA on the expression of preSREBP-1 and SCD-1 were almost completely
reversed by GW1100 in T090-exposed hepatocytes (Figure 4C). Similar results were obtained for
GPR120 KO hepatocytes (Figure 4D). Hence, downregulation of SREBP-1-mediated expression of
lipogenic enzymes by DHA was under the control of GPR40 in hepatocytes.
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Figure 4. Role of GPR40 in expression of lipogenesis enzymes in hepatocytes. (A) Primary hepatocytes
were treated with AMG-1638 (1 and 3 μM) for 12 h followed by T090 for additional 12 h, and total cell
lysates were subjected to immunoblotting for preSREBP-1 and SCD-1.
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Data represent means ± SD (n = 4), ***P < 0.005 compared with the control group; # p < 0.05, ### p < 0.005
compared with the T090-treated group. (B) Inhibitory effects of AMG-1638 on the protein expression of
lipogenic enzymes in high glucose and insulin condition. Primary hepatocytes were treated with 3 μM
AMG-1638 for 12 h followed by 30 mM high-glucose medium for 30 min and further incubation with
200 nM insulin for 24 h. Data represent means ± SD (n = 4), *** p < 0.005 compared with the control
group, ### p < 0.005 compared with the T090-treated group. (C) Primary hepatocytes were treated
with DHA and 10 μM GW1100, GPR40 antagonist for 12 h followed by 30 mM high-glucose medium
for 30 min and further incubation with 200 nM insulin for 24 h. Data represent means ± SD (n = 4),
*** p < 0.005 compared with the control group; # p < 0.05, ### p < 0.005 compared with the T090-treated
group; + p < 0.05, +++ p < 0.005 compared with the T090 and DHA treated group. (D) In GPR120 KO
hepatocytes, 10 μM GW1100 reversed the antilipogenic effects of DHA. Data represent means ± SD
(n = 4). *** p < 0.005 compared with the control group; # p < 0.05, ### p < 0.005 compared with the
T090-treated group; +p < 0.05, +++ p < 0.005 compared with the T090 and DHA treated group.

3. Discussion

DHA and EPA are omega-3 fatty acids and known as ligands for GPR40 and GPR120. Although they
both have antilipogenic properties, DHA is associated with a greater reduction in serum TG levels
compared with EPA [21]. In addition, DHA has a lipid control benefit over EPA, as it increases the
serum level of high-density lipoprotein (HDL) [22]. Many studies have explored the potentially
beneficial effects of GPR40 and GPR120 in various cells and organs. However, possibly due to limited
expression of GPR40 and GPR120 in hepatocytes compared with other cell types [23,24], few studies
have clearly identified the receptor involved in the antilipogenic effects of omega-3 fatty acids in the
liver. In this study, we investigated the effects of DHA on lipogenic enzyme expression in primary
hepatocytes and sought to clarify the related lipid-sensing GPCR exerting its antilipogenesis effect.

GPCRs are usually downregulated to eschew repercussive effects by persistent stimulation
with agonists. Nobili et al. reported that patients administered DHA develop increased levels of
GPR120 in hepatocytes [25]. This result is consistent with our finding that GPR120 and GPR40
mRNA levels are increased in mouse primary hepatocytes treated with DHA. Although regulatory
mechanisms underlying the expression of long-chain fatty-acid-sensing GPCRs are not fully understood,
Abaraviciene et al. showed that the GPR40 protein level is increased in response to 100- and 1000-μM
palmitate exposures in rat islet [26]. However, GPR40 mRNA expression was enhanced only by
100 μM palmitate treatment. Therefore, we expect that both transcriptional and post-translational
regulation play a role in the enhanced expression of GPR40 and GPR120 after DHA exposure.
Moreover, immunohistochemical analyses using GPR40 and GPR120 antibodies confirmed that
both GPR40 and GPR120 were present in mouse primary hepatocytes. Although GPR40 and
GPR120 have different molecular structures, they share long chain fatty acids as their endogenous
ligands, and the identification of highly specific ligands to discriminate the receptors is difficult [11].
Before CpdA was developed by Merck, TUG-891 was the most selective compound for GPR120.
Unfortunately, TUG-891 loses its GPR120 selectivity in murine species [27]. Thus, in this study,
CpdA was used to target GPR120 in mouse primary hepatocytes. We found that CpdA did not lower
the protein expression of SREBP-1-dependent lipogenic enzymes stimulated by the high glucose
with insulin milieu. Moreover, DHA reduced protein levels of preSREBP-1 and FAS in primary
GPR120 KO hepatocytes exposed to T090 or high glucose and insulin. From this finding, we suggest
that GPR120 is not mainly involved in the antilipogenic effects of DHA in hepatocytes. Contrary
to our findings, Kang et al. reported that DHA and TUG-891 decreased LXR-mediated lipogenic
protein expression in HepG2 and Hep3B hepatoma cell lines, as well as mouse primary hepatocytes,
and further revealed that GPR120 is involved in the antilipogenic effect of DHA [28] .This discrepancy
seems to be mainly to differences in the concentration range of DHA in cell-based analyses. In our
experimental conditions, protein expression of preSREBP-1 and a series of lipogenic enzymes were
suppressed by 300 μM DHA treatment. In contrast, others have reported that 10–30 μM DHA efficiently
inhibited lipid accumulation by downregulating the SREBP-1 pathway in hepatoma cell lines and
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primary hepatocytes. DHA seems to have a potent binding affinity to GPR120. A DHA concentration
<1 μM evoked internalization of GPR120 in HEK293 cells stably expressing GPR120-enhanced green
fluorescent protein (EGFP) [24]. Hence, relatively low concentrations of DHA may preferentially
stimulate the GPR120 signal, whereas higher concentration act on GPR40. In fact, 10–20 μM DHA
induces calcium influx in Chinese Hamster Ovary (CHO) cells expressing GPR40 [29].

Because the Gαq/11–coupled receptor GPR40 is expressed mainly in pancreatic β-cells, most of
previous studies focused on its potential ability to stimulate insulin secretion. Because GPR40 activation
stimulates insulin secretion only in the presence of elevated glucose levels [9,30,31], it has become
an attractive potential therapeutic target for glucose homeostasis with little to no hypoglycemic risk.
GPR40 is negligibly expressed in the liver [16]. Thus, the functional roles of GPR40 in hepatocytes
have received less attention. In this study, we used GPR40 full agonist, AMG-1638, to assess whether
GPR40 plays a functional role in hepatocytes. The enhanced lipogenic enzyme levels caused by LXR
agonist or high glucose with insulin milieu were diminished by AMG-1638 in primary hepatocytes.
Furthermore, GPR40 antagonist GW1100 efficiently abrogated the antilipogenic effects of DHA.
These cell-based analyses using specific pharmacological tools suggest that receptor signaling plays
an antilipogenic role in primary hepatocytes. Li et al. reported that the GPR40/120 agonist GW9508
improves hepatic steatosis in mice fed a high-cholesterol diet and inhibits LXR ligand-induced
expression of lipogenic enzymes in HepG2 cells [12]. They further found that the antilipogenic activity
of GW9508 is significantly reversed by GPR40 siRNA, suggesting a pivotal role of GPR40 in the
regulation of hepatic lipid accumulation. These data are consistent with our findings.

Taken together, our findings may help to unravel how DHA alleviates fatty acid accumulation in
hepatocytes. Furthermore, these findings support the notion of using specific GPCR agonists as an
add-on therapy to manage metabolic syndrome and suggest that GPR40 merits further investigation as
an adjuvant therapy for NAFLD.

4. Materials and Methods

4.1. Reagent and Antibodies

Antibody recognizing precursor sterol regulatory element binding protein-1 (SREBP-1) was
obtained from Santa Cruz Biotechnology (Dallas, TX, USA). Anti-fatty acid synthase (FAS) and
antinuclear form of SREBP-1 antibodies were supplied by BD Biosciences (Franklin Lakes, NJ).
Stearoyl-CoA desaturase-1 (SCD1), phospho-AMP-activated protein kinase (p-AMPK), and acetyl-CoA
carboxylase (ACC) antibodies were obtained from Cell Signaling Technology (Beverly, MA).
Anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody and T0901317 (T090) were
supplied by Calbiochem (San Diego, CA, USA). Anti-β actin antibody, insulin, and glucose were
purchased from Sigma-Aldrich (St. Louis, MO). Horseradish peroxidase-conjugated donkey anti-rabbit
IgG, and alkaline phosphatase-conjugated donkey anti-mouse IgG were obtained from Jackson
Immunoresearch Laboratories (West Grove, PA, USA). Eicosapentaenoic acid (EPA), docosahexaenoic
acids (DHA), and compound A (CpdA) were supplied by Cayman Chemical (Ann Arbor, MI, USA).
GW1100 and AMG-1638 were kindly donated from LG Chem Ltd. (Seoul, South Korea).

4.2. Cell Culture

Human hepatoma cell line HepG2 was obtained from American Type Culture Collection (ATCC,
Manassas, VA, USA). HepG2 cells were grown in low-glucose Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) with
50 U/mL penicillin and 50 μg/mL streptomycin. All cell lines were maintained at 37 ◦C in a humidified
incubator with 5% CO2.
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4.3. Animals

GPR120 knock-out (KO) C57BL/6 mice were kindly donated from LG Chem Ltd. The mice were
housed in a pathogen-free animal facility under a standard 12 h light/dark cycle. Animal experiments
were conducted under the guidelines of the Institutional Animal Use and Care Committee at Seoul
National University (SNU-160512-11-1, 12 May, 2016).

4.4. Isolation of Primary Hepatocytes

After anesthetizing 8-weeks-old C57BL/6 mice (DBL, Eumseong, Korea) or GPR120 KO mice
with zoletil® and rompun®, 24G catheter was cannulated to liver portal vein. After perfusion with
Hank’s Balanced Salt solution medium (Life Technologies, Grand Island, NY, USA) supplemented with
0.5 mM ethylene glycol tetraacetic acid and 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), liver tissue was digested with low-glucose DMEM containing 1% penicillin/streptomycin,
15 mM HEPES and 1 mg/mL collagenase from Clostridium histolyticum (Sigma-Aldrich, St.Louis, MO,
USA). After tearing digested liver tissue, the isolated cells were washed three times with high-glucose
DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, 15 mM HEPES, 10 nM dexamethasone.
Other cells except primary hepatocytes were all removed by centrifugation.

