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Abstract

Transforming growth factor-f (TGF-B) is a multifunctional molecule with a dual role in carcinogenesis.
Recent studies have demonstrated its various effects on cancer-related processes. However, the
identification of TGF-3 and TGF-f signaling pathway regulators in extracellular vesicles (EVs) appears
promising for targeting them to control cancer progression associated with drug resistance. Exosomal TGF-
B has been shown to be implicated in cancer cell phenotypic plasticity, a dynamic feature of cancer cells,
and an evasive process hampering treatment efficacy. Additionally, EVs can influence the metastatic
cascade through mechanisms, including their effects on the immune system and their binding to
extracellular matrix (ECM) proteins. These processes collaborate to provide a supportive
microenvironment for the development and growth of metastatic tumors. A deeper understanding of the
mechanisms by which EVs facilitate TGF-3-mediated intercellular communication may have practical
implications for better controlling oncological disorders and providing new methods for cancer diagnostics
and treatment, including approaches targeting EVs.
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Introduction

Cell communication driven by extracellular vesicles (EVs) is considered a powerful strategy in tumor
progression and dissemination [1]. EVs, including exosomes, are small membrane-bound structures that
transport regulatory molecules. Cells produce two distinct types of EVs: microvesicles (MVs) and exosomes.
MVs are characterized by a diameter of 0.2-2.0 um and are generated from membrane-enclosed packages
from plasma membranes. Exosomes are smaller than MVs, measuring 0.03-0.1 pm in diameter, and are
formed as a result of the endosomal sorting complex required for transport- and Rab-dependent rerouting
of multivesicular bodies containing endosomes from the lysosome, where they would be degraded, to the
cell surface [2]. The multivesicular bodies then fuse with the plasma membrane and release their contents

© The Author(s) 2025. This is an Open Access article licensed under a Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, adaptation, distribution
and reproduction in any medium or format, for any purpose, even commercially, as long as you give appropriate credit to the

original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.

Explor Target Antitumor Ther. 2025;6:1002322 | https://doi.org/10.37349/etat.2025.1002322 Page 1


https://orcid.org/0000-0001-8142-4283
https://orcid.org/0000-0002-6801-3452
mailto:tatyana_ruksha@mail.ru
https://doi.org/10.37349/etat.2025.1002322
http://crossmark.crossref.org/dialog/?doi=10.37349/etat.2025.1002322&domain=pdf&date_stamp=2025-06-05

into the extracellular environment, at which point they are referred to as exosomes [3]. EVs play a crucial
role in cell-to-cell communication, impacting basic physiological and pathological processes [4]. Recent
research has highlighted the role of EVs in tumor growth and metastasis development. It is well established
that tumors can precondition distant organs to create a supportive environment for future metastasis [5].
This priming enables disseminated cancer cells to reside and give rise to secondary cancer cell sites. Only a
small fraction, no more than 0.01% of cells, successfully adapt to the altered environment, followed by
establishing a distant site of tumor growth [6]. Moreover, once disseminated cancer cells reach favorable
conditions in distant organs, they can remain quiescent for extended periods. Quiescent cells are not
actively proliferating and are referred to as slow-cycling cells reversibly residing in the GO phase of the cell
cycle. Thus, they escape the effects of standard anti-tumor treatments, which mostly target actively dividing
cells. Under less evident stimuli, quiescent cancer cells re-enter the cell cycle to give rise to metastasis.
Tumor dormancy is closely related to drug resistance and significantly impacts cancer therapy efficacy [7].

It remains challenging to unveil the precise mechanisms by which quiescent disseminated cancer cells
re-enter the cell cycle and start to divide again. This shift from a dormant to a proliferative state is believed
to be regulated, at least in part, by signals provided through EVs [8]. Exosomes are released by both tumor
and normal cells and can transfer molecular cargo consisting of proteins, lipids, and nucleic acids from host
to recipient cells [9, 10]. Some of these molecules, acting as signals, can trigger residing cancer cells to exit
quiescence and start to proliferate, ultimately contributing to metastasis and treatment resistance [11]. The
relevance of studying distant cell communication via exosomes and other EVs is underscored by its
potential to understand tumor progression and implement novel treatment strategies for cancer [12].
Transforming growth factor-f (TGF-) is considered a multifunctional cytokine with various cancer-related
functions. Both TGF-f3 and its regulators, transferred via exosomes, are implicated in cancer cell plasticity,
which is a basis of drug resistance.

The aim of this review is to describe the current status of Evs’ role in TGF-f-mediated cancer cell
phenotypic shifting, and the dependence on cell-to-cell communication, as well as cell interaction with the
microenvironment through EVs, to better understand the mechanisms that enable tumors to escape
treatment and promote growth and progression in distant organs. This data may serve to develop novel
approaches for overcoming cancer cell drug resistance, tumor dissemination, and support new strategies
for cancer treatment. By focusing on EV-mediated communication, evident insights that pave the way for
more effective cancer therapies can be discovered.

Exosomes and oncosomes

Exosomes were first characterized in 1983 by Pan and Johnstone [13] as small-sized EVs released by a
broad spectrum of normal cells, including cells of epithelial origin, blood cells, and neuronal cells [14]. They
are present in most biological fluids, such as plasma, urine, cerebrospinal fluid, and saliva [15]. EVs carry
cell origin-specific cargo and are thus considered plausible markers of pathological states if they specifically
affect cells [14].

Although the protein profiles of exosomes can vary depending on their cell of origin, some cargo
molecules remain constant. Among these are molecules involved in exosome biogenesis (TSG101, VPS26A,
VPS29, and VPS35) and intracellular vesicle transport (CD63, CD9, and CD81/CD82). Such molecules are
used to identify and validate exosomes in experimental and preclinical studies. Conversely, exosomes
harboring more specific cargo, depending on their origin, may be tracked to discover their implications in
definite intercellular communications within physiological events and pathological processes [16, 17].
However, exosomes released into biological fluids by various cell types need further study and monitoring
for clear identification of their functional significance, while localized intercellular communications present
a more obvious model for recognizing the role of EVs as paracrine regulators [18, 19].

In 2008, Al-Nedawi et al. [20] observed exosomes derived from cancer cells and termed them
oncosomes. This research group discovered that the commonly mutated variant of the epidermal growth
factor receptor variant Il (EGFRvIII) was released by glioblastoma cells as EV cargo. They established that
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only glioblastoma cells representing a highly invasive migratory phenotype secreted EVs harboring
EGFRvIII, which activated the pro-oncogenic MAPK and AKT signaling pathways in these cells. Interestingly,
cancer cell-derived exosomes were characterized by an elevated diameter reaching 400 nm and the
presence of phosphatidylserine on the vesicle surface [21, 22].

Various cancer-related proteins were later isolated from tumor cell-derived exosomes, localized on the
exosomal surface, or encapsulated within them. Among these proteins are VEGF, VEGFR, ITGB5, TGF-f1,
ADAM10, FAK, and PDL1 [23-25]. Exosome cargo proteins represent enzymes of basic metabolic pathways,
molecules stimulating angiogenesis and tumor innervation [26, 27], signaling proteins [28], and immune
response modulators [29].

[t is well recognized that the reprogramming and redifferentiation signals in cancer cells reflect
exosomal cargo and are implicated in cancer cell plasticity that is necessary to maintain the malignant
properties of cells and sustain their biological activity in either a dormant (non-proliferative) or
proliferative state. Therefore, tumor cell-derived exosomes carry substances that may promote
uncontrolled cell division and spread throughout the body. They need to be distinguished from exosomes
produced by non-malignant cells, which may promote redifferentiation and reprogramming.

