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Abstract

The transforming growth factor f (TGF-f) family of cytokines comprises a group of proteins, their receptors, and effector
molecules that, in a coordinated manner, modulate a plethora of physiological and pathophysiological processes. TGF-f1
is the best known and plausibly most active representative of this group. It acts as an immunosuppressant, contributes to
extracellular matrix remodeling, and stimulates tissue fibrosis, differentiation, angiogenesis, and epithelial-mesenchymal
transition. In recent years, this cytokine has been established as a vital regulator of organismal aging and cellular senescence.
Finally, the role of TGF-f1 in cancer progression is no longer in question. Because this protein is involved in so many, often
overlapping phenomena, the question arises whether it can be considered a molecular bridge linking some of these phenom-
ena together and governing their reciprocal interactions. In this study, we reviewed the literature from the perspective of the
role of various TGF-p family members as regulators of a complex mutual interplay between senescence and cancer. These
aspects are then considered in a broader context of remaining TGF-p-related functions and coexisting processes. The main
narrative axis in this work is centered around the interaction between the senescence of normal peritoneal cells and ovarian
cancer cells. The discussion also includes examples of TGF-f activity at the interface of other normal and cancer cell types.
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Introduction account their diversified functionality, makes them, next to
hormones, one of the most important regulators of cellular
metabolism in both physiological and pathological condi-

tions [2].

Cytokines constitute a broad and heterogeneous group of
low-molecular-weight molecules that include interleukins,

chemokines, interferons, hemopoietic agents, tumor necrosis
factors (TNFs) and transforming growth factor-beta (TGF-f3)
superfamily members [1]. One of the most unique features
of all cytokines is their pleiotropism, which refers to their
ability to contribute to various cellular, molecular, and bio-
chemical interactions and processes. Another striking fea-
ture of cytokines is their widespread distribution, resulting
from the multiplicity of cellular sources, which, taking into
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The current knowledge of cytokine biology is the most
advanced with respect to cytokines' capacity to regulate the
functioning of immune cells and to modulate—both pro-
mote and inhibit—immune responses [3]. Recently, much
has been learned about the role of cytokines as mediators
of intercellular interactions between cancer cells and the
noncancerous tissue microenvironment (reactive stroma),
especially in the context of the formation of cancer metas-
tases and supporting events, such as angiogenesis and epi-
thelial-mesenchymal transition (EMT) [4]. At the same time,
there is considerable evidence pointing to the engagement
of cytokines in the aging process, either at the organismal
or cellular level (senescence) [5]. In both of the abovemen-
tioned areas of biomedical research, i.e., cancer and aging
biology, TGF-p superfamily members, and TGF-p1 in par-
ticular, appear to be the key players [6]. Interestingly, these
molecules also seem to operate at the interface of these pro-
cesses, especially mediating the mutual interplay between
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senescent and cancer cells. This specific aspect of TGF-3
superfamily member activity has never been comprehen-
sively addressed, and earlier and elegant reviews ([6-8],
for example) were focused on the role of TGF-f from an
isolated perspective of one specific phenomenon or another.
For this reason, the main goal and novelty of this study was
to fill the obvious gap regarding the placement of TGF-f3
signaling as the joint and integral element of cancer—aging
interactions. The narration is focused on but not limited to
the intraperitoneal dissemination of ovarian cancer and pro-
cancerogenic activity of senescent peritoneal cells.

TGF-f signaling and function

The TGF-P superfamily of cytokines comprises over 50
members, of which TGF-fs (in humans, isoforms TGF-f1,
-p2, and -p3), bone morphogenetic proteins (BMPs), growth
and differentiation factors (GDFs), activins and inhibin are
the most prominent. Moreover, TGF-p signaling includes
specific receptors (TGF-BRI and -RII), a latency-associated
protein (LAP), latent TGF-p binding proteins (LTBPs), and
a group of Smad-dependent (Smad-2, -3, -4) and Smad-
independent downstream pathways [8—11].

TGF-p1 is the very first archetypic member of this large
family of biomolecules. Discovered in 1983 [12], it is the
most extensively studied representative of this group. This
and the remaining TGF-fs are synthesized in an inactive
form in a complex consisting of TGF-f3 and LAP (initially
as monomeric pre-pro-T'GF-p and then dimeric pro-TGF-f).
Afterward, the TGF-p propeptide is cleaved by the enzyme
furin to form latent (but still inactive) TGF-f, where mature
TGF-p molecules remain attached to the LAP. The activa-
tion step is guided by LTBPs, which direct the complexed
TGF-p toward the membrane compartment, where it is
subjected to extracellular matrix (ECM) proteases, integ-
rins, reactive oxygen species (ROS) or thrombospondin 1
(TSP-1) [13-16]. Once activated, mature TGF-fs gain the
ability to interact with transmembrane TGF-BRII, trigger-
ing recruitment and heteromeric complexing with TGF-pfRI
and a further signal cascade. Canonically, TGF-f effector
signaling utilizes the phosphorylation of Smad2 and Smad3
transcription factors, which are transferred to the nucleus in
a complex with Smad4. Alternatively, TGF-f operates inde-
pendently of Smad, engaging a variety of signal transduc-
ers, such as Ras/Raf/MEK/ERK, p38 MAPK, INK, PI3K/
AKT/mTOR and IKK/NF-kB [8, 17] (Fig. 1 with additional
explanations in a legend).

TGF-B is synthesized and released by inflammatory (neu-
trophils, macrophages) and noninflammatory cells (plate-
lets, fibroblasts, endothelial cells) [18—22]. At the same
time, those and other cells act as recipients of this cytokine
signaling [23-25], demonstrating both an autocrine and a
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paracrine TGF-p activity mode. This activity is, in turn, very
broad and includes the inhibition of the release of proinflam-
matory cytokines (immunosuppression) [26], regulation of
cell proliferation (mainly anti-proliferative effects) [27], dif-
ferentiation [28], apoptosis (both induction [29] and inhibi-
tion [30]), autophagy [31], and senescence [6]. In addition,
TGF-p controls mitochondrial metabolism [32], induces the
generation of ROS [33], mediates the secretion of angiogenic
mediators (e.g., vascular endothelial growth factor [VEGF])
[34], and stimulates ECM component (e.g., fibronectin [35])
deposition, leading to cellular hypertrophy [36] and tissue
fibrosis [37]. As per the remaining members of the family,
BMPs are linked, among others, with osteogenesis (BMP-2,
BMP-6, BMP-9) [38], chondrogenesis (BMP-1, BMP-2A,
BMP-3) [39], angiogenesis (BMP-4) [40], and adipogenesis
(BMP-2, BMP-4) [41].