4.5. mRNA Isolation and Real-Time Quantitative Polymerase Chain Reaction (qPCR)
After washing with sterile phosphate-buffered saline (PBS), total RNA was isolated using TRIzol

reagent (Life Technologies, Grand Island, NY). mRNA was reverse transcribed to cDNA using Maxime
RT Premix (iNtRON, Seongnam, South Korea). Amplified cDNA was analyzed by Bio-Rad CFX
Manager™ Software (Bio-Rad, Hercules, CA, USA) using iTaq Universal SYBR Green Supermix
(Bio-Rad) and SYBR Select Master Mix (Life Technologies). Primer sequences used in experiments were:

5′-CTGTGCAGGAATGAGTGGAAG-3′ (mouse GPR120-forward)
5′-CTGATGGAGGGTACTGGAAATG-3′ (mouse GPR120-reverse)
5′-CTGTGCAGGAATGAGTGGAAG-3′ (human GPR120-forward)
5′-CTGATGGAGGGTACTGGAAATG-3′ (human GPR120-reverse)
5′-TGGCGCGCCAGCCTGG-3′ (mouse GPR120 KO-forward)
5′-CCATATGAAAGCCAGCAGTGCC-3′ (mouse GPR120 KO-reverse)
5′-CGCCGTCGGCGCCGTG-3′ (mouse GPR120 WT-forward)
5′-CCATATGAAAGCCAGCAGTGCC-3′ (mouse GPR120 WT-reverse)
5′-TTTCATAAACCCGGACCTAGGA-3′ (mouse GPR40-forward)
5′-CCAGTGACCAGTGGGTTGAGT-3′ (mouse GPR40-reverse)
5′- GCCCACTTCTTCCCACTCTA-3′ (human GPR40-forward)
5′- AGACCCAGGTGACACAGGAC -3′ (human GPR40-reverse)
5′-GTAACCCGTTGAACCCCATT-3′ (mouse and human 18s rRNA protein-forward)
5′-CCATCCAATCGGTAGTAGCG-3′ (mouse and human 18s rRNA protein-reverse)

4.5. Immunoblot Analysis

After washing the cultured cells with PBS, cells were lysed in lysis buffer containing 20 mM
TrisHCl (pH 7.5), 1% Triton X-100, 137 mM sodium chloride, 10% glycerol, 2 mM EDTA, 1 mM sodium
orthovanadate, 25 mM β-glycerophosphate, 2 mM sodium pyrophosphate, 1 mM phenyl methyl
sulfonyl fluoride, and 1 μg/mL leupeptin. Cells were then incubated in ice for 1 h. The cell lysates were
centrifuged at 10,000 g for 20 min to remove debris, and the protein samples were loaded on 8–15%
SDS-PAGE gel and transferred to nitrocellulose membrane (GE healthcare Life Sciences, Chalfont,
Buckinghamshire, UK). Membranes were incubated for 1 h with 5% skim milk (BD Bioscience, San Jose,
CA, USA) and reacted with primary antibodies overnight at 4 ◦C. The membranes were washed and
incubated with a second antibody for 1 h at room temperature. Protein expression was visualized
with LAS3000-mini (Fujifilm, Tokyo, Japan) using enhanced chemiluminescence (ECL) system reagent
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(EMD Millipore, Billerica, MA, USA). Densitometric analysis was performed by using Multiguage
software (Fujifilm, Tokyo, Japan) and Image J 1.46r.

4.6. Hematoxylin and Eosin Staining

The left lateral lobe of the liver was sliced, and tissue slices were fixed in 10% buffered-neutral
formalin. The liver slices were stained with hematoxylin and eosin (H&E).

4.7. Detection of Lipid Droplets (LDs) by Confocal Fluorescence Scanning Microscopy

For BODIPY® 493/503 staining (Thermo Fisher Scientific, Waltham, MA, USA), the 488 nm laser
was used and signals were collected with a long pass 505 nm filter. Quantification of LD number and
size was performed with MetaMorph, version 7.5 (Molecular Devices, San Jose, CA, USA).

4.8. Statistical Analysis

The analyses were performed with IBM® SPSS® Statistics 23 (IBM SPSS Statistics, IBM Corporation).
The significance level was set at p value < 0.05 for all comparisons. Although the size of sample is
small, Shapiro–Wilk test showed normality of the data and one-way analysis of variance (ANOVA)
was used for multiple comparisons. Tukey’s or Dunnett’s tests were used as post hoc analysis methods.
Statistical analysis for GSE data was performed by using Student’s t-test and Benjamini–Hochberg test.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/20/11/
2625/s1. Figure S1. (A) Functional annotations associated with genes exhibiting lipid metabolism and cholesterol
metabolism were altered in the fish-oil-fed mouse. (B) According to GSE32706, genes controlling synthesis
of triglyceride including srebf1, acacb, fasn, and scd1 were reduced in the liver from the fish-oil-fed mouse.
Data represent means ± SD (n = 3), * p < 0.05, *** p < 0.05 compared with the control diet group. Figure S2.
(A) Effects of DHA on the expression of lipogenic proteins stimulated by T090. Relative densitometric ratio
of FAS and ACC. Data represent means ± SD (n = 5), # p < 0.05, ### p < 0.005 compared with the T090-treated
group. (B) Effects of DHA on the expression of lipogenic proteins stimulated by high glucose and insulin.
Relative densitometric ratio of nSREBP-1, FAS, ACC, and SCD-1. Data represent means ± SD (n = 5), *** p < 0.05
compared with the control group; ### p < 0.005 compared with the T090-treated group. Figure S3. (A) Relative
mRNA expressions of GPR40 and GPR120 levels were determined by real-time qPCR analyses in HepG2 cell line.
Data represent means ± SD (n = 4), *** p < 0.005 and ### p < 0.005, compared with the GPR40 and GPR120 levels
of control group, respectively. (B) Effects of CpdA on the expression of preSREBP-1, and SCD-1 in HepG2 were
determined by immunoblottings. (C) Effects of CpdA on the expression of lipogenic proteins stimulated by high
glucose and insulin. Relative densitometric ratio of FAS. Data represent means ± SD (n = 5), *** p < 0.05 compared
with the control group. (D) Hematoxylin and eosin (H&E) staining of liver sections from 8-weeks-old wild-type
(WT) and GPR120 mice. Original magnification setting of 200× for H&E was used. (E) Effects of DHA on the
expression of lipogenic proteins in GPR120 KO primary hepatocytes stimulated by T090. Relative densitometric
ratio of nSREBP-1 and FAS. Data represent means ± SD (n = 3), *** p < 0.005 compared with the control group;
### p < 0.005 compared with the T090-treated group. (F) Effects of DHA on the expression of lipogenic proteins in
GRP120 KO primary hepatocytes stimulated by high glucose and insulin. Relative densitometric ratio of FAS and
SCD-1. Data represent means ± SD (n = 3), *** p < 0.05 compared with the control group; ## p < 0.01, ### p < 0.005
compared with the high glucose and insulin group.
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Abbreviations

ACC Acetyl-Coenzyme A carboxylase
ALT Alanine transaminase
AMPK Adenosine Monophosphate-activated protein kinase
AST Aspartate transaminase
CpdA Compound A
DHA Docosahexaenoic acid
FAS Fatty acid synthase
FFA Free fatty acid
GPR120 G-protein-coupled receptor 120
GPR40 G-protein-coupled receptor 40
GADPH Glyceraldehyde-3-phosphate dehydrogenase
GO Gene Ontology
LDs Lipid droplets
LXR Liver X receptor
NAFLD Nonalcoholic fatty liver disease
NASH Nonalcoholic steatohepatitis
ND Not detected
SCD-1 Stearoyl-Coenzyme A desaturase-1
SREBP-1 Sterol regulatory element binding protein-1
TG Triglyceride
T090 T0901317
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Abstract: Uterine leiomyomas (LMs), currently the most common gynecological complaint around
the world, are a serious medical, social and economic problem. Accurate diagnosis is the necessary
prerequisite of the diagnostic-therapeutic process. Statistically, mistakes may occur more often in
case of disease entities with high prevalence rates. Histopathology, based on increasingly advanced
immunohistochemistry methods, is routinely used in the diagnosis of neoplastic diseases. Markers of
the highest sensitivity and specificity profiles are used in the process. As far as LMs are concerned, the
crux of the matter is to identify patients with seemingly benign lesions which turn out to be suspicious
(e.g., atypical LM) or malignant (e.g., leiomyosarcoma (LMS)), which is not uncommon. In this study,
we present the current state of knowledge about the use of immunohistochemical markers in the
differential diagnosis of LM, atypical LM, smooth muscle tumors of uncertain malignant potential
(STUMP), and LMS, as well as their clinical predictive value.

Keywords: uterine fibroid; leiomyoma; smooth muscle tumor of uncertain malignant potential;
leiomyosarcoma; myometrium; immunohistochemistry; marker; pathology; tumor; diagnosis

1. Introduction

1.1. Epidemiology and Etiopathology of Myometrial Neoplasms

Tumors arising from the smooth muscle cells of the uterus are the most common neoplasms of the
female genital tract around the world [1,2], chief among them leiomyomas (LMs), which are benign
lesions of the uterus. Their prevalence is age-dependent, reaching 70–80% among women >50 years of
age, and has been estimated at approximately 40–60% among women <35 years of age, depending on
the population [3,4]. The results of the population observations have been confirmed by hysterectomy
preparations—LMs are diagnosed in 77–96% of the patients [5,6], followed by lipoleiomyomas, which
are relatively common LM variants (approx. 2.3%) among postmenopausal women who require
surgical intervention [6].
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Despite the fact that LMs are very common, the etiopathogenesis and pathophysiology of these
benign tumors remain unclear [7–10]. The risk factors for the development of LMs include modifiable
factors [1], e.g., dietary components [7,11,12], and non-modifiable factors, e.g., genetic [13,14], both in
case of spontaneous changes [15] as well as autosomal dominant heredity [16].

According to the available literature, LM growth depends mostly on steroid hormones [13,17–19].
Nowadays, progesterone is believed to be the dominant factor in LM pathophysiology and growth
stimulation [13,19,20]. The effect of progesterone on the development of uterine fibroids consists in the
overexpression of cytokine-related genes and the increase of selected growth factor concentrations,
e.g., transforming growth factors (TGFs), vascular endothelial growth factor (VEGF), tumor necrosis
factor-α (TNF-α), and many others [7–9,21]. LMs are benign lesions with favorable prognosis but,
due to their prevalence and considerable similarities to malignant tumors which are also derived
from the body of the uterus, detailed histopathological evaluation is necessary to exclude dormant
leiomyosarcomas and to determine their potential for malignant transformation [22]. According to
the available literature, leiomyosarcomas (LMSs) account for 1–2% of all malignant tumors of the
uterus [22], and remain the most common sarcomas of the female reproductive tract [22]. Approximately
1 in 100,000 people are diagnosed with LMSs [23]. According to Kho et. al., occult uterine sarcoma
occurs in 0.089% of the cases or 1 in 1124 hysterectomies in women undergoing surgery for benign
gynecologic indications [24], while Graebe et al., reported an even higher risk –0.22% [25]. Zhao et al.
(2015), calculated the risk for unexpected uterine sarcomas at 0.47% [26].