Cancer cell quiescence reflects its phenotypic plasticity and supports drug
resistance

Due to their multi-component nature, exosomes can activate various signaling pathways in recipient cells,
altering the intensity of biological processes in these cells [30]. Exosomes’ diverse content and ability to
transfer regulatory and structural molecules between cells have induced numerous approaches for their
further application as delivery systems for selective cell targeting [31]. However, several limitations such as
lack of selectivity, off-target effects, and rapid biodegradation hamper their translation into clinical settings
[32].

In addition to properties mentioned above, exosomes have demonstrated an ability to support cancer
cell drug resistance, which is highly related to cancer cell plasticity. Phenotypic plasticity is mainly driven
by epigenetic mechanisms [33]. In addition to cell reprogramming factors, exosomes can accurately target
cancer cells, alter their transcriptional programs, and coordinate cancer invasiveness and metastasis by
harboring transcription factors, small non-coding RNA molecules, and other regulatory molecules [34-36].

Tumor dormancy is a reversible state of reduced cell division and metabolic arrest. This condition is
supported by mechanisms such as the balance between apoptosis and proliferation and nutrient supply
limitations. Transcriptional profiles of non-dividing, quiescent (GO) cancer cells differ from those of actively
proliferating [37], reflecting adaptation to varying microenvironments [38]. Hypoxia and serum
deprivation induce quiescence [39, 40]. Regulators of quiescence include NR2F1, STAT1, and SMAD1/5
[41-43]. However, the mechanisms driving the re-entry of quiescent disseminated cancer cells into the cell
cycle, leading to metastasis, remain less clear.

TGF-f is a promising target for anti-cancer intervention

TGF-[ exerts a pleiotropic role in cell biology, exhibiting dual functional activity as a tumor suppressor in
the early stages of carcinogenesis and a tumor promoter in later stages. This duality stems from the
complex TGF-B signaling cascade, which encompasses multiple ligand isoforms, heteromeric receptor
complexes, and branched intracellular signaling pathways, both canonical and non-canonical [44].

Main functions of TGF-f8 in normal cells

In mammals, three main isoforms of TGF- have been identified: TGF-B1, TGF-B2, and TGF-f3, each
exhibiting unique tissue-specific expression patterns and relative abundance. For instance, TGF-f31 is the
most prevalent isoform and plays a crucial role in immunoregulation and fibrosis, TGF-B2 is important in
the development of the cardiovascular and nervous systems, and TGF-f33 is involved in wound healing and
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the regulation of cartilage development [45]. Despite similarities in structure and activation mechanisms,
these isoforms demonstrate differences in biological activity, highlighting the importance of tissue
specificity in TGF-f signaling. TGF-f signaling is mediated by heteromeric receptor complexes consisting of
type [ (TGFBR1/ALKS5) and type Il (TGFBR2) receptors, while type III receptors, such as betaglycan,
function as co-receptors, modulating the presentation of the TGF-f ligand to the signaling receptors [46].
TGFBR2 is a constitutively active serine/threonine kinase that directly binds TGF- ligands, initiating a
signaling cascade that leads to the recruitment and activation of the type I receptor (TGFBR1) by
phosphorylating its GS domain and initiating downstream signal transduction [47]. Intracellular mediators
of TGF-f signaling, namely the SMAD family of proteins, are subsequently involved in signal transduction.
This family includes receptor-regulated SMADs (R-SMADs), a common mediator SMAD (Co-SMAD), and
inhibitory SMADs (I-SMADs). Activated TGFBR1 phosphorylates R-SMADs, such as SMAD2 and SMAD3,
inducing a conformational change that allows them to bind to Co-SMAD. Phosphorylated R-SMADs, in turn,
bind to SMAD4 and form a heteromeric complex, which then translocates to the nucleus, where it interacts
with other transcription factors, co-activators, and co-repressors to regulate the expression of target genes
[48]. It is worth noting that the target genes regulated by SMADs are involved in a wide range of cellular
processes, including cell cycle control, apoptosis, and even the epithelial-mesenchymal transition (EMT).
For example, SMADs regulate the expression of cyclin-dependent kinase inhibitors (CDKIs), such as p15 and
p21, leading to cell cycle arrest [49]. SMADs are also capable of regulating the expression of genes involved
in apoptosis, such as BCL2L11 (BIM), as well as the expression of transcription factors involved in EMT,
SNAIL, and TWIST [50].

SMAD signaling can be regulated through several distinct mechanisms, including ubiquitination and
degradation of SMADs, dephosphorylation by phosphatases, and also by the action of so-called I-SMADs,
which block the activation of R-SMADs [51]. Thus, ubiquitination and degradation of SMADs are mediated
by the E3 ubiquitin ligases Smurfl and Smurf2 [52]. Phosphatases, such as PPM1A, dephosphorylate
SMADs, resulting in inactivation [51]. I-SMADs, such as SMAD6 and SMAD7, compete with R-SMADs for
binding to type I receptors, preventing R-SMAD activation [53].

Regarding non-canonical signaling, it should be mentioned that TGF-f3 can also activate signaling
pathways that are independent of SMADs, including the MAPK pathways (ERK, JNK, p38), the PI3K/AKT
pathway, and Rho GTPases (RhoA, Rac1) [54]. For example, TGF-f can activate MAPK pathways, which are
known to be involved in cell proliferation, survival, and migration, through various mechanisms, including
the activation of small GTPases such as Ras and Rap1 [55]. There is evidence that TGF-f3 has a multifaceted
effect on the PI3K/AKT pathway, which is involved in cell survival and metabolism processes, through both
direct and indirect mechanisms mediated by various signaling molecules and GTPases. Activation of
PI3K/AKT by TGF-f can be carried out, firstly, through receptor tyrosine kinases (RTKs), which are capable
of phosphorylating and activating PI3K, and secondly, through small GTPases, in particular, Ras, which can
also trigger the PI3K/AKT cascade. In addition, TGF-f is able to activate Rho GTPases, such as RhoA and
Rac1, which leads to the regulation of cytoskeletal changes and cell migration, since RhoA is involved in the
formation of stress fibers and ensures cell contractility, while Rac1 promotes the formation of lamellipodia
and cell migration [56].

Disruption of TGF-f signaling in cancer development

Overall, the disruption of TGF-f signaling in cancer is attributed to several well-established mechanisms,
including mutations in the genes encoding components of the signaling pathway, such as TGFBR1, TGFBR2,
SMADZ2, SMAD3, and SMAD4, frequently observed in various cancer types, including colon cancer, pancreatic
cancer, and glioblastoma [57-59]. Imbalances in the expression of TGF-$ ligands and their receptors also
contribute to cancer progression, with tumor cells potentially overexpressing TGF- ligands or altering the
expression of TGF-B receptors [44]. Given the complex crosstalk between TGF-f8 signaling and other
signaling pathways, such as Ras/MAPK, PI3K/AKT, and Wnt/B-catenin, which are known to regulate
processes in carcinogenesis, a number of epigenetic modifications, such as DNA methylation and histone

Explor Target Antitumor Ther. 2025;6:1002322 | https://doi.org/10.37349/etat.2025.1002322 Page 4



modifications, affect the expression of genes involved in TGF-f3 signaling through microRNAs and long non-
coding RNAs [50]. It should be noted that individual mechanisms, as well as their combination, are
associated with the acquisition of an altered phenotype by cancer cells, which is responsible, among other
things, for the development of drug resistance, the mechanisms of which we will reveal in more detail in
this article.