Normal cells are not the sole sources of and targets for
TGF-p activity. Cytokines play several roles in the devel-
opment and progression of cancer cells [42]. In this con-
text, TGF-f has been recognized—apart from the above-
mentioned behaviors typical of normal cells—as a trigger
of EMT and stemness features [43] and as an agent deter-
mining chemoresistance [44]. The motility or invasiveness
of multiple types of malignant cells has been found to be
promoted by TGF- [45, 46]. Another example of the pro-
cancerogenic involvement of TGF-p is the development of
reactive stroma characteristics (e.g., the formation of cancer-
associated cells), as well as metabolic reprogramming of
the tumor microenvironment (e.g., increased ROS efflux and
a-ketoglutarate overproduction), leading to energetic foster-
ing of cancer cells [47]. Years ago, Steiner and Barack pro-
vided an elegant summary of the role of TGF-f signaling in
cancer. They injected TGF-f-overexpressing cells into ani-
mals transfected with prostate cancer cells, which resulted
in a remarkable increase in the tumor size and an increased
frequency of lung metastases compared with untreated ani-
mals [48]. At the same time, it must be emphasized that
TGF-p exerts some clear anticancer activities, which allows
TGF-p signaling overall to be treated as a tumor suppressor
mechanism. One of the most obvious aspects of such activity
is the ability of the cytokine to restrict normal cell prolifera-
tion [49], preventing the accumulation of potentially onco-
genic mutations and malignant transformation. Under some
circumstances, cytokines also contribute to the inhibition of
cancer cell growth [50]. Finally, TGF-f acts as a repressor of
human telomerase reverse transcriptase (W\TERT), restrict-
ing the immortality of cancer cells [51] and likely leading
to their senescence [52].

Cancer is also associated with aberrant expression and
signaling of various BMPs. Intriguingly, BMPs seem to
have bidirectional activity in cancer cells, contributing
either to increased expansion or suppression of the dis-
ease [53]. The pro-cancerous activity of BMPs has been
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Fig.1 Major signaling pathways of intracellular TGF-f activ-
ity. TGF-Ps are produced as inactive molecules, initially monomers
(pre-pro-TGF-f) and then dimers (pro-TGF-), complexed with LAP.
Upon the cleavage of the complex by the enzyme furin (the formation
of latent TGF-f) and cytokine activation (guided by LTBP), mature
TGF-Ps become recognizable by their receptors. Active TGF-fs con-
nect with TGF-PRII within the plasma membrane, which is followed
by the recruitment and phosphorylation of TGF-BRI, leading to the
formation of a heterotetrameric complex. The serine—threonine activ-
ity of TGF-fRI leads to the phosphorylation of Smad2 and Smad3,
which assemble with Smad4 and are transferred to the nucleus.
There, the Smads interact with other proteins, strengthening their

revealed in experiments using the BMP antagonist Nog-
gin, whose overexpression translates to reduced tumor
size and bone destruction in an animal model of prostate
cancer [54] as well as to decreased EMT and invasive
properties of melanoma cells [55]. BMP-2 was found,
in turn, to contribute to the increased motility of cancer
cells [56]. At the same time, BMP-4-treated cells dis-
played considerably smaller tumors in a xenograft model
than control cells, suggesting some anticancer functions
of this molecule, likely achieved through the induction of
cancer cell senescence [57]. Tumors expressing BMP-3B
appeared to develop slower than their counterparts, which
were negative for this cytokine [58]. Generally, the activ-
ity of BMPs in cancer is complex, and multiple experi-
ments performed in this regard clearly imply that their
dichotomic, positive or negative impact may be strictly
associated with the cancer type, other signaling pathways
engaged, and a more detailed tissue context [59].

affinity to DNA and driving the activation or repression of TGF-f
target gene transcription. Within the cytoplasm, Smad7 restricts this
signaling by stimulating turnover of TGF-f receptors. The alternate
(noncanonical) pathway of TGF-f signaling starts from analogical
cytokine processing, activation, and receptor binding; however, fur-
ther intracellular signal transmission is Smad-independent. Instead,
it engages other TGF-p downstream routes, such as Ras/Raf/MEK/
ERK, p38 MAPK, INK, PI3K/AKT/mTOR and IKK/NF-kB, and cul-
minates in the nucleus modulating the transcription of TGF-p-related
genes by interactions with other, context-dependent transcription fac-
tors

TGF-f signature in aging and senescence
Organismal aging and longevity

Aged organisms are more prone to several systemic dis-
orders. To a large extent, this is caused by their decreased
ability to cope with external and internal stressors of vari-
ous (physical, chemical, biological) natures [60]. One of
the critical culprits of this homeodynamic disequilibrium
is the deterioration of defense responses, manifested by
immunosenescence (declined capacity of immune cells
to properly counteract antigen-associated challenges) and
inflamm-aging (a chronic inflammation-like state at the
cellular and tissue levels) [61, 62]. For obvious reasons,
cytokines, including TGF-fs, play a role in both of the
aforementioned phenomena, although reports regarding
age-associated changes in the cytokine level are somewhat
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conflicting. For example, Zhao et al. reported that the
concentration of TGF-f1 is lower in serum from elderly
individuals [63], and others have suggested that the age-
dependent TGF-B1 decline may start in earlier periods of
life [64]. On the other hand, Forsey et al. revealed that the
plasma level of TGF-f1 increases during aging [65], which
is in line with findings by other authors [66]. Additionally,
the signaling originating from BMP-4, another member of
the TGF-p family, tends to increase with aging, which has
been attributed to age-related impairment in neurogenesis
and cognition [67].

The polymorphisms in the TGF-f1 coding gene seem, in
turn, to contribute to human longevity. For instance, the G/
C915 polymorphism appeared to correlate with an extraor-
dinary lifespan in an Italian cohort study [68]. Another poly-
morphism in this gene (codon 10, T>C, rs1800471), which
has also been found in centenarians [69] and which trans-
lates to altered plasma levels of TGF-B1 [70], may explain
the increased production of this anti-inflammatory cytokine
by elderly individuals.

Aging also determines some abnormalities at the level of
TGF-p receptors. More precisely, it has been found to drive
the conversion of TGF-p type I receptor activin-like kinase
5 (AlkS) to Alkl in cartilage. Because AlkS levels decrease
at higher dynamics than Alk1, the Alk1/AIKkS ratio increases
[71]. It is thought that the age-dependent decline in Alk5
levels may be associated with an altered AlkS synthesis/
degradation ratio [72]. Eventually, these changes result in a
deterioration of TGF-p capacity to maintain cartilage home-
ostasis, its degradation, and osteoarthritis development [73].