1.2. Differentiation and Advanced Pathological Diagnostics in Myometrial Neoplasm

Determination of the hormone receptor status of the tumor cells allows the prognosis and
assessment of the dynamics of the neoplastic process [22,27]. In the case of LMs, identification of
patients with a high risk for malignant transformation or dynamic tumor growth may help to decide on
the treatment plan and/or the extent of the operative treatment, or pharmacotherapy for non-surgical
management [27–30]. It is a well-known fact that numerous regulatory mechanisms of proliferation
are disturbed in cancer cells, as is the case with LM, whose growth becomes a self-stimulatory, often
tumor volume-dependent process [7,8,13].

Several well-described diagnostic markers are used in the diagnosis of neoplastic lesions, chief
among them Ki-67 antigen, p53 protein and steroid receptors: estrogen (ER) and progesterone (PR) [22,31].
These markers are used to assess the biology of the myometrial lesions and for differential diagnosis of
tumors with atypical presentation. Nevertheless, histopathological evaluation sometimes remains
inconclusive, which is reason enough to continue the search for more reliable markers. Apart from the
aforementioned markers, the following, whose diagnostic applicability is yet to be determined, are
currently being tested:

(a) proteins that control the cell cycle and have a direct influence on the dynamics of proliferation,
e.g., p16 [32–34]; cyclin D1 [35,36]; Bcl-2 [37]; proliferating cell nuclear antigen (PCNA) [38];

(b) TGFs [7]; epidermal growth factor (EGF) [39]; VEGF [40]; insulin-like growth factors (IGFs) [41];
(c) proteins which are responsible for intercellular interactions: mucins [42]; galectins [39,42];
(d) proteins which are responsible for muscle cell contraction: caldesmon [43,44]; calponin [36,44];

α-smooth muscle actin [9,45];
(e) cytoskeletal proteins: vimentin, desmin, nestin, keratin [46,47].

1.3. Classification of Uterine Smooth Muscle Tumors

The differentiation between benign and malignant myometrial lesions continues to present a
considerable challenge for pathologists, and sometimes the final diagnosis remains inconclusive [22,48].
A number of criteria have been suggested in an attempt to unify the classification of the uterine
tumors [22,48–50]. Based on tumor morphology and biology, four groups of myometrial tumors
have been distinguished [51]. The current classification of smooth muscle neoplasms is presented in
Table 1 [51].
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Table 1. The 2014 classification of smooth muscle tumors according to the World Health Organization
(WHO) [51].

Myometrial Neoplasms

Benign Lesions

leiomyoma leiomyoma with Unusual Presentation

cellular leiomyoma diffuse leiomyomatosis

epithelioid leiomyoma intravenous leiomyomatosis

myxoid leiomyoma benign metastasizing leiomyoma

atypical leiomyoma

lipoleiomyoma

Uncertain Potential

Smooth Muscle Tumor of Uncertain Malignant Potential (STUMP)

Malignant

leiomyosarcoma

epithelioid variant

myxoid variant

At present, a number of criteria are used for the differentiation and the final diagnosis [22,49].
Topographic hematoxylin-eosin (HE) staining is commonly used in anatomic pathology diagnostics
to evaluate tissue architecture [22,52]. The criteria presented in Table 2 [53,54] or the Stanford
University Criteria presented in Table 3 [55], are applicable for the differentiation between benign and
malignant lesions.

Table 2. Differentiation criteria for uterine smooth muscle tumors [53,54].

Benign Malignant

• Low mitotic index
(<5 mitotic figures for 10 High Power Field)

• No cell atypia
• No tumor cell necrosis

(with the exception of ischemic necrosis)
• Typical presentation of the smooth muscle cells,

with uniform shape and size
• No intravascular component
• Well-demarcated

• Numerous mitotic figures
(≥5 for 10 High-Power Field)

• Significant cell atypia
• Areas of tumor cell necrosis

with island-like presentation

Table 3. Leiomyosarcoma of Deep Soft Tissue Stanford Medicine Surgical Pathology Criteria [55].

Leiomyoma
(requires all below)

Smooth Muscle Tumor
of Uncertain Malignant Potential

(used for any of below)

Leiomyosarcoma
(requires any one of below)

Cytologically bland Bland but 1-4 mitotic figures/50
High-Power Field Cytologic pleomorphism or atypia

<1 mitotic figure/50
High-Power Field

Multiple recurrences but
lacking other atypical features

>4 mitotic figures/50
High-Power Field

No tumor
cell necrosis

Coagulative tumor
cell necrosis

Among malignant myometrial tumors, LMSs comprise approximately one-third of all uterine
sarcomas. The annual incidence rate for LMSs has been calculated at 0.7–1 in 100,000 women [23,56].
LMSs are a relatively rare occurrence but have high malignancy potential and poor prognosis.
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The 5-year survival rate for LMSs is 50% in cases without metastases [57]. The presence of distant
metastases significantly worsens the already unfavorable prognosis. According to most clinical studies,
progression-free survival for patients with distant metastases is 12–15 months [58].

In light of the above, accurate diagnosis and pre-operative histopathological evaluation are
essential [29,59]. Nevertheless, we still lack tools to distinguish categorically between benign and
malignant lesions. It seems that possible disproportions in the concentrations of selected growth
factors among patients with LMSs as compared to LMs might be a turning point as far as improved
pre-operative detection of LMS is concerned. However, this subject has been discussed elsewhere [60].

The existence of lesions of uncertain potential, which further complicates the diagnostic process,
presents a challenge for both pathologists and clinicians and is cause for concern to the affected patient.
It is described as smooth muscle tumor of uncertain malignant potential (STUMP) according to the
current classification of myometrial lesions. Tumors from that group have diverse structure and unclear
clinical course [48,61,62]. To the best of our knowledge, there have been no reports or observational
studies about patients with STUMP after surgical interventions [63]. Due to considerable clinical and
morphological similarities between atypical, STUMP, and LMs lesions, advanced histopathological
differentiation is necessary [62,64], and only a diagnostic process that includes immunohistochemical
(IHC) evaluation may offer that.

Tumor differentiation is additionally complicated by the fact that lesions not derived from the
myometrial cells may still arise in the myometrium. Based on the histological structure of a uterus, which
consists of endo-, myo- and perimetrium, we know that the endometrium is composed of the epithelium
and lamina propria. The latter is a connective tissue of mesenchymal origin as well as the elements of
the myometrium. It is vital to bear that in mind during histopathological diagnosis and differentiation
between myometrial lesions and tumors such as endometrial stromal sarcoma. The available literature
reports suggest using diagnostic panels for the differentiation of the aforementioned lesions [36].

Due to the complexity of differentiating between myometrial changes, physicians and diagnosticians
often find differentiation and the process of decision-making about further management challenging.
The aim of our study was to systematize the knowledge on the currently used IHC markers and other
markers, whose diagnostic potential remains to be fully validated. Also, the up-to-date opinions about
the clinical practice for differential diagnosis are presented.

2. Methodology of Obtaining Data and Data Analysis

We conducted a search in PubMed of the National Library of Medicine and Google Scholar.
Databases were extensively searched for all original and review articles/book chapters published in
English until September 2018 and related to myometrial neoplasms using the following keywords (one
or in combinations): uterine fibroid; uterine leiomyoma; uterine leiomyosarcoma; uterine sarcoma;
smooth muscle tumor of uncertain malignant potential (STUMP); immunohistochemistry (IHC).
Moreover, additional articles from the reference sections of the reviewed articles were searched.
Overall, most relevant articles were reviewed and included as appropriate.

3. Available Immunohistochemical Markers

As mentioned above, tumors arising from the smooth muscle cells of the uterus may present a
considerable challenge for pathomorphologists. IHC, owing to its steady development and advances, has
become one of the main diagnostic tools in anatomic pathology in general. As far as histopathological
evaluation of myometrial tumors is concerned, experts agree that no therapeutic intervention should
be initiated without additional IHC testing, regardless of the primary diagnosis. Lack of compliance
with this recommendation might result in false positive or false negative results and expose the affected
patient to the risks associated with a failure to detect a malignant lesion [22,27,65].

IHC markers which may be useful in differentiating between benign and malignant myometrial
tumors are presented below. Additionally, marker-dependent implications for clinical management
and prognosis for the patients have been discussed.
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3.1. Markers with Strong Evidence

3.1.1. Ki-67

The Ki-67 proliferation antigen is the most common IHC marker in laboratory practice [22,31].
Despite being first described by Gerdes et al. as early as 1983, it continues to be the gold standard for the
evaluation of the intensity of proliferative processes, and its expression in various neoplastic diseases
has prognostic and predictive value [66]. The Ki-67 protein is expressed only in the proliferative phase
of a cell (late G1, S, G2, and mitotic phases). Ki-67 antibody (MIB-1), used in the diagnostic process,
makes IHC analysis more repeatable and accurate [67]. IHC testing confirmed that Ki-67 expression
as a cellular marker for proliferation increases with tumor aggressiveness. Mayerhofer et al. (2004),
demonstrated a significantly higher Ki-67 expression in the case of LMS vs. STUMP (p = 0.0001) and
LMS vs. LM (p = 0.0002). At the same time, these authors found no statistically significant differences
for STUMP vs. LM (p = 0.491) [68]. Mittal and Demopoulos (2001) reported similar results for LMS
vs. STUMP and LMS vs. LM, and claimed that Ki-67 may be applicable in differentiating between
STUMP vs. LM. Ki-67 expression level exceeded 15% in 11 out of 12 cases of LMS. Expression at the
level of 5–10% was observed in 6 out of 7 STUMP cases. Importantly for result interpretation, Ki-67
expression was present in only 1 out of 15 cases of cellular LM, which is consistent with the biology of
slow-growing benign lesions [69]. Petrović et al. (2010), found no Ki-67 expression in LM (LMS vs. LM
(p = 0.0001) and STUMP vs. LM (p = 0.0001)), which indicated high diagnostic value of the marker
in question. In their study, LMS vs. STUMP did not reach the level of statistical significance [70].
In 2009, Lee et al., reported that Ki-67, both as an isolated marker and in combination with p16 and
p53, demonstrated a 92% sensitivity and a 98% specificity in differentiating between LMS and LM
(65% LMS; 0% LM > 10% Ki-67 proliferation index p < 0.001) [71].