Therapeutic strategies for suppressing TGF-f3 signaling in cancer

Therapeutic strategies targeting TGF-f3 signaling in cancer encompass approaches based on RNA
interference of TGF-B1 and TGF-B2 [60], inhibition of TGF-f signaling via small-molecule inhibitors of TGF-
B receptor kinases (TGFBRIs) [61], neutralizing antibodies against TGF-f3 ligands, and so-called TGF-f3 trap
receptors, which are essentially “decoys” for TGF-f ligands, representing a modified version of the TGF-f3
receptor or its fragment that exhibits high affinity for TGF-f ligands such as TGF-B1, TGF-$2, and TGF-33
[62], as well as antisense oligonucleotides [63]. Ongoing clinical trials aim to evaluate the efficacy and
safety of various therapeutic strategies targeting the TGF-f3 signaling pathway, both as monotherapy and in
combination with other anticancer treatments. Analysis over the past five years reveals completed clinical
trials examining diverse approaches to TGF-f blockade. Specifically, study NCT04551950 assessed
bintrafusp alfa—a bifunctional protein combining a TGF-3 “trap” with a PD-L1 blocker, in combination with
other anticancer therapies in patients with locally advanced or metastatic cervical cancer. Results
demonstrated the promise of the combination therapy (https://clinicaltrials.gov/study/NCT04551950).
Another study (NCT04574583) explored the combination of SX-682 (a CXCR1/2 chemokine receptor
inhibitor) with bintrafusp alfa and CV301 TRICOM (a recombinant poxvirus-based vaccine expressing two
tumor-associated antigens MUC1 and CEA, and three costimulatory molecules B7.1, ICAM-1, and LFA-3) in
advanced solid tumors, evaluating the safety and antitumor activity of this regimen (https://clinicaltrials.
gov/study/NCT04574583). Furthermore, study NCT04247282 evaluated the use of M7824 (anti-PD-
L1/TGF-beta “trap”) as monotherapy and in combination with TriAd vaccine and N-803 in patients with

resectable squamous cell carcinoma (SCC) of the head and neck (https://clinicaltrials.gov/study/
NCT04247282).

Currently, clinical trials are ongoing to further evaluate anti-TGF- therapy. For instance, study
NCT05322408 investigates HCW9218—a bifunctional protein complex designed for the treatment of
patients with advanced/metastatic solid tumors (https://clinicaltrials.gov/study/NCT05322408).
Additionally, studies NCT04481256, evaluating bintrafusp alfa in combination with chemoradiotherapy in
SCC of the esophagus or esophagogastric junction (https://clinicaltrials.gov/study/NCT04481256),
NCT06044311, examining vactosertib (a TGF-beta receptor I inhibitor) in combination with standard
chemoradiotherapy in adenocarcinoma of the esophagus (https://clinicaltrials.gov/study/NCT06044311),
and NCT05400122, assessing NK cells in combination with vactosertib and IL-2 in colorectal cancer (CRC)
and hematological malignancies (https://clinicaltrials.gov/study/NCT05400122) are currently enrolling
patients.

Future directions include the development of more selective and effective TGF-f inhibitors, the
identification of biomarkers for predicting response to TGF--targeted therapy, combination therapies, and
the investigation of the role of non-coding RNAs and the tumor microenvironment in regulating TGF-
signaling.

Promising treatments may involve the suppression of TGF-f signaling pathway regulators within EVs,
particularly in the context of cancer progression associated with drug resistance.

TGF-f is implicated in the cell-cycle-related phenotype of cancer cells

TGF-B is considered a multifunctional cytokine implicated in several aspects of carcinogenesis. The
canonical action of TGF-f is described as bimodal in tumor biology. In normal tissues, TGF-f8 acts as a tumor
suppressor by regulating the cell cycle. Several signal pathways triggered by TGF- under injury induce cell
cycle arrest in the G1 phase. For instance, TGF-f8 activates CDKIs p21 and p15. Conversely, it has been
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shown that TGF-f inhibits the oncogene c-myc, which favors cell division and represses CDKIs [64]. TGF-f3
can induce apoptosis by modulating the activity of caspases, anti-apoptotic BCL2, and FAS [65-67].

Conversely, in cancerous tissues, TGF-f3 supports pro-tumorigenic processes. First, TGF-f3 released by
tumor-associated fibroblasts suppresses the functioning of cytotoxic T-lymphocytes and favors the activity
of regulatory T-cells [68, 69]. Second, TGF-8 supports EMT, reflecting cancer cell plasticity and phenotype
reprogramming [70]. Thus, TGF-f is suggested to play a role in the regulation of cancer cell phenotypic
reprogramming and tumor dormancy. Indeed, TGF-B ligands, produced either by tumor or
microenvironment cells, modulate dormancy contextually across various cancer models [71]. In particular,
TGF-B1 induces the transfer of SCC to a dormant state in vivo [72, 73], whereas the loss of TGF-f3 R2 in these
cells causes augmented tumor growth [74]. Contrarily, the treatment of quiescent T4-2 breast cancer cells
in a 3D system with TGF-B1 and ECM protein periostin resulted in increased tumor size, indicating that
TGF-B1, together with periostin, facilitates the exit from the quiescent state [71]. Several other studies also
reported that TGF-B2 may induce phenotypic switches [41, 75]. Moreover, dormant cells frequently exhibit
high levels of TGF-B2 expression compared with their proliferative counterparts [38, 76] suggesting that
autocrine TGF-B2 signaling supports the dormant state [75].

TGF-B, like several other cytokines [77], may be present in exosomes produced by cancer cells and
transferred from parental to recipient cells, leading to the biological effects mentioned above. Clayton et al.
[78] were the first to show the presence of membrane-bound TGF-f1 in exosomes derived from established
mesothelioma cells. They demonstrated that these exosomes, also harboring IL-2, were able to stimulate
regulatory T-cells and diminish the cytotoxic response of natural killer cells [78]. Another study showed the
presence of TGF-f3 in exosomes derived from murine adenocarcinoma cells. These aforementioned EVs
stimulated the differentiation of bone marrow myeloid cells into pro-tumorigenic myeloid-derived
suppressor cells, followed by their enhancement of tumor growth [79]. TGF-3 originating from head and
neck carcinoma cells-derived EVs stimulated macrophage activation and their reprogramming into a pro-
angiogenic phenotype that further promoted tumor vascularisation in vivo [80]. Another study noticed that
exosome-derived TGF-B1 was characterized by higher signaling capacities compared with free TGF-1.
Both active and latent membrane-bound TGF-B1 demonstrated the ability to transfer into recipient human
mesenchymal stem cells (MSCs), enhancing their migratory capacities via SMAD-dependent pathways [81].

Not only TGF-f itself but also its receptors can be carried in exosomes. Thus, it has been reported that
breast cancer cells-derived exosomes contain an active form of TGF-f type II receptor (TBRII) in their
cargo, promoting the activation of TGF-f3 signaling in recipient cells. Interestingly, the uptake of exosomal
TBRII by tumor cells with a low aggressiveness phenotype initiated EMT that resulted in these cells
acquiring the features of cancer stem cells and facilitated the increasing number of metastases in animal
models. In parallel, TBRII transferred to CD8" T-cells via exosomes activated the transcriptional modulator
SMAD3, which corresponded to diminished CD8* T-cell functioning and led to ineffective immunotherapy
[82].

Conversely, exosomes derived from tumor-associated macrophages led to increased expression of TGF-
B signaling pathway activators in meningioma cells, specifically TGFBI, SNAI1, MMP2, TGF-B1, TGF-f2,
IGFBP7, and LTBPZ, leading to tumor cells obtaining a more aggressive phenotype [83]. Meanwhile, TGF-f3
signaling activation was determined only in breast cancer cells with an aggressive phenotype and
corresponded to elevated EV secretion and rapid tumor progression in animal models. In turn, the
inhibition of EV release in highly aggressive breast cancer cells diminished TGF-f3 signaling activation and
reduced their invasive phenotype, impairing tumor progression and the onset of metastasis. Thus, a new
approach to regulate breast cancer dissemination was presented, involving the inhibition of exosome
trafficking together with blocking TGF-f signaling in phenotypically aggressive breast cancer in vitro and in
vivo [84].