Cellular senescence in vitro

Whereas the overproduction of TGF-p1 at the level of the
whole organism (plasma) may be causatively linked with
immunosenescence, increased secretion of this cytokine at
the cellular level may be an important piece of the puzzle
in the disease-promoting inflamm-aging phenomenon [74].
One of the most striking aspects of inflamm-aging is the can-
cer-promoting activity of senescent cells, which is mechanis-
tically linked to the so-called senescence-associated secre-
tory phenotype (SASP). SASP refers to hypersecretion by
senescent cells of a myriad of cytokines, growth factors,
and proteolytic enzymes that can support all critical aspects
of cancer cell progression, such as proliferation, migra-
tion, invasion, EMT, and angiogenesis [75-77]. TGF-fs,
and TGF-B1 in particular, are canonical cytokines whose
synthesis and release by senescent cells are increased. This
effect has been reported at the mRNA and/or protein levels
in fibroblasts [78, 79], endothelial cells (TGF-p2 and TGF-
BRII) [80, 81], keratinocytes [82], and peritoneal mesothelial
cells (PMCs) [83].
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Cytokines are also important players in the development
of the senescence state itself. In fibroblasts, TGF-f appeared
to mediate senescence elicited by overexpression of Poly-
comb protein chromobox 7 (CBX7)-regulated p3 integrins
(ITGB3) in an oncogene-induced senescence (OIS) model,
and the process occurred independently of their ligand-bind-
ing activity. When siRNA was administered against TGF-f
receptor 2 (TGF-BRII), B3 integrin-dependent senescence
was abolished [84]. In an in vitro model of paracrine cel-
lular interactions between keratinocytes and fibroblasts,
conditioned medium generated by the former induced
senescence in the latter, and this activity was abolished
upon neutralization of TGF-f [85]. Fibroblasts subjected
to the keratinocyte-derived secretome also overproduced
autologous TGF-fB1 and TGF-B2 in a mechanism involving
the activity of reactive oxygen species (ROS) released by
keratinocytes [85]. The paracrine induction of senescence
(SA-B-Gal/y-H2A . X-positive phenotype) has also been
observed in nonsenescent PMCs and fibroblasts subjected to
conditioned medium generated by senescent PMCs. Notably,
to acquire its pro-senescence potential, TGF-P1 released to
an environment in a latent form had to be activated by TSP-1
[83]. It should be stressed that the pro-senescence activity
of TGF-1 is equivalent to the tumor-suppressive activity of
this cytokine, as the cells that cannot divide are obviously
resistant to neoplastic conversion [86].

TGEF-p pro-senescence activity mechanisms are broad and
diverse. In peritoneal mesothelial cells (PMCs) exposed to
exogenous recombinant human (th)TGF-p1, the cytokine
inhibited DNA synthesis, upregulated the p27 cell cycle
inhibitor, and stimulated protein synthesis, plausibly lead-
ing to the development of cellular hypertrophy [25]. Similar
to other cell types [87], TGF-P1 activated senescence-asso-
ciated p-galactosidase (SA-B-Gal) [25], a main biochemi-
cal marker of cellular senescence, and the neutralization of
TGF-B1 in a conditioned medium translated to decreased
activity of the enzyme in cells subjected to that medium
[88]. Notably, the induction of SA-B-Gal is not a univer-
sal feature of TGF-P1. For instance, it failed to induce the
enzyme in primary fibroblasts derived from the mouth, skin
and colon [89], which may theoretically result from various
concentrations of TGF-B1 in the environment, differences
in its activation status, and different expressions of TGF-f1
receptors. Untergasser et al. showed that although TGF-f
induces SA-B-Gal in prostate basal cells, this effect is a hall-
mark of their differentiation rather than senescence [90].

The role of ROS in the pro-senescence activity of TGF-f
is unquestioned, although the relationship between these
two agents is clearly bidirectional. On one hand, TGF-p1
increased the generation of oxidants in a dose- and time-
dependent manner [83], but at the same time, cytokine secre-
tion may be downstream of ROS. This behavior confirms
the observation of reduced TGF-f1 content in PMC-derived
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conditioned medium upon preincubation with the spin-trap
ROS scavenger PBN [88] and increased TGF-p1 secretion in
cells treated with the strong, exogenous oxidant t-BHP [91].
Similar positioning of TGF-p1 relative to ROS was found
in mesangial cells [92]. In addition to direct mitochondrial
ROS targeting by TGF-p, the cytokine also affects other ele-
ments of mitochondrial metabolism, causally contributing to
senescence. These effects include downregulation of adenine
nucleotide translocase-2 (ANT2), a protein responsible for
the exchange of ADP and ATP through the mitochondrial
inner membrane [93], and decreased activity of mitochon-
drial superoxide dismutase 2 (SOD2) [94] (Fig. 2).

An essential element of TGF-B1-ROS interplay is the
upregulation of p38 mitogen-activated protein kinase (p38
MAPK) [83]. The blockade of this enzyme led to the inhibi-
tion of ROS-dependent induction of TGF-f1. At the same
time, increased phosphorylation of p38 MAPK may be pre-
vented not only by protecting cells against oxidative stress,
but also by inhibiting TGF-B1 [91], which demonstrates the
role of this cytokine as an extracellular stressor. Such rela-
tionships are not surprising given that p38 MAPK belongs to
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Fig.2 TGF-p signaling and molecular modulators of cellular senes-
cence. Signals received by a cell through the stimulation of TGF-$
receptors and the activation of downstream signaling cascades lead to
the development of a senescence phenotype. This includes an inhibi-
tion of the cell cycle (upregulated p21, p27, p53 inhibitory proteins),
an accumulation of DNA damage foci, and impaired DNA repair.
TGF-f also acts as a suppressor of telomerase, which may contribute
to telomere shortening and cancer cell senescence. TGF-f1 remains
in a mutual, bidirectional relation with p38 MAPK, which contributes
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a group of stress-activated kinases, and its association with
oxidative stress has been well documented [95].

Finally, TGF-B1 has also been recognized as a potential
link between senescence observed at the cellular (in vitro)
level and organismal (in vivo) aging [6]. A correlative analy-
sis of TGF-B1 concentration as a function of omental tis-
sue donor age showed that the older the tissue/PMC donor
was, the higher the production of TGF-f1 by early-passage
cells isolated from that tissue. At the same time, there was
a negative relationship between cumulative population dou-
bling (CPD) values and TGF-f1 levels, implying that this
cytokine must contribute to the loss of replicative potential
in these cells in vitro [96]. One of the explanations for the
age-CPD-TGF-f1 relationship may be the age-dependent
accumulation of senescent cells in vivo. There is strong
evidence that senescent PMCs aggregate in the omentum,
and their frequency in older individuals is higher than that
in younger donors [97]. Taking this into account, one may
theorize that tissues obtained from older patients contain a
higher fraction of TGF-B1-hypersecreting senescent cells,
and thus, the culture loses the capacity to divide earlier.

—————— bystander senescence effect
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to the formation of SASP and the hypersecretion of the cytokine to
the environment and the induction of senescence in nearby nonsenes-
cent cells in an autocrine and paracrine manner. Causatively, TGF-
B1-dependent senescence engages abnormal mitochondrial metabo-
lism, manifested by increased generation of ROS, decreased activity
of antioxidants, and decreased cell ability to generate ATP. TGF-p1 is
also responsible for cellular hypertrophy due to its capacity to stimu-
late cellular protein synthesis as well as the activity of SA-p-Gal
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Rapisarda et al. arrived at similar conclusions [84]. They
observed that skin fibroblasts obtained from older donors
display an increased mRNA level for different regulators of
the TGF-f pathway, including TGF-p receptors (I and II)
and the downstream transcription factors Smad3 and Smad4.
They also confirmed that there exists a positive correlation
between calendar aging and the cellular senescence pheno-
type manifested by decreased proliferative capacity of cells,
upregulated p16 and p21 cell cycle inhibitors, and increased
expression of B3 integrins that induce senescence through
TGF-p signaling [84].