The literature offers reports about a positive correlation between Ki-67 expression and tumor
aggressiveness, as well as clinical advancement of the disease in the case of LMS. Akhan et al. (2005),
observed prolonged survival among patients with low Ki-67 expression (p = 0.034) [72], which is
consistent with the findings of Mayerhofer et al. (2004), who demonstrated that rapid tumor growth
and shortened disease-free survival are associated with high Ki-67 expression, which is correlated
with involvement of the vascular space [68,73]. Lusby et al. (2013), reported Ki-67 overexpression,
with an accompanying loss of ER and PR expression in case of LMS, whereas in metastatic tumors
Ki-67 expression with VEGF and survival was higher as compared to the primary foci [74]. D’Angelo
et al. (2011), confirmed the fact that high Ki-67 expression correlated with worsened long-term
prognosis for the patient (p = 0.01). These authors also suggested that simultaneous evaluation of the
clinical-pathological markers such as tumor size, mitotic index, and IHC Ki-67, Bcl-2 greatly increases
statistical significance (p = 0.001) [75]. Recently, Demura et al. (2017), reported lower Ki-67 expression
in those patients treated with selective progesterone receptor modulators (SPRMs) whose tumor
volume significantly decreased, and claimed it was an antiproliferative and a proapoptotic effect of the
treatment [32].

In light of the aforementioned data, it seems unquestionable that Ki-67 is a highly useful marker
for differentiating between malignant and benign tumors, determining the prognosis for patients with
this rare malignancy (LMS), and also planning further oncologic treatment [22]. The diagnostic value of
Ki-67 is not to be underestimated; however, certain discrepancies between the reported results explain
why Ki-67 has not become a part of the diagnostic panel. A potential panel is presented in Figure 1.
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Figure 1. Leiomyoma. (A) Topographical staining hematoxylin and eosin. Immunochistochemical
expression of (B) Ki-67 antigen, (C) p53 protein, (D) p16 protein, (E) estrogen and (F) progesteron
receptors. Magnification ×20.

3.1.2. Tumor Protein p53 (p53, Cellular Tumor Antigen p53)

According to the available data, the TP53 gene is the most frequently mutated gene in human
cancer. The TP53 gene encodes more than 15 protein isoforms of various sizes. These p53 proteins are
known as the p53 isoforms [76]. The p53 protein plays a crucial role in multicellular organisms, where
it prevents cancer formation, thus functioning as a tumor suppressor [76]. The p53 protein is engaged
in the regulation of numerous cellular processes. It is responsible for the activation of the mechanisms
of DNA repair and induction of apoptosis in response to DNA damage, thus being an example of
a suppressor protein. Also, p53 displays features of a transcription factor, so mutations within the
DNA-binding domain inhibit the transcription of protein-encoding genes, which are responsible for
cell protection against tumor invasion [77,78]. Mutations in the TP53 gene which encodes the p53
protein are correlated with unfavorable prognosis for the affected patients [70].

The analysis of p53 expression has been widely applied in differential diagnosis of various types of
tumors, including lesions derived from uterine smooth muscle cells [78]. It seems that the background
for using p53 expression in differential diagnosis is strong. The evidence may be found in studies
by O’Neill et al. (2007), and Chen et al. (2008), who revealed that expression of p16, p53 and Ki-67
is stronger in uterine LMS as compared to normal LMs, LM variants, and STUMP [31,79]. Dastranj
Tabrizi et al. (2015), and Azimpouran et al. (2016), confirmed the previous findings, even for separate
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p53 evaluation in differential diagnosis of uterine LMS vs. LM and STUMP [80,81]. Zhou et al. (2015),
confirmed the overexpression of the p53 protein in uterine LMS. No significant correlations with age,
tumor size, clinical stage were found [82]. Layfield et al. (2000), demonstrated an association between
p53 expression and the prognosis for patients with LMS [83]. In an earlier study, Blom et al. (1998),
found no such link, but they did find a connection between p53 and the frequency of recurrence in
LMS [84]. Similar findings were reported by Maltese et al. (2018), who very recently described that ER
status (p = 0.027) and p53 expression (p = 0.015) predicted the risk for relapse in LMS [85]. Notably,
p53 positivity in the case of malignant lesions is usually spread, as opposed to focal reaction in the
case of benign changes. However, that fact should be treated merely as additional information and not
as conclusive evidence [86]. Dall’Asta et al. (2014), recommended using IHC verification of p16 and
p53 overexpression in order to identify patients at an increased risk for disease recurrence, who may
benefit from aggressive oncological treatment [62].

The aforementioned authors suggest that the p53 protein is one of the key elements of
differentiating between smooth muscle cell-derived tumors and should be routinely used as a part of
the diagnostic panel (Figure 1). The protein in question might not only provide better differentiation
but also help to determine the malignancy potential and further prognosis for LMS patients.

3.1.3. p16 Protein (Cyclin-Dependent Kinase Inhibitor 2A, Multiple Tumor Suppressor 1)

The p16 tumor suppressor protein, encoded by the CDKN2A gene [87], plays a crucial role in cell
cycle regulation, especially by decelerating cell progression from G1 to S phase [87]. The p16 protein
inhibits cell cycle control using the pRB protein [88]. At present, p53 is the second (after pRB) most
often measured suppressor protein. The altered expression profile of p53 is found in various tumors,
e.g., laryngeal, esophageal, cervical cancers or malignant melanoma [89]. Diagnostic sensitivity is
particularly increased when differentiating between cervical intraepithelial neoplasia (CIN)2 vs. CIN3
of cervical cancers associated with HPV (human papilloma virus) infection [90,91].

As far as myometrial changes are concerned, most authors report that IHC p16 expression
increases with tumor aggressiveness. In 2007, O’Neill et al., analyzed the expression of p16, p53
and Ki-67 in myometrial lesions and found their levels to be elevated in uterine LMS as compared
to normal LMs, LM variants, and STUMP [79]. In 2008, Gannon et al., and Chen et al., revealed a
statistically stronger expression of p16 in LMS than in LM and its various subtypes (p < 0.001) [31,33].
As far as the findings of O’Neill are concerned, Chen et al., also stated that the use of a panel of
antibodies to p16, p53, and Ki-67 is very helpful in distinguishing LMS from cellular LM and usual
LM [31]. These reports are consistent with the results of Bodner-Adler et al. (2005), who found p16
expression in 12% of LMs, 21% of STUMP, and 57% of LMS cases. The aforementioned authors found
statistically significant differences regarding p16 expression in LMS in comparison to STUMP lesions
(p < 0.05) as well as LMS vs. LMs (p < 0.05), whereas the STUMP vs. LM difference was statistically
insignificant (p > 0.05). Staining intensity differed significantly between LMS and LM and between
LMS and STUMP (p < 0.05), but no statistically significant difference was observed between STUMP
and LM (p > 0.05). No statistically significant correlations could be found between p16 expression
and clinical stage, age, vascular space involvement, and disease recurrence in patients with LMS
(p > 0.05). Interestingly, p16 positivity had no differential value (p > 0.05) as far as the overall survival
is concerned [92]. In 2011, Hakverdi et al., reported p16 overexpression in LMS, suggesting that p16
might be a useful IHC marker in distinguishing uterine LMS from LM and its benign variants [93].

More recent studies argue in favor of using IHC panels as markers for the evaluation of uterine
LMS, with the loss of ER and PR expression, overexpression of Ki-67, and altered p53, RB, p16
expressions [74]. This is due to fact that in some studies statistical significance was not reached. In a
study by Liang et al. (2015), the expression of PR, p16, and phosphorylated histone H3 (pHH3) was
found to be significantly different between atypical LMs and LMSs, but there were also no statistically
significant differences between atypical LMs and LMs [94]. Finally, Schaefer et al. (2017), analyzed
the expression of p16 and p53 on the mRNA and protein level in differential diagnosis between LMS
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and inflammatory myofibroblastic tumors (IMTs). p16 loss was detected in 5 out of 10 myxoid tumors
and 2 out of 11 LMSs, but it was not found in IMTs (p = 0.0005), correlating with CDKN2A deletion
(p = 0.014). Strong p16 staining in 6 out of 21 LMSs and 3 out of 26 IMTs did not correlate with changes
in CDKN2A. Schaefer et al., concluded that abnormal staining for p53 and p16 loss was observed more
frequently in uterine LMSs, with 100% specificity and 70% sensitivity against IMTs [34].

The aforementioned studies emphasize the importance and the possible role of p16 in differentiating
between myometrial changes. In our opinion, the p16 protein should be included in the basic
diagnostic panels (Figure 1).

3.1.4. Proliferating Cell Nuclear Antigen (PCNA)

PCNA is a proliferating cell nuclear antigen—a sliding DNA clamp and an auxiliary protein—
which increases polymerase activity approximately 1000-fold, preventing its separation from DNA [95].
PCNA was originally identified as an antigen expressed in the nuclei of cells during the DNA synthesis
phase of the cell cycle [96]. It is involved in processes like DNA replication and repair, chromatin
remodeling and epigenetics. High PCNA expression in proliferative cells is the reasons why it is
considered to be a cell proliferation marker [95]. In a normal healthy tissue of the uterine muscle, both
in the secretory and proliferative phases of the cycle, PCNA expression is low, as opposed to a very high
expression, especially in the secretory phase, in the pathologically changed tissues of the uterine muscle,
e.g., in LMs [18]. According to Vu et al. (1998), a positive PCNA expression is observed in as many as
874/1000 LMS cells, in contrast to 381/1000 in patients after treatment with gonadotropin-releasing
hormone (GnRH) agonists, which is evidence for decreased proliferation in response to pharmacological
treatment (p < 0.001) [97].

Also, PCNA allows us to differentiate between malignant and benign lesions derived from smooth
muscle cells of the uterus [38]. Higher PCNA expression is observed in LMS as compared to cellular
and atypical LM which, together with lowered ER and PR expressions, makes it possible to differentiate
between the lesions (p < 0.01) [45]. According to Mittal and Demopoulos (2001), and Zhu et al. (2003),
IHC using PCNA can be useful in distinguishing between cellular LM and malignant tumors, and can
be treated as an IHC marker [45,69]. Guan et al. (2012), reported similar findings when they found the
levels of Ki-67 and PCNA expression to be lower in cellular LMs than in LMSs (p < 0.05) [38].

An analysis of LM tissues from patients undergoing pharmacological treatment also generated
interesting observations about PCNA. Ulipristal acetate (UPA) belongs to a group of SPRMs. UPA
has partial agonistic as well as antagonistic effect on the progesterone receptor. It also binds to the
glucocorticoid receptor, but has no relevant affinity to the estrogen, androgen and mineralocorticoid
receptors [98]. In a study by Yun et al. (2015), who evaluated changes in proliferating and apoptotic
markers of UFs after SPRMs or GnRH agonists, PCNA and caspase-3 protein expression was found to
be higher in the LM tissue after SPRMs in comparison to the control group (no difference between the
control and GnRH agonists groups) [99]. In a study by Luo et al. (2010), who evaluated the effects of
different SPRM—telaprisone on proliferation and apoptosis in cultured LM cells, treatment with this
drug also significantly decreased the levels of the proliferation marker PCNA and the anti-apoptotic
protein Bcl-2 [100]. Epigallocatechin gallate (EGCG) is the ester of epigallocatechin and gallic acid
that can be found in black or green tea [101,102]. EGCG has various biological effects confirmed in
laboratory studies, and some of them were also performed on LMs. In 2010, Zhang et al., found that
cultured LM cells treated with EGCG showed an inhibition of cell proliferation. An extensive further
analysis confirmed a significant decrease in the expression of PCNA and Bcl-2 [102].