Summarizing, these studies demonstrate the impact of exosomes on TGF-f functioning, which is crucial
to regulating for managing tumor progression. EVs could be a plausible target for maintaining a low-
aggressive phenotype of cancer cells, thus lowering tumor dissemination. However, to implement such an
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approach, delicate monitoring of EV cargo and their trafficking is needed. TGF-f3, delivered both directly
through exosomes and produced or activated locally in response to signals potentially triggered by
exosomes, leads to diverse alterations within normal and cancerous tissues.

Exosomal TGF-$ functions
The role of cancer-associated fibroblasts and TGF-f8 in the tumor microenvironment

Activated fibroblasts in the tumor microenvironment are known as cancer-associated fibroblasts (CAFs)
[85]. Cancer cells attract CAFs largely via regulation by growth factors secreted by primary tumor cells and
immune elements. Specifically, TGF-, PDGF, and FGF-2 play key roles in the activation of fibroblasts during
acute and chronic tissue injuries, as well as in their repair [86]. Studies on the impact of the ECM stiffens
that is important for metastasis development, have shown that TGF-f3 enhances the activity of lysyl oxidase
(LOX), an enzyme responsible for collagen cross-linking and remodeling [87]. The mechanism of fibroblast
activation remains unclear; however, it is known that the phenotype and behavior of cancer cells can be
altered through modifications of the ECM [88], indicating that tumor cells do not function autonomously
but heavily rely on signals and the composition of the ECM in their microenvironment. TGF-f8 can also alter
the tumor cell microenvironment by mobilizing various cell types, including fibroblasts and immune cells.
This helps create favorable circumstances for the awakening and division of quiescent cells.

Exosomes as mediators of TGF-B-dependent fibroblast differentiation and tumorigenesis

Notably, exosomes derived from prostate cancer cells trigger TGF-1-dependent fibroblast differentiation,
forming a myofibroblast phenotype similar to stromal cells isolated from prostate cancer tissue.
Additionally, exosomes enhanced angiogenesis in vitro and promoted tumor growth in vivo. Meanwhile,
myofibroblasts generated under soluble TGF-1 stimulation did not show proangiogenic or tumorigenic
capacities [89].

Exosomes released by bladder cancer cells are internalized by fibroblasts and promote proliferation
and enhanced expression of CAF markers. These cells contained TGF-f followed by activation of SMAD-
dependent signaling. Application of TGF-f inhibitors diminished the expression of CAF-associated proteins
in healthy fibroblasts [90].

Gastric cancer exosomes trigger the differentiation of umbilical cord-derived MSCs into CAFs through
exosome-mediated TGF-f trafficking and activation of the TGF-$/SMAD pathway, which may represent a
novel mechanism for the transition of MSCs to CAFs in cancer [91].

Elevated levels of membrane-bound TGF-f were determined in EVs released by metastatic
osteosarcoma cells. TGF-f interaction with its receptor on the surface of MSCs resulted in increased
synthesis and release of pro-inflammatory IL-6, which supported the metastatic process by
immunosuppression [92].

The role of exosomal non-coding RNAs in regulating TGF-f8 signaling

Several studies have elucidated the role of EV-derived non-coding RNAs on TGF- expression with
subsequent effects on TGF-f signaling in recipient cells. For instance, colorectal carcinoma cells release EVs
containing non-coding RNA circPAGRGL, which induces TGF-8 expression, followed by enhanced cell
proliferation and metastasis development. Additionally, EVs supported the phenotypic switch of
oncosuppressive N1 neutrophils to pro-tumorigenic N2 by activating miR-142-3p and miR-506-3p [93].
Gastric cancer cell-derived exosomes containing miR-21-5p showed the ability to promote the acquisition
of mesenchymal features by peritoneal mesothelial cells. This stimulated invasion by activating tumor TGF-
B signaling pathways via inhibiting SMAD7, which acts as a TGF-f3 suppressor [94].

Furthermore, the surface components of EVs were shown to interact with TGF-f, bringing combined
signals into recipient cells. This phenomenon was observed in MSCs, stimulating them to secrete IL-6 to
support a pro-inflammatory microenvironment [95]. Chronic myeloid leukemia cell-derived exosomes

Explor Target Antitumor Ther. 2025;6:1002322 | https://doi.org/10.37349/etat.2025.1002322 Page 7



induced transcriptional reprogramming in bone marrow MSCs, affecting mRNA levels of several proteins
involved in leukemia cell development. Among them, TGF-f3 levels were diminished under treatment due to
the ability of TGF-f to induce the differentiation and suppress proliferation of leukemic cells. At the same
time, the treatment of bone marrow MSCs and macrophages with chronic myeloid leukemia cell-derived
exosomes altered the balance between pro- and anti-oxidative processes in these cells. Increased
production of NO observed in bone marrow MSCs may favor the establishment of an immunosuppressive
environment and stimulate angiogenesis. Conversely, decreased NO levels observed in macrophages may
correspond to alterations in their polarization, shifting from M1 to M2, supporting a pro-tumorigenic
environment as well [96].

EVs and TGF-f in premetastatic niche formation and organ remodeling

It is well established that metastasis development is organ-specific, and tumor-disseminated cells mostly
reside in favored sites. However, EVs released by primary tumor cells may reach these organs to
precondition the environment for further disseminated cancer cells residing there. Thus, EVs may be
involved in the fate of cancer disease progression by organ remodeling [97]. In particular, EVs produced by
pancreatic ductal adenocarcinoma remodeled liver tissue, making it more favorable for metastasis
development. Uptake of EVs by hepatic Kupffer cells resulted in TGF-f signaling pathway activation and
elevated TGF-f release, which, in turn, stimulated stellate cells to produce fibronectin [98] (Figure 1).

signaling activation

Pre-metastatic o Extracellular
niche formation o e vesicles
* Kupffer cells
i Disseminated c
Metastasis @ o TGF-B
tumor relapse cancer cells »
e Fibronectin Stellate cells

Figure 1. EVs role in pre-metastatic niche formation in distant organs and tumor relapse. Figure shows fibronectin as
important component of the ECM that is involved in the formation of the premetastatic niche. ECM: extracellular matrix; EVs:
extracellular vesicles; TGF-f: transforming growth factor-8

ECM interaction with tumor cells residing quiescent in distant organs is an important feature
determining tumor progression and relapse. The ECM dynamically regulates the state of tumor cells, while
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fibronectin supports their quiescent status [99]. Another study showed that EVs produced by bone
marrow-derived cells in a lung cancer murine model contain miR-92, which also through TGF-f signaling
activation in liver stellate cells, induced the production of collagen type I. Thus, miR-92 transferred via EVs
to liver stellate cells decreased SMADZ expression and activated TGF-f signaling, promoting rapid liver
metastasis development [100].

TGF-B and EMT: implications for tumor progression and metastasis

Phenotypic plasticity is considered a specific feature of cancer cells. Both genetic and non-genetic
alterations support the acquisition of new biological characteristics by cancer cells to avoid injurious
stimuli. Vascular mimicry, as well as cancer cell dedifferentiation and mutational instability, represent
mechanisms that support cancer cell reprogramming. EMT is another mechanism by which cancer cells
may alter their phenotype. Recent studies suggested that mesenchymal features of cancer cells can shift to
epithelial cells as well [101]. Moreover, it has become clear that while EMT is a necessary event in cancer
stem cells for the onset of the metastatic process, EMT is required for further metastasis development.
Thus, E-selectin stimulates keratin-14 expression in prostate cancer cells, followed by the activation of Wnt
signaling and engaging metastasis in bone tissue [102]. TGF-f is a well-established enhancer of EMT, a
process in which epithelial cells acquire a more motile and invasive mesenchymal phenotype that promotes
metastasis. This is especially important for quiescent cells re-entering the cell cycle, as it ensures their
ability to migrate and form metastatic nodes.