The role of BMPs in cellular senescence seems to coun-
teract, at least to some extent, the unidirectional pro-senes-
cence activity of TGF-p1. For example, BMP-7 activates
PI3K/AKT signaling, which leads to the inhibition of senes-
cence (decreased SA-B-Gal, p16, p53) in human nucleus
pulposus cells [98]. The activation of BMP-SMAD signal-
ing promoted proliferation and suppressed p16-dependent
senescence during the generation of induced pluripotent
stem cells generated from fibrodysplasia ossificans pro-
gressiva fibroblasts [99]. Contrary to these findings, BMP-4
was found to promote senescence of human retinal pigment
epithelial cells in a mechanism cooperating with oxidative
stress and p53-p21-Rb signaling [100]. The same molecule
was found to mediate, through the Smad-dependent upregu-
lation of p16 and p21, the senescence of lung cancer cells
subjected to adriamycin [101].

Senescent-cancer cell interplay and the role
of TGF-B

Cancer is among the most canonical age-associated diseases.
From the cellular perspective, the age-dependent increase
in cancer occurrence is based on two factors. The first is a
long-term accumulation of oncogenic mutations, whereas
the second is based on the accumulation of senescent cells in
tissues and their ability to locally generate, mainly through
the SASP phenomenon, a unique, tumor-promoting tissue
microenvironment [76, 101-103]. These cells have also been
recognized as an important element of tumor-associated,
reactive stroma [104]. Over the past two decades, the pro-
cancerous activity of senescent cells has been established for
several cellular models, including melanoma [105], breast
cancer [106], prostate cancer [107], lung cancer [108], pan-
creatic cancer [109], colorectal cancer [110], and ovarian
cancer [111].

At the same time, the issue of a potential pro-cancerous
activity of senescent cells with respect to childhood cancers
is unclear and still underinvestigated. For example, pitui-
tary stem cells whose senescence is triggered by oncogenic
B-catenin display SASP, the inhibition of which translates
to reduced tumorigenesis in mouse models of pediatric
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craniopharyngioma [112]. At the same time, Buhl and col-
leagues found that pilocytic astrocytoma cells, also undergo-
ing oncogene-induced senescence, display SASP, the con-
stituents of which, particularly IL-1f, cause growth arrest
of proliferating cells instead of the hypothesized growth
promotion [113]. These contrary findings imply that the
pro-cancerous phenotype of senescent cells is not a univer-
sal phenomenon and that the restrictions may stem from
either the cancer type or age specificity of the malignancy.
It should also be emphasized that the possibility of SASP
that may develop in children, theoretically contributing to
altered tumor growth, is plausibly a result—as in the stud-
ies indicated above—of premature oncogene-induced senes-
cence (OIS) rather than a proliferation-dependent replicative
senescence that needs much more time and is more probable
in adults.

Ovarian cancer is one of the most frequent and deadliest
malignancies in women [114—-116]. The breaking point in the
pathogenesis of the disease is the dissemination of cancerous
cells within the peritoneal cavity [117-119]. Intraperitoneal
spread of ovarian cancer has been found in as many as 70%
of patients in advanced stages of the disease [120]. PMCs
that line the peritoneal cavity with a single layer of squa-
mous cells play an overriding role in the development of
peritoneal carcinomatosis, creating a hospitable metastatic
niche for invading cells [121]. As mentioned before, their
pro-cancerogenic potential increases when they adopt fea-
tures of cellular senescence [76, 111], and TGF-p appears
to be the key cytokine determining the variety of reciprocal
interactions between senescent PMCs and ovarian cancer
cells (Fig. 3). At the same time, as will be demonstrated in
subsequent sections, such activity of TGF-f§ family members
is not restricted to the pathophysiology of ovarian cancer,
making this cytokine a key mediator in senescent—cancer
cell interplay.

Adhesion

The solid anchoring of cancer cells to biocompatible cellular
and/or acellular (ECM proteins) surfaces is critical for their
temporary (e.g., during intra- and extravasation) or perma-
nent (e.g., the formation of a distant metastasis) retention
at a particular location [122]. For intraperitoneal ovarian
cancer progression, the adhesion of cancer cells to normal
PMC:s, peritoneal fibroblasts or ECM proteins is one of the
first steps in cancer metastasis, determining the effective-
ness of this process [123, 124]. When PMCs adapt to the
senescence phenotype, the effectiveness of ovarian cancer
cell attachment is even more pronounced [91]. Mechanistic
analysis of this improvement showed that it engages changes
in alternative splicing (increased expression of the exon-
spliced out transcript of the ED-B region) and an almost
three-fold increase in cell surface fibronectin production
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Fig.3 Ovarian cancer progression-associated phenomena engaging
TGF-p-dependent interplay between cancer and normal senescent
cells. 1 The cytokine stimulates increased adhesion of cancer cells to
senescent PMCs (green cytoplasm) by the upregulation of surface-
fibronectin production and intensified interplay between fibronectin
and o5P1 integrins on cancer cells. 2 Migration of cancer cells is
promoted by chemotactic activity of the cytokine hypersecreted to an
environment by senescent PMCs. 3 Increased transmesothelial inva-
sion of ovarian cancer cells is associated with TGF-B1-dependent
deterioration of intercellular junctions in senescent PMCs. 4 Meso-
thelial-mesenchymal transition (MMT) of young PMCs is triggered
by TGF-P1 released by high-grade serous ovarian cancer cells. 5
Epithelial-mesenchymal transition (EMT) of ovarian cancer cells, one
of the most critical steps in the intraperitoneal spread of the disease,

by senescent cells, resulting in its intensified binding to
cancer cell-derived a5P1 integrins. The overproduction of
fibronectin was caused, in turn, by ROS-induced TGF-§1,
which resembles the oxidant-dependent overproduction of
this cytokine in mesangial cells [92] or TGFp1-promoted
fibronectin synthesis in fibroblasts whose premature senes-
cence was elicited by exposure to exogenous oxidants [87].
TGF-B1 was also found to be one of the mediators responsi-
ble for increased adhesion of ovarian cancer cells to PMCs
and peritoneal fibroblasts upon their exposure to malignant
ascites [125], which is a proinflammatory fluid that accu-
mulates in the peritoneum in the majority of patients with
advanced peritoneal carcinomatosis [126].

The relationship between TGF-fs and fibronectin was
also analyzed in the context of a dormant state (one of the
reasons for cancer relapse [127]) in breast cancer cells.