All these studies on drugs and proliferation markers confirm the effect of the aforementioned
substances on the proliferative processes of LM cells. The effect of the pharmacological treatment on
the later histopathological differentiation needs further consideration. The literature offers little, if any,
data on the matter. Since medications for LM may affect the IHC markers, mistaking malignant lesions
for benign pathologies is a risk which should not be ignored. Therefore, it should be obligatory to
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inform the histopathologist about each case of pharmacotherapy before surgical intervention for LM.
Further research about the effects of pharmacotherapy on IHC proliferation markers is necessary.

PCNA also seems to be a promising IHC marker. In our opinion, and based on the reports in the
literature, PCNA improves the detection rates of malignant lesions and may be used as a proliferation
marker in cases of smooth muscle cell-derived uterine changes after pharmacological treatment.

3.1.5. Bcl-2 Protein (B-Cell Lymphoma 2)

Bcl-2, a protein encoded in humans by the BCL2 gene, plays a major role in the regulation of
apoptosis. Damage to the BCL2 gene has been identified as a causative agent in various cancers where
overexpression of the anti-apoptotic genes and under-expression of the pro-apoptotic genes might
occur [103–105]. Additionally, which is important in the process of carcinogenesis, the Bcl-2 protein
may initiate cell replication, thus decreasing the need for growth factors [106].

As far as LM diagnostics and Bcl-2 are concerned, higher Bcl-2 expression was demonstrated in
LMs cell as compared to the normal, healthy myometrium [107,108]. In a study by Bodner-Adler et al.
(2004), Bcl-2 was expressed more often and more strongly in LMs as compared to LMS and STUMP
(Bcl-2 was present in 12 out of 21 LMS, 8 out of 22 STUMP, and 20 out of 25 LMs cases). Statistical
significance of Bcl-2 expression was observed between LMS and LMs, and between STUMP and LMs
(p ≤ 0.05), although no statistical significance has not been found between LMS and STUMP [109].
Zhai et al. (1999), also demonstrated Bcl-2 overexpression in benign uterine smooth muscle tumors
(LM, cellular LM, and STUMP) as compared to LMS (p < 0.05) [110].

According to the available literature, Bcl-2 and its encoding gene seem to be effective tools to
determine the malignancy potential of various tumors and patient prognosis. Banas et al. (2017),
recently found that Bcl-2 and selected DNA fragmentation factors are significantly under-expressed in
uterine LMS, but only lack of DNA fragmentation factor 40 and Bcl-2 negatively influences disease-free
survival and the overall survival [111].

In a study by Conconi et al. (2017), the presence of multiple BCL2 gene copies and their expression
in suspicious STUMPs and relapsed tumors was confirmed. These authors concluded that amplification
of the BCL2 gene present in the STUMPs and its multiple copies suggest its potential role as a marker
of STUMP malignancy potential [112]. Smaller involvement of the vascular space and longer survival
rates were observed in patients with LMS and positive Bcl-2 expression, which allows us to classify
that protein as an effective prognostic marker for patients with LMS [113]. According to Lusby et al.,
high Bcl-2 expression also predicted longer disease-specific survival in women with uterine LMS [74].
The same observations were made by D’Angelo et al. (2011), who concluded that a combination of
clinicopathologic parameters including Ki-67 and Bcl-2 protein expression allows us to distinguish
groups of LMS with different survival, and that tumors that were Ki-67 positive and Bcl-2 negative
had worse prognosis [75]. On the other hand, in 2016 de Graaff et al. reported that high expression of
Bcl-2 proteins might contribute to increased chemoresistance of soft tissue LMS [114].

The abovementioned studies presented evidence that Bcl-2 may be used as yet another marker for
differentiating between malignant and benign uterine smooth muscle cell tumors. Regardless of the
findings of de Graaff et al. [114], Bcl-2 seems to be a valuable prognostic factor for LMS lesions. More
data on the matter might be the key component when planning treatment regime for malignant uterine
smooth muscle cell tumors. Further research is necessary as the number of reports in the literature is
still rather limited.

3.1.6. Other Markers

A number of other markers of myometrial differential diagnosis have been described in the
literature. Alas, they do not have strong evidence to support their diagnostic value. However, in our
opinion, they should be considered in future studies.

Bodner-Adler et al. (2004), studied matrix metalloproteinase 2 (MMP-2) expression in myometrial
lesions and suggested that MMPs play an important role in tumor invasion and metastasis because of
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their influence on the degradation of the extracellular matrix components. These authors reported
stronger MMP-2 expression in patients with LMS as compared to STUMP (p = 0.025) and LMs (p = 0.006),
and concluded that MMP-2 might be a useful IHC parameter to differentiate borderline cases [109].
MMP-2 negative uterine LMSs were also found to have decreased vascular space involvement (p = 0.04),
and prolonged disease-free survival was observed in MMP-2-negative LMS patients (p = 0.09) [115].

In 2006, Bodner-Adler et al. published their results about the expression of thrombospondin 1
(TSP1) in myometrial lesions. According to these authors, TSP1 suppresses angiogenesis by inhibiting
endothelial cell proliferation and inducing endothelial cell apoptosis. They observed a stronger
expression of TSP1 in LMs as compared to STUMP and LMS (p < 0.05), but this significance was
not detected between LMS and STUMP [116]. They concluded that a negative correlation between
vascular space involvement and TSP1 expression might be a new predictive factor in women with
uterine LMS [116].

In 2011, Weissenbacher et al., evaluated the expression of mucin-1, galectin-1 and galectin-3 in
tumors derived from the myometrium [42]. Mucins, highly glycosylated proteins, are a component in
various secretions [117]. Galectins play an important role in cell adhesion, angiogenesis, metastasis
and apoptosis [118]. The expression of Muc-1 was increased in LM and LMS as compared to the
normal myometrium. Increased expression of Gal-1 was found in LM in comparison to the healthy
myometrium and LMS. The results of Gal-3 expression were statistically insignificant [42].

Very recently, Soltan et al. (2018) published their observations about the expression of galectin-3
and epidermal growth factor receptor (EGFR) in myometrial lesions [39]. EGFR is believed to be
one of the most important transmembrane receptors which transduce signals into the cell [119]. In a
study by Soltan et al., EGFR overexpression was detected in LMS, while lack of or reduced expression
of EGFR was observed in LMs, atypical LMs, and STUMPs. Meanwhile, galectin-3 expression was
downregulated in LMS as compared to other myometrial tumors [39].

The minichromosome maintenance protein complex (MCM) proteins, which initiate and limit
DNA replication, have also been an area of interest for some researchers. According to a study
by Chuang et al. (2012), LMs expressed significantly elevated levels of MCM7 as compared to the
myometrium [120]. These proteins remain highly stable but active during all phases (G1, S, G2 and M),
which is why it might be possible to differentiate between tumor cells during the phases of inactivity
and intensive growth [121]. Unfortunately, data on that topic are very limited.

Major vault protein (MVP)/Catechol-O-methyltransferase (COMT)—Lintel et al. (2018) attempted
to assess IHC expression of proteins allowing to distinguish between LM and LMS performed initial
proteomic studies to select markers for further evaluation. MVP and COMT had 3.05 and 13.94 times
higher expression in LMS relative to LM in ion spectra mass spectrometry, respectively. Subsequently
in the IHC, MVP was found to be 50% sensitive and 100% specific when comparing LMS to LM. COMT
had a sensitivity of 38% and a specificity of 88%. Immunohistochemical expression of MVP might
be suggested as a useful marker in distinguishing LMS from LM in difficult cases [122]. In case of
COMT, additional factors may also exert their influence, e.g., unstable concentrations of vit. D (whose
influence on COMT has been reported [123]), vit. D supplementation, consumption of large quantities
of green tea, or supplementation of its extracts [124].

Cellular retinol-binding protein-1 (CRBP-1) is the carrier protein involved in the transport of retinol
from the liver storage site to peripheral tissue [125]. CRBP-1 contributes to the maintenance of the
differentiated state of the endometrium through retinol bioavailability regulation. As mentioned by
Orlandi et al. (2004), CRBP-1 may help to point the changes which occur in endometrial stroma and
therefore be applied as an additional endometrial stromal marker [126]. In 2002, Orlandi et al. found that
the expression of CRBP-1 is higher in uterine LMS than in LM and healthy myometrium [127]. In 2007,
Zaitseva et al., published their study which demonstrated that CRBP-1 is differentially expressed
between myometrium and LM. In this study authors concluded that the expression of CRBP-1 is altered
in LMs when compared with healthy myometrium which might be a point for further studies to
investigate the importance of these alteration in development of LM [128]. The aforementioned studies
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suggest that various CRBP-1 expression might represents a new useful marker for the differential
diagnosis of smooth muscle tumors of the uterus [127].

Lactate dehydrogenase (LDH) catalyzes the conversion of pyruvate and lactate. It converts
pyruvate, the final product of glycolysis, to lactate when oxygen is absent or in short supply, and it
performs the reverse reaction during the Cori cycle in the liver. LDH is involved in tumor initiation and
metabolism, while cancer cells rely on increased glycolysis resulting in increased lactate production in
addition to aerobic respiration even under oxygen-sufficient conditions (in the process called Warburg
effect) [129]. Song et al. analyzed the expression and prognostic value of two different subunits of
LDH—A and D in LM, cellular LM and LMS. They disclosed significantly stronger IHC expression of
LDH-A and LDH-D in patients with LMS vs. LM as well as LMS vs. cellular LM. Moreover, they found
that LDH-A-positive LMS patients had a poorer prognosis than LDH-A-negative patients (p = 0.03).
The authors stated, that overexpressions of LDH-A and LDH-D in LMS patients point to a more
aggressive character of the tumor and a positive expression of LDH-A in patients with LMS may have
prognostic value in these patients [130].

DNA topoisomerase 2-alpha (TOP2A) is an enzyme that controls and alters the topologic states
of DNA during transcription. Baiocchi G et al. (2016) examined protein expression by IHC and gene
TOP2A copy number by fluorescence in situ hybridization to verify its prognostic value in malignant
(LMSs) and non-malignant (LMs, STUMPs) myometrial lesions; 56.8% of patients with LMS showed
high expression of TOP2A. Greater TOP2A levels were found in patients with stage ≥II disease
compared with stage I and also in high mitotic index tumors (>20/10 HPF). They stated that protein
TOP2A expression does not correlate with TOP2A gene expression and does not predict outcome [131].