It has been reported that exosomes derived from dormant lung adenocarcinoma A549 cells could be
taken up by fibroblasts. Exosomal ITGB6 transferred into fibroblasts induced their transition to CAFs via
activating the TGF-3 pathway. Thus, high ITGB6 expression indicated TGF-f3 pathway activation and ECM
remodeling [103].

TGF-B1 levels were found to be increased in CAFs compared with the levels in normal omental
fibroblasts. Therefore, both TGF-f1 treatment or treatment with exosomes derived from CAFs affected
ovarian cancer cells to achieve spindle-cell morphology, form protrusive structures, enhance migrative and
invasive capacities, and induce mesenchymal marker N-cadherin and vimentin expression mediated by
SMAD2/3 signaling. Conversely, blocking TGF-f31 depleted the aforementioned alterations, confirming the
ability of TGF-f1 to regulate both processes, including EMT [104].

Immunosuppressive effects of TGF-f8 and therapeutic implications

However, TGF-$3 can suppress the immune response by acting on various factors of the immune system. In
terms of dormancy, it allows quiescent cells to evade immune surveillance and supports the survival of
slow-cycling/non-cycling cancer cells for long periods for their subsequent reactivation later.

Exosomes derived from renal cell carcinoma have been shown to contain TGF-B1 and transfer it to
tumor-infiltrating natural killer cells, impairing their functioning through activation of the TGF-g/SMAD
pathway [105]. Exosomes produced by head and neck SCC (HNSCC) cell lines contain TGF-8 and stimulate
macrophage chemotaxis without a detectable M1/M2 phenotype shift and reprogramme primary human
macrophages into a proangiogenic phenotype characterized by upregulation of proangiogenic factors and
functions [80].

We have summarized all properties of exosomal TGF-beta in a table, characterizing its main regulatory
properties related to carcinogenesis (Table 1).

Additionally, the combinatorial treatment by TGF-f inhibitors with existing immunotherapeutic agents
has demonstrated promising outcomes. Nonetheless, this therapeutic approach necessitates meticulous
evaluation and patient stratification to maximize treatment efficacy. Within this context, it is necessary to
identify endogenous delivery pathways of TGF-f to modulate their regulatory mechanisms on cancer cells
and the tumor microenvironment.
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Table 1. Key functions of exosomal TGF-f8

Function of Mechanism Resulting effect Cancer type(s) Reference(s)
exosomal TGF-B
Fibroblast Activates SMAD- Promotes differentiation of fibroblasts Prostate cancer, bladder  [89-91, 103]
differentiation and dependent signaling into CAFs, enhances CAF marker cancer, gastric cancer,
activation upon internalization into  expression. and lung
fibroblasts. adenocarcinoma.
ECM remodeling Enhances LOX activity,  Stiffens the ECM, creating a General (tumor [87, 103]
leading to collagen favorable environment for metastasis microenvironment).
cross-linking. development.
Angiogenesis Stimulates angiogenesis Enhances tumor growth in vivo. Prostate cancer. [89]
promotion via myofibroblast
phenotype.
MSC modulation  TGF-f interaction with Increases synthesis and release of Osteosarcoma, chronic [92, 95, 96]
receptors on MSCs. pro-inflammatory IL-6, supporting myeloid leukemia.
metastasis via immunosuppression.
Non-coding RNA- Delivery of circPAGRGL, Induces TGF-f expression, Colorectal cancer, gastric [93, 94, 100]
mediated miR-21-5p, miR-92, miR- enhances cell proliferation and cancer, and lung cancer.
signaling 142-3p, and miR-506-3p metastasis, promotes EMT, and
via exosomes. supports phenotypic switch of
neutrophils to pro-tumorigenic N2.
Premetastatic Activation of TGF-3 Remodels liver tissue, making it more Pancreatic ductal [98, 100]
niche formation signaling in hepatic favorable for metastasis by adenocarcinoma, lung
Kupffer cells and stellate stimulating fibronectin and collagen  cancer.
cells. type | production.
EMT induction Activation of SMAD2/3 Promotes a more motile and invasive General (ovarian cancer). [104]
signaling. mesenchymal phenotype, enhancing
migration and invasion.
Immune Transfer of TGF-B1 to Impairs NK cell functioning via TGF-  Renal cell carcinoma. [105]
suppression tumor-infiltrating natural  B/SMAD pathway activation, supports
killer cells. immune evasion of quiescent cells.
Macrophage Stimulation of Promotes proangiogenic phenotype = Head and neck squamous [80]
reprogramming macrophage chemotaxis in macrophages, characterized by cell carcinoma.
and reprogramming. upregulation of proangiogenic
factors.

CAFs: cancer-associated fibroblasts; ECM: extracellular matrix; EMT: epithelial-mesenchymal transition; LOX: lysyl oxidase;
MSC: mesenchymal stem cell; TGF-B: transforming growth factor-3

TGF-B-mediated cancer cell plasticity leads to drug resistance

Drug resistance is a major challenge in modern oncology. Numerous mechanisms have been associated with
this phenomenon, including increased expression of drug efflux transporters, activation and reactivation of
proliferative signaling, evasion of pro-apoptotic stimuli, mutational heterogeneity, and immune escape
[106-110]. However, the activation of TGF-f signaling has been shown to correspond with drug resistance
in various cancer types, such as melanoma [111], non-small cell lung cancer (NSCLC) [112], breast cancer
[113], hepatocellular carcinoma (HCC) [114], CRC [115], SCC [73], osteosarcoma [116], and in tumor-
initiating cells of some cancer types [44, 117]. In addition, high levels of TGF-f3 in patients with breast
cancer, NSCLC, HCC, and CRC are associated with poor prognosis [118-122]. Tan et al. [123] discovered that
exosome-mediated TGF-B1 transfer affects the sensitivity of cancer cells to therapy. In their study,
exosomes were isolated from both adriamycin-sensitive and -resistant breast cancer cells, followed by the
determining exosomal cytokine levels. Cells resistant to adriamycin treatment were characterized by
increased TGF-f1 expression. Moreover, exosome-mediated intercellular transfer of TGF-f1 resulted in the
phosphorylation of SMAD2 activation and enhanced cell survival by repressing apoptosis and increased cell
mobility in a zebrafish breast cancer xenograft model [123].

Besides its implication in EMT acting to protect from injury induced by anti-cancer agents, TGF-f3
supports autophagy via gene expression regulation. Hence, the treatment of MSCs, a component of the
osteosarcoma microenvironment, with leptin, a regulator of osteoblastogenesis characteristic of metastasis
in bone cancer, stimulated autophagy and activated TGF-f signaling that corresponded to cisplatin
resistance in osteosarcoma cells [124]. Similarly, in breast and pancreatic cancer cell lines, TGF-f signaling
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via EMT was shown to support cisplatin resistance by increasing the expression of deubiquitinase USP27X,
which, in turn, increases the stability of the EMT-associated protein SNAIL1 [125].

Oshimori et al. [72] developed a system for in vitro/in vivo imaging of TGF-f3 signaling that allowed the
observation of a heterogeneous pattern of SMAD2/3 expression activated by TGF-3 in SCC cells. SCC cells
that responded to TGF-f3 were slowly cycling cells, while non-responders were actively proliferating cells.
Meanwhile, these slow-cycling cells were characterized by resistance to cisplatin. Further analysis
identified the overexpression of the redox-sensitive transcription factor NRF2 and p21, cyclin-dependent
kinase 1A, which is specific for non-cycling (quiescent or senescent) cells. Thus, the activation of
antioxidant factors mediated by TGF-3 can be a mechanism by which cancer cells residing in the resting
phase of the cell cycle may resist anti-cancer treatment [72]. Besides, in SCC cells, TGF-f3 can activate the
AKT pathway, followed by overexpression of SOX2 and ABCGZ2, which are characteristic of cancer stem cells,
indicating the ability to induce cancer cell dedifferentiation that corresponds to cisplatin resistance [126].