Epithelial ovarian
cancer cells
OVARY
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is causatively linked with the activity of TGF-f1 present in malig-
nant ascites and/or secreted by peritoneal cells. 6 Cancer-associated
fibroblasts (CAFs) may develop in the peritoneal cavity from normal
stromal fibroblasts subjected to environmental TGF-B1. 7 TGF-p1
released by senescent PMCs contributes to reprogramming of ovarian
cancer cell secretome toward the hypersecretion of various pro-angi-
ogenic agents. § TGF-P1 present in malignant ascites may contribute
to its immunosuppressive activity as well as to the ascites-dependent
high aggressiveness of undifferentiated ovarian cancer. 9 TGF-p1
secreted by peritoneal mesothelial cells and fibroblasts, especially
senescent cells, as well as present in malignant ascites, is able to pro-
mote senescence in ovarian cancer cells (senescent cells have green
cytoplasm)

Research by Barney et al. revealed that a population of
dormant cells contains a fraction of senescent cells, whose
secretory phenotype may be one of the sources of TGF-p. In
turn, this TGF- controls fibronectin secretion and assembly,
recognized as critical for interactions with o,f; and osf;
integrins, allowing the formation and maintenance of dor-
mancy [128].

There is also a second, more classic aspect of cancer cell
adhesion that is necessary for reducing adhesion, facilitat-
ing morphological reorganization and increased motility
[129]. The mode of the anti-adhesive activity of TGF-fs
was described in oral cancer cells. TGF- family mem-
bers (TGF-B1 and TGF-B2) released by cancer-associated
fibroblasts (CAFs) promote the malignant phenotype of
genetically unstable oral squamous carcinoma cells by
inhibiting the expression of multiple adhesion molecules
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(E-cadherin, desmoglein 1 and 3, desmoplakin, desmocol-
lin), which eventually leads to epithelial cell dis-cohesion
and increased invasion of keratinocytes in vitro. Notably,
this effect was observed in CAFs originating from geneti-
cally unstable cells in which—conversely to their genetically
stable counterparts—malignant keratinocytes were able to
trigger senescence in CAFs, which translated to their par-
acrine stimulation of keratinocyte invasion [85]. The pro-
duction of TGF-p1 and TGF-fB2 by CAFs established from
genetically unstable cells was considerably higher than that
by CAFs established from genetically stable lines or nor-
mal fibroblasts. This effect, in combination with the activ-
ity of CAFs in weakening intercellular epithelial adhesion,
explains, along with obvious genetic differences between
these cells (TP53 and p16 status), the diversified aggression
of these two cancer subtypes [130].

Motility

The motility of cancer cells is manifested by three separate
but often overlapping phenomena: proliferation (mitotic
activity), migration (chemotaxis), and invasion (chemotaxis-
driven and proteolysis-supported cell movement) [131]. All
three aspects of ovarian cancer cell motility have been found
to be promoted by senescent PMCs to a larger degree than
by proliferating, nonsenescent cells. Experiments using
exogenous recombinant TGF-f1 showed that the cytokine
is capable of stimulating the proliferation and migration of
ovarian cancer cells (A2780, SKOV-3) at doses correspond-
ing to the cytokine level in senescent PMC-derived condi-
tioned medium. At the same time, however, interventions
with neutralizing antibodies added to that medium did trans-
late exclusively to the inhibition of cell migration (A2780),
which implies that the activity of thTGF-B1 does not pre-
cisely mimic all aspects of cell-derived TGF-p1 biological
activity [111]. There is also a report emphasizing that the
ability of ovarian cancer cells to respond to the promigratory
activity of TGF- may depend on the TP53 status in these
cells [132].

Regarding the stimulatory effect of senescent PMCs on
ovarian cancer cell invasion, TGF-p1 was found to partici-
pate in the senescence-dependent deterioration of intracel-
lular junctions (connexin 43, occludin, desmoglein, E-cad-
herin), which was recognized as the prime reason for the
increased propensity of PMCs to penetrate cancer cells.
Indeed, when TGF-B1 signaling was neutralized in presenes-
cent cells, the effectiveness of transmesothelial invasion of
both established and primary ovarian cancer cells markedly
declined. Regarding signaling pathways cooperating with
TGF-B1 in the context of PMCs’ junctional protein expres-
sion, AKT, p38 MAPK, and NF-xB appeared to play a role
[133].
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TGF-p was also found to play a role in the intensified
invasion of keratinocytes exposed to conditioned medium
from senescent CAFs originating from genetically unstable
oral squamous cell carcinomas but not from nonsenescent
CAFs from genetically stable carcinomas. The disruption of
keratinocyte adhesion followed by increased invasion was
found to be controlled by a synergistic relationship between
TGF-p1 and MMP-2 [134]. This pair of molecules is known
to cooperate because TGF-p1 was found to upregulate endo-
peptidase [135], whereas MMP-2 has the ability to cleave
and activate latent cytokines [136].

Gene expression profiling allows the use of human mam-
mary epithelial cells (HMECs) as a model for studies of
basal-like breast cancer, equivalent to triple-negative (estro-
gen receptor(-)/progesterone receptor(-)/Her2/Neu(-)) breast
carcinomas [137]. It has been found that the disruption of
TGF-p pathways by an intervention against TGF-BRII in
immortalized HMECS bearing ectopically expressed H-Ras-
V12 led to the suppression of oncogene-induced senescence
and the promotion of tumorigenic and metastatic pheno-
types, confirming the antitransformative activity of TGF-f
signaling in these cells [138]. Senescent HMECs display
augmented TGF-f} signaling, as evidenced by the upregu-
lated expression of several transcripts downstream of TGF-p.
Importantly, these targets (e.g., MMP-2, uPAR, and CD44)
are closely associated with the cell’s ability to invade and
metastasize, which explains the relatively high migratory
potential of these cells. Moreover, senescent HMECs are
characterized by decreased expression of antimigratory
Raclb and increased expression of promigratory Racl
[137], which suggests that although senescent HMECs with
intensified TGF-p signaling are resistant to oncogene-related
transformation, they display augmented motility and meta-
static potential.

TGF-p-related control over cell proliferation and senes-
cence has also been observed in nonsolid tumors. This is
the case, e.g., for acute promyelocytic leukemia cells bear-
ing Pmi~'~ characteristics, in which the lack of the intact
promyelocytic leukemia tumor suppressor (PML) resulted
in the inability of TGF-f to inhibit cell growth and elicit
senescence [139]. Increased expression of TGF-p1 was also
reported in BCR-ABL*CD417CD150" leukemic megakar-
yocyte-lineage cells as one of the measures of their senes-
cence phenotype (along with increased expression of SA-f-
Gal and p16 and p21 cell cycle inhibitors), and neutralization
of the cytokine diminished chronic myeloid leukemia cell
leukemogenic capacity both in vitro and in vivo [140].

EMT and MMT

A morphological rearrangement of cancer cells is usually
an obligatory phenomenon allowing them to detach from
a primary tumor and effectively proliferate, migrate, and
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invade surrounding tissues. Classically, the acquisition of
a spindle-shaped morphology by cancer cells is called an
EMT [141]. This transformation is not restricted, however,
to malignancies. Mesothelial cells may also lose their typical
epithelial-like appearance and adopt fibroblast-like morphol-
ogy in the process of mesothelial-mesenchymal transition
(MMT), which is causatively linked with the pathogenesis
of peritoneal fibrosis [142].