Studies about new, alternative IHC markers are necessary. The available diagnostic methods
are of high quality but, in many cases, it is still impossible to determine the nature of the tumor and
these new IHC markers might be used to improve the detection rates for malignant lesions, which in
consequence allows for optimal diagnosis and treatment plan.

3.1.7. Non-Myometrial Tumors in Differential Diagnosis

• PEComa—Perivascular Epitheliod Cell Tumor

PEComa is very rare tumor which present co-expression of melanocytic and smooth muscle
markers [132]. In a study by Bennett et al., it was clearly shown that all PEComas had expression of
HMB-45 antibody, cathepsin K, and at least one muscle marker, with most expressing melan-A (77%)
and/or microphthalmia associated transcription factor (MITF) (79%) [133]. What stays in line with the
previous observations by Vang et al., with regard to the expression of HMB-45, which is positive for
epithelioid mesenchymal tumors of the uterus with an uncertain relationship to pure smooth muscle
tumors [134]. Most PEComas can be morphologically distinguished from classical smooth muscle
tumors by their distinctive capillary architecture [135]. Future studies about their morphology and
IHC patterns for better differential diagnosis are still required.

• Endometrial Stromal Sarcoma (ESS)

In the differential diagnostics of myometrial lesions, in doubtful cases a patomorphologist
may also think about neoplasms originating from endometrium, i.e., endometrial stromal tumors.
Conklin et al. in 2014 presented new World Health Organization (WHO) classification of endometrial
stromal tumors, which recognizes 4 main categories i.e.,: endometrial stromal nodule (ESN), low-grade
endometrial stromal sarcoma (LG-ESS), high-grade endometrial stromal sarcoma (HG-ESS), and
undifferentiated uterine sarcoma (UUS). These categories are defined by the presence of genetic
(distinct translocations) and clinicopathologic (tumor morphology) features. Available genetic
diagnostics highlighted the presence of the JAZF1-SUZ12 (formerly JAZF1-JJAZ1) fusion characteristic
for ESN and LG-ESSs, the YWHAE-FAM22 translocation identifies HG-ESSs, whereas UUS exhibits no
specific molecular pattern [136].
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For sure, genetic diagnostics are really precise tests (applicable in particular cases) whereas
primarily we search for easily available methods of differentiating in the microscopic examination i.e.,
IHC. There were separate markers tested for their potential usage. Nucci et al. (2001) pointed out that
h-Caldesmon appears to be a more sensitive and specific marker of smooth muscle differentiation in the
uterus than desmin and may be a useful tool for distinguishing and classifying uterine mesenchymal
tumors [137]. This stays in line with study by Rush et al. (2001) [138]. In the same year Chu et al. (2001)
analyzed the expression of CD10, desmin, smooth muscle actin (SMA), ER and inhibin in ESS, LM and
LMS. They concluded that in combination with SMA, and desmin, CD10 seems to be a useful IHC
marker in the differential diagnosis of ESS from LM and LMS [139].

Zhu et al. (2004) evaluated the potential utility of a panel of antibodies in the differential diagnosis
of ESS and cellular LM. They tested expression of desmin, alpha SMA, calponin h1, h-caldesmon,
ER, PR, CD10, CD44v3, PCNA, and mast cells in LG-ESS, HG-ESS, cellular LM and myometrium
as well as endometrium. They disclosed that a panel of h-caldesmon, CD10, and CD44v3 might be
useful in distinguishing ESS from cellular LM in most cases. Additionally, they postulated a need for
further investigation and interpretation of mast cells count as a part of a multivariate approach to the
differential diagnosis [140].

Moreover, IHC expression of different markers may have prognostic value. Park et al. (2018)
evaluated the expression of hormone receptors, i.e., ER, PR, and AR. Their increased expression was
associated with significantly better overall survival. When the patients were categorized according to
ER, PR, and AR immunoreactivity, triple-positive ESS had the best overall survival, and triple-negative
ESS had the worst overall survival. The expression of hormone receptors was associated with favorable
survival outcome in ESS. Their predictive value needs further investigation [141].

3.1.8. Steroid Receptors

In light of the fact that the tumors discussed in this article originated from hormonally-active
tissue, a short description of steroid receptors seems in order. Specialists who evaluate tumors are
obligated to verify the receptor status, but this is not used for differentiation but only for prognostic
evaluation (Figure 1). The last decade marked the rise of targeted therapies for various types of
neoplastic diseases. The effectiveness of targeted therapies is the result of drug action and patient
selection. It is necessary to identify the factor that would supply information about patient response to
treatment [142]. As far as uterine smooth muscle cell lesions are concerned, steroid receptors might
play such a role. The literature offers numerous publications about studies on ERs and PRs expressions
in tissues derived from uterine smooth muscle cells [22,69,72,74,85,94,143]. ER and PR are confirmed
in most cases of LMs, and various authors have confirmed different expression of ER and PR receptors
in other mesenchymal tumors of the uterine body [13,17,18,85]. The number of publications on the
presence of the aforementioned markers in LMS remains limited but, so far, the results presented have
been consistent and confirmed decreased ER and PR receptor expression in LMS cells. No differences in
the expression of the androgen receptor (AR) in LM and LMS were found (32% vs. 40%, p = 0.75) [144].
Azimpouran et al. (2016), reported lack of ER and PR expression in 20 out of 24 and 24 out of 24 patients
with LMS, whereas such expression was detected in every case of LM. At the same time, high steroid
receptor expression, as was the case with LM, was also confirmed in STUMP changes [81]. These
results are consistent with the findings of other authors, who observed a reverse correlation between
the ER and PR expression levels and tumor malignancy. Mittal and Demopoulos found a significantly
lower number (%) of positive reactions to ER and PR in LMS cells as compared to LM [69]. Similar
results were reported by Zhai et al. (1999), who confirmed ER and PR receptor expression in 7% and
36% of LMS cases, respectively [145]. According to other authors, e.g., Lusby et al. (2013), uterine LMS
samples exhibited loss of ER and PR expression (with the overexpression of Ki-67 and altered p53, p16
and others) [74]. Liang et al. (2015), demonstrated that high p16 expression and low PR expression
suggest the diagnosis of LMS [94]. Additionally, as far as steroid receptors are concerned, ERs can
be used to support the gynecologic origin of LMS (3% non-gynecologic vs. 50% gynecologic LMS;
p < 0.001) [71].
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Little is known about the presence of AR in myometrial lesions [27]. Leitao et al. (2004), described
positive IHC reactions for AR in 32% of leiomyomas [144]. In a recent study by Baek et al., AR expression
was found to be an independent factor for disease-free survival in patients with LMS. No deaths were
noted in the AR expression group, and the 5-year overall survival in the AR-negative expression group
was 54.8% (p = 0.014). Moreover, the co-expression of different steroid receptors (ER and/or PR) with
AR was associated with significantly better 5-year disease-free survival and overall survival [146].

In light of the fact that the relationship between these receptors and the development of LMs
has been well-documented, it is possible to apply a therapy using selective ER modulators [147,148],
GnRH analogs, e.g., leuprolide acetate [99,149], as well as the well-documented therapy using selective
PR modulators, e.g., UPA [150–152]. It seems prudent to investigate the effects of these drugs on
the aforementioned proliferation markers, and in consequence on the histopathological diagnosis.
Extensive research is necessary, especially since reports in the literature are scarce.

3.1.9. Future Directions

A vast majority of myometrial lesions leave no room for doubt as far as histopathology diagnosis
is concerned. However, there is a need for very thorough differential diagnostics of smooth muscle
cell tumors in some patients due to significant clinical and morphological similarities between benign
lesions of unknown potential and malignant tumors [22,27,29].

Surgical intervention remains the most common method of treating uterine tumors, especially
using minimally invasive techniques [153,154]. The histopathological diagnosis is usually made
post-operatively, which might be a cause for concern in case of STUMP, atypical LMs, and LMS.
Unfortunately, pre-operative detection rates for these lesions are still very low. Naturally, some changes
are suspicious and, in many cases, a seemingly benign lesion might turn out to be lethal. In 2016,
Cui and Wright reviewed papers on the prevalence of all uterine cancers in patients who underwent
morcellation, and found that the rates of uterine sarcomas in presumed uterine fibroids ranged
from 0.00% to 0.49%, and that LMS was the most commonly reported malignancy [155]. Accurate
pre-operative diagnosis of LMS was reported in 65% [156] to 84.1% [157] of patients. The topic of
undetected LMS was publicized after the 2014 Food and Drug Administration (FDA) warning. The FDA
discouraged the use of laparoscopic power morcellation during hysterectomy or myomectomy for
LMs due to the risk of dissemination of previously undetected malignancies [158]. The 2017 FDA
statement on power morcellation is less radical but still presents the method as potentially risky for
the patient and advises caution [159]. Therefore, an accurate and unambiguous diagnosis is important
not only due to pre-operative patient eligibility for laparoscopic or classical interventions, but also the
subsequent monitoring, therapy and prognosis. Studies on LMS-specific markers which might be used
for pre-operative monitoring are practically non-existent, although cytokines, e.g., TNF-α, seem to be a
hopeful direction [60].

In doubtful cases, especially differentiating between LM with high proliferative index and LMS,
when data obtained from the morphological studies supported by IHC seem to be insufficient or
inconclusive, we may also consider molecular analysis. Shikeeva AA et al., investigated the loss of
heterozygosity and microsatellite instability to find out genetic differences between the aforementioned
types of uterine lesions. In comparative analysis, they disclosed that patients with LMS had much
higher frequencies of genetic changes than those with benign tumors. Specificity and sensitivity of the
loss of heterozygosity and/or microsatellite instability markers were 92% and 95%, respectively [160].

3.1.10. Summary

Smooth muscle cell tumors belong to the most common lesions of the genital tract [1,2]. Due to
their high prevalence, but also a multitude of histopathological subtypes, it is necessary to use
molecular techniques in the diagnostic process of suspicious cases. Markers of cell proliferation such as
Ki-67 [31], p53 protein [76], and ER and PR expression [144] have been successfully used in differential
diagnosis for years. LMs are characterized by low expression of Ki-67 [68–70,74,145], p53 [31,74,80,81],
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and high expression of ER and PR receptors [69,74,145]. It is also a well-known fact that the risk for
malignant transformation increases with higher expression of proliferation markers [145,161].

The available markers are undeniably good but some data are missing, and more evidence
is necessary to better differentiate smooth muscle cell tumors. In light of that, it is reasonable, if
not necessary, to search for new IHC markers of higher sensitivity and specificity [22,27,39,74,82].
Identification of new proliferation markers might herald a breakthrough in tumor differentiation and
allow for a more individually tailored approach to therapy planning.