On the other hand, several studies have shown that TGF- pathway downregulation can also be
associated with chemoresistance [16, 127, 128]. For instance, the inhibition of the transcription factor MITF
together with TGF-3 signaling has been shown to increase resistance to MEK inhibitors in melanoma cells
[129]. Moreover, SMADZ2 downregulation or the loss of SMAD4 diminishes TGF-3-dependent expression of
tumor suppressor genes, leading to the upregulation of anti-apoptotic proteins BCL2 and BCLw,
corresponding to resistance development of NSCLC cells and CRC cells to platinum anti-cancer compounds
and 5-fluorouracil, respectively [128, 130].

In summary, the intricate interplay between TGF-f signaling and drug resistance mechanisms is
evident across a spectrum of cancer types. This association is not unidirectional, as both the activation and
downregulation of TGF-B pathways have been implicated in conferring resistance to various
chemotherapeutic agents. A concise overview of these associations, highlighting the cancer type, the drug

involved, and the specific TGF-$ signaling component implicated in resistance, is presented in the table
(Table 2).

Table 2. Association of TGF-B signaling with drug resistance across various cancer types

Effect of TGF-B Mechanism of drug resistance Cancer type(s) implicated Reference(s)
signaling
Overall association Activation of TGF-f signaling often Melanoma, non-small cell lung cancer, [44,73, 111-
correlates with increased drug resistance.  breast cancer, hepatocellular 116]
carcinoma, colorectal cancer,
squamous cell carcinoma,
osteosarcoma, and tumor-initiating
cells.
Exosome-mediated Exosome-mediated transfer of TGF-1 Breast cancer. [123]
transfer from resistant cells increases cell survival,
reduces apoptosis, and enhances cell
mobility.
Autophagy promotion TGF-B promotes autophagy, leading to Osteosarcoma (specifically, in [25, 124]
increased drug resistance. mesenchymal stem cells), breast and
pancreatic cancer cell lines.
Quiescence/senescence TGF-f activation leads to a population of Squamous cell carcinoma. [72]
slow-cycling cells resistant to cisplatin,
potentially via NRF2 and p21
overexpression.
Cancer stem cell TGF-B can activate the AKT pathway, Squamous cell carcinoma. [126]
induction leading to increased expression of cancer
stem cell markers (SOX2, ABCG2) and
cisplatin resistance.
Pathway downregulation Downregulation of TGF-f signaling (e.g., Melanoma, non-small cell lung cancer, [128-130]
MITF inhibition, SMAD2 downregulation, and colorectal cancer.
and SMADA4 loss) can paradoxically lead to
drug resistance by upregulating anti-
apoptotic proteins.
TGF-B: transforming growth factor-8
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Strategies to inhibit TGF-f8 signaling by blocking the spread of EVs

Despite considerable progress in the implementation of novel anti-cancer approaches into the clinic, cancer
remains a major health problem due to rapidly developing drug resistance driven by the high plasticity and
heterogeneity of cancer cells. As revealed in numerous studies, TGF-f3 signaling is implicated in the
development of cancer treatment insufficiency via various pathways. Although the application of TGF-f3
inhibitors failed to provide evident therapeutic impact, it does not negate the multiple effects of TGF-f3
signaling in cancer progression and drug resistance. However, combinatorial treatment regimens have been
reported to enhance the efficacy of TGF-f inhibitors. For instance, their application with immunotherapy
has been shown to yield greater results in several preclinical studies [131].

However, TGF- itself may support both cancer cell plasticity and heterogeneity, where TGF-f or its
regulatory molecules via EVs provide intercellular communication resulting in a phenotypic switch of
target cells. TGF-f is crucial for cancer cell communication with the ECM and microenvironment structures.
EVs containing integrins av5 interact with liver cells, while EVs loaded with integrins a6f4 and a6f1
demonstrate intensive binding to lung fibroblasts and epithelial cells [23]. CRC cell-derived EVs containing
integrin B-like 1 (ITGBL1) via the bloodstream reach fibroblasts and stellate cells in the lungs and liver. The
latter starts to secrete TGF-8 and pro-inflammatory cytokines IL-6 and IL-8, leading to further tumor
progression and dissemination [132]. This poses the question of whether selectively blocking not TGF-f3
signaling directly but its activators may be an efficient approach to regulating cancer dissemination. Indeed,
exosomes derived from MSCs and loaded with miR-200a mimic abrogated TGF-f-activated EMT in gastric
cancer cells, which was represented as upregulation of E-cadherin expression and downregulation of 3-
catenin, vimentin, ZRB1, and SNAIL1 expression. The authors presume that EMT markers depression
corresponds to hampering further metastasis development [133]. TGF-$ stimulated PD-L1, an immune-
suppressive antigen, loading in breast cancer cell-derived exosomes, followed by CD8" cells dysfunction.
TGF-B inhibitor application significantly reduced PD-L1 presence in EVs. Moreover, neutralizing PD-L1
harboring exosomes together with TGF-3 blockage led to effective killing of breast cancer cells by T-cells
[134]. Therefore, targeting exosomes derived from specific cells using antibody fragments or peptides
represents a promising direction in biomedical research and therapy. The surface antigens of exosomes can
be modified by attaching specific ligands, enabling the delivery of therapeutic agents directly to target cells.

Restoring TGF-f3 signaling in quiescent SCC cells by applying the DNA methylation inhibitor 5-
azacytidine with the ligand of the retinoic acid receptor supported the existence of the aforementioned cells
in a quiescent state, which delayed tumor relapse and metastasis development [135]. This study
underscores that effective manipulation with TGF- or with components of its signaling can be achieved by
selective targeting depending not only on the nature of the cells but also on their phenotype. The necessity
of quiescent cancer cell therapeutic targeting is still obscure and under intensive study now. However, TGF-
B signaling can be a putative target to control cancer cell plasticity.

Conclusions

In conclusion, exosomes represent a multifaceted and dynamic mechanism employed by cancer cells to
achieve phenotypic reprogramming. The capacity of EVs to shuttle biological information, both locally and
distally, significantly influences cancer progression, although potential oncosuppressive roles warrant
further investigation. While TGF-f3 traditionally exhibits anti-cancer properties in normal cells, facilitating
cell cycle exit and apoptosis of compromised cells, its role in preventing malignant transformation deserves
greater emphasis. Furthermore, modulating cancer cell phenotypic plasticity via TGF-f related signals
constitutes a potential avenue for circumventing drug resistance. Accumulating evidence highlights the
critical role of EVs in mediating TGF-f8 signaling, either through the direct delivery of TGF-{ itself or, more
frequently, by transporting regulatory molecules that modulate TGF-f activation within target tissues.
Specifically, EVs can deliver integrins, cytokines, and microRNAs that influence the tumor
microenvironment and promote tumor progression (Figure 2). Ongoing research focused on deciphering
the mechanisms of intercellular communication via EVs in the context of TGF-B-regulated cancer cell
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plasticity is poised to yield more precise and effective therapeutic strategies, potentially targeting specific

EV subsets or interfering with their cargo-mediated effects on TGF-3 signaling in recipient cells.

Immune suppression

Epithelial-mesenchymal transition

/ of cancer cells

Mesenchymal-epithelial transition
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Figure 2. TGF-B role in carcinogenesis. Cancer cells release TGF-( directly and secrete it as EV cargo to promote numerous

cancer-related processes.