TGF-B1 is one of the leading triggers of EMT, and its
activity in this process relies on a network of related signal-
ing molecules and effector pathways [143]. In a model of
paracrine interactions between PMCs and colorectal cancer
cells (SW480 line), neutralization of TGF-p1 in conditioned
medium from senescent normal cells prevented senescence-
dependent upregulation of vimentin and downregulation of
E-cadherin (EMT markers) in cancer cells [110]. In another
model of gastrointestinal tract tumors (gastric cancer), the
upregulation of TGF-p signaling was found in cells that
developed a senescence phenotype in response to a complete
genetic depletion of microRNA 200 (miR-200), the nega-
tive regulators of the ZEB1 and ZEB?2 transcription factors
[144]. This effect was accompanied by an enrichment of the
EMT pathway and the recruitment of stromal cells into the
tumor microenvironment. At the same time, the targeting of
TGF-PRI resulted in the efficient prevention of senescence
phenotype development [145]. In ovarian cancer, TGF-f1
was recognized as the prime mediator of EMT [8]; however,
direct links between the development of this phenotype and
hypersecretion of this cytokine by senescent cells have not
been proven.

The contribution of TGF-B1 to the development of the
EMT-like state was also hypothesized in leukemia cells as
an element of the bone marrow pro-malignant microenviron-
ment [146].

TGF-p1 secreted by senescent PMCs into the environ-
ment and activated by TSP-1 has been found to medi-
ate the spreading of this process (the so-called bystander
senescence effect) in an autocrine (in young PMCs) and
paracrine (in young fibroblasts) manner [83]. At the same
time, young PMCs subjected to a TGF-p1-rich secretome
of highly aggressive high-grade serous ovarian cancer cells
(HGSOCs) are capable of developing MMT more effec-
tively than cells exposed to a conditioned medium gener-
ated by less aggressive ovarian cancer histotypes. Targeting
cytokines with specific neutralizing antibodies whose pro-
duction by HGSOCs was higher than that by endometri-
oid or clear-cell ovarian cancers revealed that the reversal
of the MMT phenotype (reduced vimentin combined with
increased E-cadherin) was achievable upon the inhibition
of TGF-B1 and its related effectors (Smad 2/3 and integrin-
linked kinase, ILK) [147]. The role of TGF-f1 in MMT
was also reported by Sandoval et al., who found that PMCs
treated with conditioned medium generated by ovarian

cancer cells acquire morphology similar to that elicited by
1 ng/mL of this cytokine [148]. Other authors were able, in
turn, to connect TGF-f1-Smad 3 signaling with MMT [149].

It should also be pointed out that cellular senescence and
EMT (plausibly also MMTs) seemingly cross paths and are
clearly intertwined at some points. It has been postulated
that activation of EMT translates to suppression of cellu-
lar senescence, as various transcription factors can inhibit
senescence and induce EMT [150]. In some instances, how-
ever, the same stimuli (e.g., RASY!?) may positively modu-
late both processes, as occurs in epithelial cells subjected to
RASY!? cooperating with TGF-p1 and RASV!? fibroblasts
[151, 152].

Cancer-associated fibroblasts

Another intensively studied aspect of senescent cell-derived
TGF-p1 is the formation of cancer-associated fibroblasts
(CAFs) and their tumorigenic activity. CAFs are defined as
a population of cells in which a dominant subset of a-smooth
muscle actin (xSMA)-positive myofibroblasts is mixed with
fibroblasts with features typical of an original tissue, exhib-
iting well-pronounced proangiogenic and tumor-promoting
activities [153, 154]. Recently, CAFs have been found to
share some molecular features with senescent cells (e.g.,
SASP [89]), which may suggest that there is some affinity
in causes and signaling in both phenomena. In this context,
Mellone et al. elegantly showed that there is an overlap
between the induction of senescence and myofibroblast dif-
ferentiation. They found that fibroblasts undergoing senes-
cence in response to triggers such as TGF-p1, replication,
ionizing radiation and hydrogen peroxide display ultrastruc-
tural features of CAFs (upregulated aSMA, palladin, and
phosphor-FAK) analogous to their counterparts exposed to
TGF-p1. Notably, SA-p-Gal colocalized with aSMA, indi-
cating that both processes (senescence and CAF formation)
may be two sides of the same coin. Myofibroblastic transdif-
ferentiation in cells forced into senescence was associated
with the induction of TGF-B1 signaling, as its inhibition
using Smad3 siRNA, a pan-TGF-f antibody and TGFpR1
inhibitor, reduced the aSMA increase elicited by some pro-
senescence stimuli [89]. The picture of the mutual relation-
ship between senescence and CAF formation was addition-
ally expanded by Tan et al., who found that TGF-p1-induced
fibroblast activation and senescence are preceded by intensi-
fied autophagic flux (reduced expression of p62) [155]. Con-
ditioned medium from cells experiencing TGF-p1-related
autophagy resulted in the release of agents intensifying the
migration and invasion of oral squamous cell carcinoma
cells, providing evidence that alterations in autophagy may
determine the cancerogenic capacity of CAFs [155].

The TGF-f-dependent mechanism has also been impli-
cated in the ability of CAFs to determine the susceptibility
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of adjacent epithelia (prostate, forestomach) to become
oncogenic [156]. Stromal cell-derived TGF-p has also been
found to stimulate the invasive potential of colorectal cancer
cells, and the chemical neutralization of TGFpR1 suppressed
metastasis formation in laboratory animals. This activity of
TGF-p was associated with antiapoptotic GP130/STAT3
signaling and the GP130 ligand interleukin-11, which is
secreted exclusively by TGF-f-treated CAFs [157]. In
regard to ovarian cancer, activated fibroblasts, that is, CAFs
obtained from omentum with ovarian carcinomatosis or
normal peritoneal fibroblasts treated with TGF-p1, display
higher pro-adhesive and pro-invasive capabilities than their
normal counterparts [158].

Angiogenesis

The formation of new blood vessels and increased perme-
ability of the existing vessels are the most critical phenom-
ena supporting excessive growth and survival of tumor cells
[159]. The efficiency of angiogenesis has been found to be
additionally fueled by various kinds of senescent cells,
including fibroblasts [160] and PMCs [161]. Stimulation of
the production of proangiogenic agents, such as VEGF [34]
and fibroblast growth factor [162], has been recognized as
a feature of TGF-P1.

Improved tissue vascularization is an essential element
during intraperitoneal ovarian cancer progression [163], and
sites with a high density of blood vessels have been recog-
nized as niches for the effective implantation of metastasiz-
ing cells [164]. For interactions between PMCs and ovarian
cancer cells, TGF-f1 has been recognized as the mediator
(along with IL-6) of the development of an angiogenic secre-
tory phenotype in malignant cells subjected to conditioned
medium generated by senescent PMCs. Increased production
and release of the chemokines CXCL1, CXCLS, hepatocyte
growth factor, and VEGEF translated to proangiogenic behav-
ior of the vascular endothelium, including increased pro-
liferation and migration. Intriguingly, the level of TGF-f1
secreted by senescent PMCs correlated with the production
of angiogenic agents by cancer cells. Mechanistically, TGF-
B1 caused more acute angiogenic activity of cancer cells by
a dose- and time-dependent induction of three transcription
factors: HIF-1a, NF-xB/p50, and AP-1/c-Jun [161].