4. Conclusions

IHC is easily applicable due to the methodology of obtaining the material for examination (which
is similar to routine HE staining). However, it still has its weak sides. Nowadays, in many doubtful
cases it is replaced, or better, supported by molecular methods (in first line by: Western Blot, polymerase
chain reaction (PCR), enzyme-linked immunosorbent assay (ELISA) or others) as well genetic methods
(e.g., evaluation of heterozygosity or microsatellite instability analysis). These are in some cases
techniques irreplaceable in differential diagnostics of LMS and proliferative LM of the uterus.

Based on our present knowledge about the applicability of IHC markers in differential diagnosis
of lesions originating from the myometrium, we propose focusing on the aforementioned markers,
especially gicen that so far, we have not been able to discover unambiguous markers. The use of
panels of antibodies is strongly recommended, especially if we bear in mind tumor heterogeneity and
semi-quantitative character of this laboratory method. As was clearly demonstrated, markers with
strongest differential value are those responsible for proliferation and apoptosis balance. In accordance
with global trends, the use of other, new techniques might offer a chance to increase sensitivity and
specificity. However, they would also need to be easily applicable, which might present a challenge.
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Abbreviations

AR androgen receptor
Bcl-2 B-cell lymphoma 2
COMT catechol-O-methyltransferase
EGCG epigallocatechin gallate
EGFR epidermal growth factor receptor
ER estrogen receptor
ESN endometrial stromal nodule
ESS endometrial stromal sarcoma
GnRH gonadotropin-releasing hormone
HE hematoxylin and eosin staining
HG-ESS high-grade endometrial stromal sarcoma
IGF insulin-like growth factor
IHC immunohistochemistry
LDH lactate dehydrogenase
LG-ESS low-grade endometrial stromal sarcoma
LM leiomyoma
LMS leiomyosarcoma
MCM minichromosome maintenance protein
MITF microphthalmia associated transcription factor
MMP matrix metalloproteinase
MVP major vault protein
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PCNA proliferating cell nuclear antigen
PEComa perivascular epithelioid cell tumor
PR progesterone receptor
SMA smooth muscle actin
SPRM selective progesterone receptor modulator
STUMP smooth muscle tumor of uncertain malignant potential
TGF transforming growth factor
TNF-α tumor necrosis factor alpha
TOP-2A DNA topoisomerase 2-alpha
TSP1 thrombospondin 1
UPA ulipristal acetate
WHO World Health Organization
VEGF vascular endothelial growth factor
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Abstract: Crizotinib is highly effective against anaplastic lymphoma kinase-positive and c-ros
oncogen1-positive non-small cell lung cancer. Renal dysfunction is associated with crizotinib therapy
but the mechanism is unknown. Here, we report a case of anaplastic lymphoma kinase positive
non-small cell lung cancer showing multiple cysts and dysfunction of the kidneys during crizotinib
administration. We also present results demonstrating that long-term crizotinib treatment induces
fibrosis and dysfunction of the kidneys by activating the tumor necrosis factor-α/nuclear factor-κB
signaling pathway. In conclusion, this study shows the renal detrimental effects of crizotinib,
suggesting the need of careful monitoring of renal function during crizotinib therapy.

Keywords: lung cancer; renal injury; fibrosis; crizotinib; anaplastic lymphoma kinase; cystic formation

1. Introduction

Crizotinib is a selective inhibitor of several receptor tyrosine kinases including anaplastic
lymphoma kinase (ALK), hepatocyte growth factor receptor (HGF receptor, proto-oncogene c-Met)
and c-ros oncogene 1 (ROS1) [1,2]. ALK rearrangements are found in approximately 5% of patients
with non–small cell lung cancer (NSCLC) [3–5]. Crizotinib is highly effective against ALK-positive and
ROS1-positive NSCLC and its clinical use has been approved in many countries [6–8]. The Food and
Drug Administration of United States approved the clinical use of crizotinib in 2011 for ALK-positive
NSCLC and in 2016 for ROS1-positive NSCLC. However, several adverse effects such as gastrointestinal
complaints, visual disturbances and interstitial lung disease have been reported during clinical trials
of crizotinib [8,9]. Renal cysts and functional impairment of the kidneys have also been reported in
patients treated with crizotinib [10–14]. However, the underlying mechanism of renal complication
associated with crizotinib therapy is unknown.
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In this study, we reported a case of ALK-positive NSCLC with multiple renal cysts and renal
dysfunction during crizotinib therapy and described the functional and pathological changes observed
after long-term administration of crizotinib in an experimental mouse model.

2. Results

2.1. Case Report

A 71-year-old woman consulted the Respiratory Center of Matsusaka Municipal Hospital.
The patient was being treated with amlodipine because of arterial hypertension. Lung adenocarcinoma
with ALK arrangement was diagnosed based on clinical and pathological findings. Therapy with
crizotinib (500 mg/day) was associated with marked tumor shrinkage and clinical improvement
(Figure 1A–C). Parameters of kidney function were normal before the initiation of crizotinib.
Three weeks following crizotinib administration, the blood level of creatinine increased from
0.73 mg/dL (pre-treatment value) to 1.21 mg/dL and remained at similar levels thereafter, but there
were no abnormal findings in the kidneys upon computed tomography CT (Figure 1D). Eleven months
after starting crizotinib treatment, the blood level of creatinine increased further (1.68 mg/dL) and
multiple (>3) renal cysts were detected by CT examination (Figure 1E). Multiseptated renal cysts were
detected by CT thirteen months after initiation of crizotinib (Figure 1F). Ultrasound study showed
cystic formations, normal renal size and normal blood flow in the kidneys. Laboratory analysis of
the cream-colored liquid obtained by ultrasound-guided cyst aspiration showed no cancer cells and
microbial culture was negative. Urine analysis showed a mild proteinuria. Crizotinib was stopped and
alectinib was started instead for the control of lung tumor. The blood level of creatinine decreased to
0.86 mg/dL after three weeks and the renal cysts regressed after three months of crizotinib withdrawal
(Figure 1G).

 

Figure 1. Chest and abdominal computed tomography (CT) in the present case. Chest CT of the patient
with ALK-positive NSCLC at diagnosis (A), after 1 month (B), and after 11 months (C) of crizotinib
therapy. Abdominal CT of the patient before therapy with crizotinib (D), 11 months after crizotinib
therapy (E), 13 months (F) after crizotinib therapy, and after stopping the drug (G). NSCLC: non–small
cell lung cancer; ALK: anaplastic lymphoma kinase.
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2.2. Experimental Animal Model

Pre-existing renal cysts enlarged during crizotinib administration in mice.
We performed an in vivo experiment to evaluate the long-term effect of crizotinib on renal

function and pathology. Mice were allocated to a control group and a crizotinib-treated group.
Mice of the crizotinib-treated group received long-term crizotinib administration. To assess the renal
morphological changes, we performed micro-CT of kidneys before and after crizotinib treatment.
Upon micro-CT scanning, one mouse showed a preexisting cystic lesion that enlarged during crizotinib
administration (Figure 2A). The volume of the cyst as evaluated by contrast computed tomography
increased from 0.51 cm3 before treatment to 0.72 cm3 after treatment. Periodic acid–Schiff staining of
the cyst showed empty cysts with compressed renal parenchymal structures (Figure 2B). Apart from
this mouse, no other mouse showed cystic formation in the kidneys before or after crizotinib treatment
(Figure 2C).

 
Figure 2. Enlargement of pre-existing cyst after crizotinib administration. Micro-CT images of a mouse
show enlargement of kidney cyst after crizotinib treatment (A) red arrowheads. Periodic acid–Schiff
staining showed compressed glomeruli and tubules (B) upper panel at ×40 and lower panel at ×100
magnification. The micro-CT of other mice with no pre-existing cyst show no cystic formation after
crizotinib (C).
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2.2.1. Mesangial Expansion in Crizotinib-Treated Mouse

Enhanced deposition of periodic acid-Schiff (PAS) positive substances was observed in glomeruli
from the crizotinib-treated mice compared to untreated control mice (Figure 3A).

Figure 3. Renal fibrosis and increased markers of renal failure after crizotinib administration. Periodic
acid-Schiff staining shows glomerular mesangial expansion in mice treated with crizotinib compared to
untreated mice (A), scale bar indicates 10 μm. Masson’s trichrome staining shows increased glomerular
and interstitial fibrosis in the kidneys from mice treated with crizotinib compared to those from
untreated mice (B), scale bar indicates 20 μm. The blood level of creatinine, urine levels of urea nitrogen
and creatinine and the ratio of total protein to creatinine in urine were significantly different between
control and crizotinib groups (C). Data are mean ± SD. Control group n = 3; crizotinib group n = 5.
* p < 0.05 versus control group.

2.2.2. Crizotinib Caused Renal Histopathological Changes

Increased staining for collagen in glomerular and renal interstitial areas was observed in mice
treated with crizotinib compared to untreated mice (Figure 3B).

2.2.3. Crizotinib Impaired Renal Function

Compared to the control mice, the plasma concentration of creatinine and the ratio of urine
total protein to creatinine were significantly increased in the crizotinib-treated mice. Furthermore,
urine concentration of creatinine and urea nitrogen were significantly decreased in the crizotinib-treated
mice compared to control mice (Figure 3C).

2.3. Crizotinib Associated with Enhanced Inflammatory Markers in the Kidneys

The relative mRNA expressions of IL-6, TNFα, TGFβ1, MMP2, and collagen I were increased in
mice treated with crizotinib compared to untreated mice (Figure 4A). The plasma concentrations of
IL-6 and HGF, and the kidney tissue levels of TNFα were also significantly increased in mice treated
with crizotinib compared to control mice (Figure 4A).
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Figure 4. Cytokines, proteases and signal pathways after crizotinib administration. Increased mRNA
expression of Col1a1, TGFβ1, IL-6, TNFα, and MMP2 in mice treated with crizotinib compared to
untreated mice (A). Significant difference in phosphorylation level of c-Met and IκB between mice
treated with and without crizotinib (B). Data are mean ± SD. Control group n = 3; crizotinib group
n = 5. * p < 0.05 versus control group.

2.4. Activation of NF-κB in the Kidneys after Crizotinib Therapy

As expected, c-Met activation was significantly decreased in the kidneys from mice treated with
crizotinib compared to untreated mice (Figure 4B). Phosphorylated IκB was significantly increased in
mice treated with crizotinib compared to untreated counterparts, but there was no significant difference
in phosphorylation of Erk, Akt, Smad2/3, or Stat3 between treated and untreated mice (Figure 4B).