Abbreviations

CAFs: cancer-associated fibroblasts
CDKIs: cyclin-dependent kinase inhibitors
Co-SMAD: common mediator SMAD

CRC: colorectal cancer

ECM: extracellular matrix

EGFRVIII: epidermal growth factor receptor variant II1
EMT: epithelial-mesenchymal transition
EVs: extracellular vesicles

HCC: hepatocellular carcinoma

[-SMADs: inhibitory SMADs

MSCs: mesenchymal stem cells

NSCLC: non-small cell lung cancer
R-SMADs: receptor-regulated SMADs
SCC: squamous cell carcinoma

TGF-B: transforming growth factor-3
TBRII: TGF-B type Il receptor

Explor Target Antitumor Ther. 2025;6:1002322 | https://doi.org/10.37349/etat.2025.1002322

Page 13



Declarations

Author contributions

TR: Conceptualization, Investigation, Project administration, Supervision, Visualization, Writing—original

draft, Writing—review & editing. NP: Data curation, Investigation, Writing—original draft, Writing—

review & editing.

Conflicts of interest

The authors report no conflicts of interest.

Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

Not applicable.

Copyright
© The Author(s) 2025.

Publisher’s note

Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations

and maps. All opinions expressed in this article are the personal views of the author(s) and do not
represent the stance of the editorial team or the publisher.

References

1.

Wan Z, Gao X, Dong Y, Zhao Y, Chen X, Yang G, et al. Exosome-mediated cell-cell communication in
tumor progression. Am ] Cancer Res. 2018;8:1661-73. [PubMed] [PMC(]
Palmulli R, Couty M, Piontek MC, Ponnaiah M, Dingli F, Verweij F], et al. CD63 sorts cholesterol into

endosomes for storage and distribution via exosomes. Nat Cell Biol. 2024;26:1093-109. [DOI]
[PubMed]

Ghossoub R, Lembo F, Rubio A, Gaillard CB, Bouchet ], Vitale N, et al. Syntenin-ALIX exosome
biogenesis and budding into multivesicular bodies are controlled by ARF6 and PLD2. Nat Commun.
2014;5:3477. [DOI] [PubMed]

Xu ], Zhang ], Zhang Z, Gao Z, Qi Y, Qiu W, et al. Hypoxic glioma-derived exosomes promote M2-like
macrophage polarization by enhancing autophagy induction. Cell Death Dis. 2021;12:373. [DOI]
[PubMed] [PMC]

Altea-Manzano P, Doglioni G, Liu Y, Cuadros AM, Nolan E, Ferndndez-Garcia ], et al. A palmitate-rich
metastatic niche enables metastasis growth via p65 acetylation resulting in pro-metastatic NF-«kB
signaling. Nat Cancer. 2023;4:344-64. [DOI] [PubMed] [PMC(]

Castaneda M, den Hollander P, Kuburich NA, Rosen JM, Mani SA. Mechanisms of cancer metastasis.
Semin Cancer Biol. 2022;87:17-31. [DOI] [PubMed]

Explor Target Antitumor Ther. 2025;6:1002322 | https://doi.org/10.37349/etat.2025.1002322 Page 14


http://www.ncbi.nlm.nih.gov/pubmed/30323961
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6176174
https://dx.doi.org/10.1038/s41556-024-01432-9
http://www.ncbi.nlm.nih.gov/pubmed/38886558
https://dx.doi.org/10.1038/ncomms4477
http://www.ncbi.nlm.nih.gov/pubmed/24637612
https://dx.doi.org/10.1038/s41419-021-03664-1
http://www.ncbi.nlm.nih.gov/pubmed/33828078
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8026615
https://dx.doi.org/10.1038/s43018-023-00513-2
http://www.ncbi.nlm.nih.gov/pubmed/36732635
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7615234
https://dx.doi.org/10.1016/j.semcancer.2022.10.006
http://www.ncbi.nlm.nih.gov/pubmed/36354098

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Hosseini H, Obradovi¢ MMS, Hoffmann M, Harper KL, Sosa MS, Werner-Klein M, et al. Early
dissemination seeds metastasis in breast cancer. Nature. 2016;540:552-8. [DOI] [PubMed] [PMC(C]
Bliss SA, Sinha G, Sandiford OA, Williams LM, Engelberth D], Guiro K, et al. Mesenchymal Stem Cell-
Derived Exosomes Stimulate Cycling Quiescence and Early Breast Cancer Dormancy in Bone
Marrow. Cancer Res. 2016;76:5832-44. [DOI] [PubMed]

Wu D, Yan ], Shen X, Sun Y, Thulin M, Cai Y, et al. Profiling surface proteins on individual exosomes
using a proximity barcoding assay. Nat Commun. 2019;10:3854. [DOI] [PubMed] [PMC(]

JiY, Luo Z, Gao H, Dos Reis FCG, Bandyopadhyay G, Jin Z, et al. Hepatocyte-derived exosomes from
early onset obese mice promote insulin sensitivity through miR-3075. Nat Metab. 2021;3:1163-74.
[DOI] [PubMed] [PMC(]

Attaran S, Bissell MJ. The role of tumor microenvironment and exosomes in dormancy and relapse.
Semin Cancer Biol. 2022;78:35-44. [DOI] [PubMed] [PMC]

Bhatia R, Chang ], Munoz JL, Walker ND. Forging New Therapeutic Targets: Efforts of Tumor Derived
Exosomes to Prepare the Pre-Metastatic Niche for Cancer Cell Dissemination and Dormancy.
Biomedicines. 2023;11:1614. [DOI] [PubMed] [PMC(]

Pan BT, Johnstone RM. Fate of the transferrin receptor during maturation of sheep reticulocytes in
vitro: selective externalization of the receptor. Cell. 1983;33:967-78. [DOI] [PubMed]

Zhang Y, Liu Y, Liu H, Tang WH. Exosomes: biogenesis, biologic function and clinical potential. Cell
Biosci. 2019;9:19. [DOI] [PubMed] [PMC(]

Brinton LT, Sloane HS, Kester M, Kelly KA. Formation and role of exosomes in cancer. Cell Mol Life
Sci. 2015;72:659-71. [DOI] [PubMed] [PMC(]

You B, Xu W, Zhang B. Engineering exosomes: a new direction for anticancer treatment. Am ] Cancer
Res. 2018;8:1332-42. [PubMed] [PMC]

Mathieu M, Névo N, Jouve M, Valenzuela ]I, Maurin M, Verweij F], et al. Specificities of exosome
versus small ectosome secretion revealed by live intracellular tracking of CD63 and CD9. Nat
Commun. 2021;12:4389. [DOI] [PubMed] [PMC(]

Fuentes P, Sesé M, Guijarro P], Emperador M, Sanchez-Redondo S, Peinado H, et al. ITGB3-mediated
uptake of small extracellular vesicles facilitates intercellular communication in breast cancer cells.
Nat Commun. 2020;11:4261. [DOI] [PubMed] [PMC]

Men'Y, Yelick |, Jin S, Tian Y, Chiang MSR, Higashimori H, et al. Exosome reporter mice reveal the
involvement of exosomes in mediating neuron to astroglia communication in the CNS. Nat Commun.
2019;10:4136. [DOI] [PubMed] [PMC]

Al-Nedawi K, Meehan B, Micallef |, Lhotak V, May L, Guha A, et al. Intercellular transfer of the
oncogenic receptor EGFRvIII by microvesicles derived from tumour cells. Nat Cell Biol. 2008;10:
619-24. [DOI] [PubMed]

Montermini L, Meehan B, Garnier D, Lee W], Lee TH, Guha A, et al. Inhibition of oncogenic epidermal
growth factor receptor kinase triggers release of exosome-like extracellular vesicles and impacts
their phosphoprotein and DNA content. ] Biol Chem. 2015;290:24534-46. [DOI] [PubMed] [PMC(]