Bai and colleagues revealed, in turn, that the inhibition
of TGF-f signaling retards senescence of pluripotent stem
cell-derived endothelial cells and allows their function to
be maintained, including their proliferative capacity, tubu-
logenesis, acetylated low-density lipoprotein uptake, and
endothelial nitric oxide synthase (eNOS) expression. The
TGF-p1-dependent senescence response of the endothe-
lium was associated with hyperexpression of the cell cycle
inhibitory proteins p15, p16, and p21, and the inhibition
of cytokines decreased the levels of these proteins [165].
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Another study focusing on endoglin, an auxiliary TGF-$1
receptor, showed that senescence of endothelial cells is asso-
ciated with an increased short/long endoglin ratio and that
a reduced proliferative index of endothelial cells may be
conferred by short endoglin having the ability to interact
with both TGF-BIRs, ALKS and ALK1. The important role
of short endoglin in vascular aging was confirmed by in vivo
experiments in which mice overexpressing this molecule dis-
played hypertension, reduced hypertensive reaction to nitric
oxide inhibition, suppressed vasodilatory response to TGF-
B, and decreased eNOS expression in some organs [166].

Malignant ascites

The role of an acellular microenvironment in cancer progres-
sion is unquestioned. The perfect example is the presence
and activity of malignant ascites. This term refers to the
fluid that accumulates in the peritoneal cavity in a subset of
patients in advanced stages of intraperitoneal malignancy
(especially ovarian cancer) and creates immunosuppressive
and cancer-permissive conditions [167, 168]. It has been
demonstrated that TGF-p1 belongs to a wide array of malig-
nant soluble constituents of ascites, and its concentration
in this fluid is higher than that in benign ascites from non-
cancerous patients [169]. Because malignant ascites are in
continuous direct contact with PMCs, their effect on senes-
cence induction was examined, and this research showed an
acceleration of senescence development in cells maintained
in medium supplemented with 10% fluid [169]. Under these
conditions, TGF-P1 appeared to not contribute to senescence
exacerbation, which may indicate that its pro-senescence
activity toward PMCs may be restricted in malignant ascites
by its limited concentration or low activity. In addition, some
elements of malignant ascites’ composition may jeopardize
receptors or TGF-f effector pathways in PMCs. At the same
time, it should be emphasized that malignant ascites promote
the proliferation and migration of ovarian cancer cells and
that the TGF-B1 concentration is especially high in ascites
from patients with an undifferentiated histotype [170], which
is known for its relatively high aggressiveness [171]. It has
been demonstrated that increased motility of ovarian cancer
cells in response to malignant ascites may be inhibited by
TGF-P1 targeting and that cytokines promote the migration
of malignant cells by suppressing miR-125b [172].
Ascites-derived TGF-p1 also appeared to be responsi-
ble for the induction of EMT (upregulation of vimentin and
downregulation of E-cadherin) in ovarian cancer cells. The
TGF-p1-dependent changes in EMT markers were regu-
lated at the transcriptional level by Smad 2/3, ILK, AP-1,
and SP-1. Importantly, neutralization of TGF-f1 in ascites
resulted in decreased transmesothelial invasiveness of cancer
cells, proving the biological activity of this cytokine [173].
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Cancer cell senescence

Despite the historical dogma that cancer cells do not
undergo senescence and thus are literally immortal [174],
it is now clear that they may undergo therapy-induced and
spontaneous replicative senescence, similar to what occurs
in normal somatic cells [52]. Although the biological and
clinical significance of cancer cell senescence is still not
fully understood, as it may dichotomously translate to either
growth inhibition of some cells or growth promotion of oth-
ers [52], several reports document that activation of TGF-f
signaling may play a regulatory role in this process. Taking
into account the engagement of telomeres in the induction
of senescence, the inhibition of the hTERT subunit in breast
cancer cells by the TGF-p-Smad 3 pathway may be consid-
ered the first element of this cytokine’s activity. Mechanis-
tically, TGF-p induces Smad3 attachment to c-Myc, which
appears to be critical for transcription factor binding to the
hTERT promoter and effective telomerase inhibition [51].
The repression of telomerase, shortening of telomeres, and
cellular senescence have also been identified in lung cancer
cells [175] and in breast cancer cells in which TGF-f recep-
tor signaling was provoked in response to one of the TGF-3
family members, bone morphogenetic protein-7 (BMP7)
[176]. BMPT7 secreted by bone stromal cells has also been
implicated as a trigger of senescence (SA-B-Gal) in prostate
cancer stem cells (CSCs). BMP7 operates through its recep-
tor 2 (BMPR2), leading to the activation of p38 MAPK and
upregulation of the p21 cell cycle inhibitor and the metasta-
sis suppressor gene NDRGI. Interestingly, in contrast to the
classic view on senescence as an irreversible nonprolifera-
tive state, the BMP7-induced senescence of prostate CSCs
appeared to be reversible upon BMP7 withdrawal. In this
case, the phosphorylation of p38 MAPK was reversed with
a subsequent restoration of ERK phosphorylation (a major
positive cell cycle regulator) [177], indicating—according
to the authors of the study—that the p38 MAPK/ERK ratio
may be important for determining the proliferative/nonpro-
liferative status of cancer cells [178].

B cell lymphoma is another model in which mutual coop-
eration between TGF-P1 and senescence was demonstrated
[179]. The lymphoma sections in which TGF-p1 was abun-
dant were characterized by low expression of the prolifera-
tion marker Ki67, implying the presence of senescence.
Indeed, experiments using Myc-driven lymphoma cells
with inhibited apoptosis by stable bcl2 transduction proved
that exogenous TGF-f1 promotes senescence (SA-p-Gal,
p21) in a histone methyltransferase (Suv39hl)-dependent
manner. At the same time, genetic targeting of this enzyme
reversed the senescence phenotype, allowing improved Myc-
driven tumor development. Detailed analysis of TGF-f1
activity revealed a repression of several E2F target genes,
including Cyclin A and MCM7, and increased expression

of heterochromatinization-related transcripts, such as DNA
methyltransferase 3B and HP 1. At the same time, TGF-§1
activity did not increase oxidative stress or DNA damage,
showing that cytokines induce senescence solely via the
Suv39hl pathway. Because TGF-P1 is not a constituent of
lymphoma’s SASP, it was hypothesized that it is derived
from a noncancerous microenvironment. This assumption
was positively verified when the ability of apoptotic lym-
phoma cells to force TGF-f1 release by lymphoma-infiltrat-
ing macrophages was demonstrated. This observation was
in line with previous, well-grounded knowledge that mac-
rophages generate TGF-f1 as a result of phosphatidylserine-
dependent ingestion of apoptotic cells [180]. The apoptosis-
induced macrophage-derived cytokine efficiently induced
SA-B-Gal in lymphoma cells, and this effect was abrogated
in the presence of a TGF-f receptor type I inhibitor [179].