3. Discussion

The development of complex renal cysts associated with crizotinib treatment has been previously
documented [10–14]. In a retrospective study among thirty-two Taiwanese patients with ALK-positive
NSCLC treated with crizotinib, seven patients presented renal cysts that regressed after drug
withdrawal [12]. In another retrospective analysis among seventeen patients with renal cysts associated
with crizotinib treatment, seven patients showed compression of adjacent structures by cystic growth
although the majority of patients were asymptomatic [13]. The evolution pattern of renal cysts during
crizotinib treatment is variable but most renal cysts are asymptomatic, enlarge or spontaneously
regress without crizotinib withdrawal [12,15–17]. In some instances the cysts regress after drug
discontinuation [18]. Here, we also showed a case of ALK-positive non-small cell lung cancer with
multiple renal cysts that developed during crizotinib administration. Although this case report is not
the first, it is presented here to further illustrate the relevance of this treatment-related adverse effect in
clinical practice and to emphasize the urgent need to clarify the mechanistic pathway.

The mechanistic pathways leading to cystic formation and renal dysfunction during crizotinib
therapy remain unknown. A previous study showed that hepatocyte growth factor (HGF) and
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its receptor c-Met promote cystogenesis [19]. HGF-mediated activation of Mapk/Erk and/or Stat3
appears to be an important mediator of cystic formation [20–22]. Crizotinib inhibits c-Met and thus
the involvement of c-Met in drug action would be paradoxical. Here, we confirmed inhibition of c-Met
by crizotinib, but found no significant activation of Mapk/Erk or Stat3 signal pathway in mice treated
with crizotinib. This suggests that alternative mechanisms may be involved in crizotinib-mediated
cystogenesis in the kidneys. It is worth noting that, in the current report, the renal cyst of the patient
worsened during crizotinib therapy and that the pre-existing renal cyst of a mouse enlarged after
long-term administration of the drug. Based on these findings, it is reasonable to speculate that renal
cysts develop only in subjects with pre-existing renal cysts that subsequently enlarge and become
radiologically detectable during crizotinib administration. In our study, mice receiving crizotinib
therapy showed no new development of cysts. The lack of cystic formation in our present experimental
mouse model may be explained by too little exposure to the drug or the absence of a species-dependent
propensity for developing the disease.

Patients with NSCLC may also have lower estimated glomerular filtration rates or dysfunction
of the kidneys during crizotinib therapy that improves after drug withdrawal [23–25]. Patients with
NSCLC and renal dysfunction before crizotinib administration have impaired renal function if they are
treated with crizotinib [26]. The cause of the renal dysfunction is unknown. Renal biopsy performed
in one case during the acute phase of the kidney dysfunction disclosed histopathological findings of
mesangiolysis and acute tubular necrosis, but there is no report of biopsy findings in the chronic phase
of the disease [25]. Our results are consistent with these observations. Here, we showed that mice
receiving crizotinib over the long-term have renal dysfunction as demonstrated by high blood levels of
creatinine, elevated urine total protein to creatinine ratio, as well as low levels of urine creatinine and
urine urea nitrogen. Interestingly, PCR analysis showed high mRNA expression of collagen I and the
histopathological study disclosed abnormal glomerular mesangial expansion and increased interstitial
collagen deposition in the kidneys of mice treated with crizotinib compared to untreated counterparts,
suggesting a pro-fibrotic activity of crizotinib in the kidneys.

Fibrosis and impaired dysfunction of the kidneys during crizotinib therapy may be explained
by blockade of the protective and anti-fibrotic activity of the HGF/c-Met pathway in the kidneys.
The HGF/c-Met signaling pathway is known to promote: (1) inhibition of renal interstitial
myofibroblasts by intercepting Smad2/3 signal transduction; (2) reduction of TGFβ1-mediated
proliferation; (3) differentiation and secretory activity of fibroblasts; and (4) amelioration of podocyte
injury and proteinuria [27–33]. Here we found no changes in Smad2/3 phosphorylation in mice
treated with crizotinib compared to untreated mice. In addition, Akt phosphorylation, which may
promote fibrosis by inhibiting apoptosis of myofibroblasts, remained unaffected in the kidneys after
crizotinib administration [34]. However, we found increased activation of the NF-κB pathway as
demonstrated by the increased p-IκB/t-IκB ratio in association with decreased c-Met phosphorylation,
as well as increased levels of TNFα and IL-6 in crizotinib-treated mice compared to control
counterparts. TNF family cytokines can activate the NF-κB signaling pathway and NF-κB activation
can induce collagen expression and cause tissue fibrosis in a TGFβ-independent fashion [35–37].
The NF-κB pathway may also cause tissue fibrosis by promoting differentiation of epithelial cells to
fibroblasts [38,39]. The HGF/c-Met axis has been reported to decrease activation of NF-κB [40–42].
Therefore, it is conceivable that inhibition of c-Met by crizotinib causes renal injury and subsequent
fibrosis by triggering activation of the NF-κB pathway [43]. However, the potential role of other
TGFβ/Smad-independent pathways in crizotinib-associated renal fibrosis should also be evaluated in
future studies [44].

The report of only one case, the small number of mice used in the experimental study and the fact
that de novo cystic formation was not observed after crizotinib administration are limitations of the
present study.

In brief, this study provides new evidence on possible mechanistic pathways causing morphological
abnormalities and dysfunction of the kidneys in patients with lung cancer treated with crizotinib.
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4. Materials and Methods

4.1. Experimental Animal Model

Wild-type C57BL/6 male mice (8 to 10 weeks old) weighing 19 to 22 g were used in the experiment.
Mice were maintained in a specific pathogen-free environment under a 12 h light/dark cycle in the
animal house of Mie University. Mice were allocated to a control group (n = 3) and a crizotinib-treated
group (n = 5). The dose of crizotinib prescribed to patients with cancer is usually 400 to 500 mg
(6–7 mg/kg) per day and therapy is generally continued for several months or years as long as the
drug is beneficial to the patient [7]. In experimental animals, crizotinib has shown effective anti-tumor
activity at doses of 10, 25 or 100 mg/kg/day after 4 or more weeks of treatment [2,45,46]. In the present
study, to ensure chronic exposure to the drug, we treated mice with crizotinib by oral administration at a
dose of 25 mg/kg/day for a period of 50 days. Mice were sacrificed on day 51 after the initial treatment.

4.2. Micro CT of Kidneys

Contrast-enhanced micro-CT of kidneys was performed with an X-ray CT system (Latheta
LCT-200, Hitachi Aloka Medical Ltd., Tokyo, Japan) before crizotinib treatment started and 47 days after
crizotinib treatment began. Under anesthesia with isoflurane, mice received an intravenous infusion
of Iohexol (Daiichi-Sankyou, Tokyo, Japan), an iodine contrast medium, at a dose of 10 mL/kg before
CT scanning. CT scanning was performed under conditions previously described [47]. Quantitative
assessment of the lesion area was performed using the La Theta software version 3.30 (Hitachi-Aloka
Medical Ltd., Tokyo, Japan).

4.3. Mouse Sacrifice and Sampling

Euthanasia of the experimental animals was performed using an overdose of intraperitoneal
pentobarbital. Samples for biochemical and histological examinations were subsequently taken.
Blood sampling was carried out by closed-chest heart puncture and samples were collected in tubes
containing 10 U/mL heparin. Urine spot collection was also done for biochemical analysis.

4.4. Biochemical Analysis

Plasma and urine creatinine levels were measured by Jaffe’s reaction (Creatinine Companion
Kit; Exocell, Philadelphia, PA, USA) and the concentration of total protein was measured using
a dye-binding assay (BCATM protein assay kit; Pierce, Rockford, IL, USA). Urea nitrogen was
measured by colorimetric method (NCalTM NIST-Calibrated Kit; Arbor Assays, Ann Arbor, MI,
USA) according to the manufacturer’s instructions. The concentrations of interleukin (IL)-6 and tumor
necrosis factor (TNF)-α were measured using enzyme immunoassay kits from BD Biosciences (Tokyo,
Japan). The concentrations of transforming growth factor (TGF)-β1, metalloproteinase (MMP)-2 and
hepatocyte growth factor (HGF) were measured using a commercial enzyme immunoassay kit from
R&D System (Minneapolis, MN, USA).

4.5. Tissue Preparation and Staining

Kidneys were dissected, dehydrated, embedded in paraffin, cut into 3-μm-thick sections and
prepared for periodic acid-Schiff (PAS) and Masson’s trichrome staining. An investigator blinded to
the treatment group calculated the areas of glomeruli (>30 per mouse) stained positive for PAS or
trichrome using an Olympus BX50 microscope with a plan objective, combined with an Olympus DP70
digital camera (Tokyo, Japan) and WinROOF image processing software (Mitani Corp., Fukui, Japan).

4.6. Western Blotting

Kidney tissues were homogenized in a radioimmunoprecipitation assay buffer with protease
inhibitors and then centrifuged at 14,000 rpm for 30 min at 4 ◦C to remove debris. Protein

334



Int. J. Mol. Sci. 2018, 19, 2902

concentration was measured by the bicinchoninic acid method. Protein extract (10 μg) was resolved
using sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred to a polyvinylidene
difluoride membrane and blocked using 5% non-fat milk in Tris-buffered saline with 0.1% Tween-20.
After blocking, the membranes were washed and then incubated overnight with the primary antibody
at 4 ◦C. After three washes, the membranes were incubated with horseradish peroxidase-conjugated
secondary antibody for 2 h, washed again and then incubated with enhanced chemiluminescence
solution. The fluorescent intensity of signals was quantified using ImageJ software (National Institutes
of Health, Bethesda, MD, USA). Supplemental Table S1 describes antibodies used in the study.

4.7. Reverse Transcription Polymerase Chain Reaction

Total RNA was extracted from kidneys using Sepasol RNA I super G (Nacalai). All RNA samples
had a 260/280 nm ratio between 1.8 and 2.0. Reverse transcription was performed with oligo-dT
primers, and the DNA was then amplified by PCR. Supplemental Table S2 describes the sequences
of the primers. The PCR products were separated on a 1.5% agarose gel containing 0.01% ethidium
bromide, and the intensity of the stained bands was quantitated with ImageJ software (National
Institutes of Health, Bethesda, MD, USA). The amount of mRNA was normalized to the expression of
glyceraldehyde-3-phosphate dehydrogenase.

4.8. Ethical Statement

The Mie University Committee for Animal Investigation approved the protocol of the study
(Approval number 29–23; date: 15 January 2018) and the experimental procedures were performed
following the institutional guidelines and internationally approved principles of laboratory animal care
(NIH publication no. 85–23, revised 1985; http://grants1.nih.gov/grants/olaw/references/phspol.
htm). Written informed consent was obtained from the patient.

4.9. Statistical Analysis

Data are expressed as the mean ± standard deviation (SD). The statistical difference between
variables was calculated by Student t-test. Statistical analyses were done using the GraphPad Prism
package software for Windows (GraphPad Software Inc., La Jolla, CA, USA). Statistical significance
was considered as p < 0.05.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/10/
2902/s1.
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