Recently, spontaneous senescence was also demon-
strated in vivo and in vitro in primary ovarian cancer cells
from chemotherapy-naive patients. Experiments aimed at
identifying the role of the peritoneal environment in this
process showed that senescence of cancer cells may be
induced by products of senescent normal peritoneal cells’
secretome and malignant ascites, with a particular role of
soluble TGF-B1. For cancer cells treated with conditioned
medium from senescent PMCs, the cytokine induced the
formation of y-H2A.X foci, whereas in the case of expo-
sure to fibroblast-derived medium, the activity of TGF-p1
translated to increased activity of SA-B-Gal and accumula-
tion of 53BP1. As per senescence induction in response to
malignant ascites, TGF-p1 appeared to be responsible for
this effect in fluids from patients with serous and undiffer-
entiated tumors [181].

Ovarian cancer cells are also prone to senescence elic-
ited by various drugs. One of them is a poly (ADP-ribose)
polymerase (PARP) inhibitor, olaparib, capable of promot-
ing senescence (SA-B-Gal, G, growth arrest) in several
representative ovarian cancer cell lines through a p16- and
p53-dependent mechanism. One of the hallmarks of this
effect is the upregulated expression of TGF-$3 mRNA [182].
Taking into account the well-known cancer-promoting activ-
ity of normal somatic senescent cells [111], the overexpres-
sion of TGF-B3 by senescent cancer cells may indicate that
some elements of nonsenescent cell progression related
to this cytokine (e.g., improved cell migration [183]) may
become intensified.

The contribution of TGF-p1 signaling to cancer cell
senescence was also postulated in p53- and pl6-deficient
hepatocellular cancer cells (HCCs) [184], the spontane-
ous senescence of which was linked with the SIP1 gene,
encoding a zinc-finger transcription factor engaged in
TGF-p signaling [185]. Experimental inhibition of SIP]
led to a restoration of initially declined hTERT activity
and to bypassing senescence [184]. Further research by
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the same group demonstrated that TGF-B1 directly induces
senescence in HCC cells. In contrast to OC cells, TGF-p1
induced senescence independent of p53 status in an effec-
tor mechanism that elevated p21 and G, growth arrest.
The pro-senescence effect of TGF-B1 also involved oxida-
tive stress and the NOX4 gene, as ROS production inhibi-
tion and NOX4 silencing prevented both p21 increase and
growth arrest upon TGF-f1 exposure. In addition, experi-
ments on mice revealed that the intratumoral administra-
tion of TGF-B1 may restrict tumor expansion, whereas
inhibition of TGF-BR2 results in a reduced in vivo senes-
cence response and intensified tumor progression [186].

Unique cell types, the senescence of which is also reg-
ulated by TGF-p signaling, are mesenchymal stem cells
[94] and CSCs. In the latter, TGF-f released by CAFs
can initiate the development of CSCs or the dedifferentia-
tion of non-CSCs to CSCs via Wnt- or Zebl-dependent
signaling [187, 188]. At the same time, BMP-7, a mem-
ber of the TGF-f superfamily, secreted by bone stromal
cells appeared to trigger senescence of prostatic CSCs in
a p38 MAPK-, p21-, and N-Myc downstream regulated
1 (NDRG1)-dependent mechanism. When BMP-7 signal-
ing was inhibited in vitro and in vivo, the manipulation
allowed the cells to resume their proliferative capacity
[178]. Premature senescence was also found in the epi-
thelial stem cell population subjected to ectopic expres-
sion of TGF-B1 [189]. Generally, the activation of TGF-f
signaling is considered a brake signal suppressing the
tumorigenic potential of CSCs, which was demonstrated
using various models, such as breast [190] and gastric
[191] carcinomas.

Conclusions and future directions

Knowledge pertaining to the constant and complex interplay
between aging and cancer is expanding dynamically. Experi-
mental data indicate that the pathophysiology of cancer is
closely associated with the presence and activity of senes-
cent cells, whereas TGF-f signaling seems to be a critical
element of the senescent—cancer cell interactome. These
discoveries have given rise to a variety of strategies to cope
with the unwanted activity of this cytokine, including vari-
ous kinds of antibodies (monoclonal, neutralizing, bifunc-
tional antibodies), antisense oligonucleotides, TGF-f-related
vaccines, and receptor kinase inhibitors [192] (Table 1).
There is also a long list of natural compounds that poten-
tially affect TGF-P signaling in normal and cancer cells.
These include resveratrol [201], curcumin [202], emodin
[202], lycopene [203], carnosol [204], eupatolide [205], and
many others [206]. The effectiveness of these diversified
approaches is, however, extremely limited, which is plausi-
bly associated with the fact that TGF-f plays—apart from its
pro-senescence and pro-cancerous activity—multiple benefi-
cial, physiological roles, which, if blocked, may lead to other
molecular and metabolic abnormalities and side effects.
One of the most important questions that has to be
answered is whether effective anti-senescence/cancer TGF-3
treatment should be directed against the cytokine itself or
should precisely target some of the numerous downstream
elements of TGF-p signaling. Generally, knowledge of these
effectors is continually growing; however, the findings must
be organized in a hierarchical manner to recognize those
molecules and pathways that cannot be manipulated and
those whose modifications may yield promising results.

Table 1 Medicinal preparations tested in clinical trials to target TGF-p signaling in cancer patients

Drug Target Application Reference
AP 12009 TGF-p2 Improved survival of patients with high-grade glioma [193]
(Trabedersen)

GC 1008 TGF-p Increased overall survival and immune response in patients with breast cancer [194]
(Fresolimumab)

Lucanix™ TGF-p2 Improved survival in patients with non-small-cell lung carcinoma [195]
(Belagenpumatucel-L)

LY2157299 TGF-pRI/ALKS* Improved survival of patients with pancreatic cancer [196]
(Galunisertib)

LY3200882 TGF-pRI Potentially effective in patients with pancreatic cancer [197]
M7824 TGF-pRII Potentially effective in patients with non-small-cell lung carcinoma [198]
(Bintrafusp alfa)

TEW7179 TGF-BRI/ALKS Tested in patients with advanced solid tumors [199]
(Vactosertib)

Vigil™ TGF-p1 Improved survival and relapse free time in patients with ovarian cancer [200]
(Gemogenovatucel-T) TGF-p2

*ALKS5—activin receptor-like kinase 5

@ Springer



The functional multipotency of transforming growth factor  signaling at the intersection...

Page 130f 19 196

Another issue that should be experimentally addressed are
the circumstances and context-dependent determinants of
TGF-p superfamily cytokine activation from their latent
forms, the interference with which may keep the cytokines
inactive or adjust their rate of activation to the current needs
of cells. Despite all objective limitations in the employment
of anti-TGF-p strategies in clinical practice, we believe that
the information provided in this review may help to define
new experimental and/or clinical avenues whose explora-
tion will translate to a more effective fight against aging
and cancer.
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