Di Giuseppe F, Carluccio M, Zuccarini M, Giuliani P, Ricci-Vitiani L, Pallini R, et al. Proteomic
Characterization of Two Extracellular Vesicle Subtypes Isolated from Human Glioblastoma Stem Cell
Secretome by Sequential Centrifugal Ultrafiltration. Biomedicines. 2021;9:146. [DOI] [PubMed]
[PMC]

Hoshino A, Costa-Silva B, Shen TL, Rodrigues G, Hashimoto A, Tesic Mark M, et al. Tumour exosome
integrins determine organotropic metastasis. Nature. 2015;527:329-35. [DOI] [PubMed] [PMC(]
Garcia-Silva S, Benito-Martin A, Nogués L, Hernandez-Barranco A, Mazariegos MS, Santos V, et al.
Melanoma-derived small extracellular vesicles induce lymphangiogenesis and metastasis through an
NGFR-dependent mechanism. Nat Cancer. 2021;2:1387-405. [DOI] [PubMed] [PMC(]

Mondal SK, Haas D, Han ], Whiteside TL. Small EV in plasma of triple negative breast cancer patients
induce intrinsic apoptosis in activated T cells. Commun Biol. 2023;6:815. [DOI] [PubMed] [PMC]

Explor Target Antitumor Ther. 2025;6:1002322 | https://doi.org/10.37349/etat.2025.1002322 Page 15


https://dx.doi.org/10.1038/nature20785
http://www.ncbi.nlm.nih.gov/pubmed/27974799
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5390864
https://dx.doi.org/10.1158/0008-5472.CAN-16-1092
http://www.ncbi.nlm.nih.gov/pubmed/27569215
https://dx.doi.org/10.1038/s41467-019-11486-1
http://www.ncbi.nlm.nih.gov/pubmed/31451692
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6710248
https://dx.doi.org/10.1038/s42255-021-00444-1
http://www.ncbi.nlm.nih.gov/pubmed/34489604
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8460610
https://dx.doi.org/10.1016/j.semcancer.2021.09.008
http://www.ncbi.nlm.nih.gov/pubmed/34757184
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9605861
https://dx.doi.org/10.3390/biomedicines11061614
http://www.ncbi.nlm.nih.gov/pubmed/37371709
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10295689
https://dx.doi.org/10.1016/0092-8674(83)90040-5
http://www.ncbi.nlm.nih.gov/pubmed/6307529
https://dx.doi.org/10.1186/s13578-019-0282-2
http://www.ncbi.nlm.nih.gov/pubmed/30815248
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6377728
https://dx.doi.org/10.1007/s00018-014-1764-3
http://www.ncbi.nlm.nih.gov/pubmed/25336151
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5489338
http://www.ncbi.nlm.nih.gov/pubmed/30210908
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6129493
https://dx.doi.org/10.1038/s41467-021-24384-2
http://www.ncbi.nlm.nih.gov/pubmed/34282141
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8289845
https://dx.doi.org/10.1038/s41467-020-18081-9
http://www.ncbi.nlm.nih.gov/pubmed/32848136
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7450082
https://dx.doi.org/10.1038/s41467-019-11534-w
http://www.ncbi.nlm.nih.gov/pubmed/31515491
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6742670
https://dx.doi.org/10.1038/ncb1725
http://www.ncbi.nlm.nih.gov/pubmed/18425114
https://dx.doi.org/10.1074/jbc.M115.679217
http://www.ncbi.nlm.nih.gov/pubmed/26272609
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4591833
https://dx.doi.org/10.3390/biomedicines9020146
http://www.ncbi.nlm.nih.gov/pubmed/33546239
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7913340
https://dx.doi.org/10.1038/nature15756
http://www.ncbi.nlm.nih.gov/pubmed/26524530
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4788391
https://dx.doi.org/10.1038/s43018-021-00272-y
http://www.ncbi.nlm.nih.gov/pubmed/34957415
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8697753
https://dx.doi.org/10.1038/s42003-023-05169-3
http://www.ncbi.nlm.nih.gov/pubmed/37542121
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10403597

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Madeo M, Colbert PL, Vermeer DW, Lucido CT, Cain JT, Vichaya EG, et al. Cancer exosomes induce
tumor innervation. Nat Commun. 2018;9:4284. [DOI] [PubMed] [PMC]

Cao M, Isaac R, Yan W, Ruan X, Jiang L, Wan Y, et al. Cancer-cell-secreted extracellular vesicles
suppress insulin secretion through miR-122 to impair systemic glucose homeostasis and contribute
to tumour growth. Nat Cell Biol. 2022;24:954-67. [DOI] [PubMed] [PMC]

Gross JC, Chaudhary V, Bartscherer K, Boutros M. Active Wnt proteins are secreted on exosomes. Nat
Cell Biol. 2012;14:1036-45. [DOI] [PubMed]

Namburi S, Broxmeyer HE, Hong CS, Whiteside TL, Boyiadzis M. DPP4* exosomes in AML patients’
plasma suppress proliferation of hematopoietic progenitor cells. Leukemia. 2021;35:1925-32. [DOI]
[PubMed] [PMC]

Shan G, Gu ], Zhou D, Li L, Cheng W, Wang Y, et al. Cancer-associated fibroblast-secreted exosomal
miR-423-5p promotes chemotherapy resistance in prostate cancer by targeting GREM2 through the
TGF-f signaling pathway. Exp Mol Med. 2020;52:1809-22. [DOI] [PubMed] [PMC]

Yong T, Zhang X, Bie N, Zhang H, Zhang X, Li F, et al. Tumor exosome-based nanoparticles are
efficient drug carriers for chemotherapy. Nat Commun. 2019;10:3838. [DOI] [PubMed] [PMC(]

Lee Y], Shin K], Chae YC. Regulation of cargo selection in exosome biogenesis and its biomedical
applications in cancer. Exp Mol Med. 2024;56:877-89. [DOI] [PubMed] [PMC]

Gonzalez M], Kweh MF, Biava PM, Olalde ], Toro AP, Goldschmidt-Clermont PJ, et al. Evaluation of
exosome derivatives as bio-informational reprogramming therapy for cancer. ] Transl Med. 2021;19:
103. [DOI] [PubMed] [PMC]

Bruno S, Collino F, Deregibus MC, Grange C, Tetta C, Camussi G. Microvesicles derived from human

bone marrow mesenchymal stem cells inhibit tumor growth. Stem Cells Dev. 2013;22:758-71. [DOI]
[PubMed]

Zhou S, Abdouh M, Arena V, Arena M, Arena GO. Reprogramming Malignant Cancer Cells toward a
Benign Phenotype following Exposure to Human Embryonic Stem Cell Microenvironment. PLoS One.
2017;12:€0169899. [DOI] [PubMed] [PMC]

Hardin H, Helein H, Meyer K, Robertson S, Zhang R, Zhong W, et al. Thyroid cancer stem-like cell
exosomes: regulation of EMT via transfer of IncRNAs. Lab Invest. 2018;98:1133-42. [DOI] [PubMed]
[PMC]

Esimbekova AR, Palkina NV, Zinchenko IS, Belenyuk VD, Savchenko AA, Sergeeva EY, et al. Focal
adhesion alterations in GO-positive melanoma cells. Cancer Med. 2023;12:7294-308. [DOI]
[PubMed] [PMC]

Fluegen G, Avivar-Valderas A, Wang Y, Padgen MR, Williams ]JK, Nobre AR, et al. Phenotypic
heterogeneity of disseminated tumour cells is preset by primary tumour hypoxic
microenvironments. Nat Cell Biol. 2017;19:120-32. [DOI] [PubMed] [PMC(C]

Gos M, Miloszewska ], Swoboda P, Trembacz H, Skierski ], Janik P. Cellular quiescence induced by
contact inhibition or serum withdrawal in C3H10T1/2 cells. Cell Prolif. 2005;38:107-16. [DOI]
[PubMed] [PMC]

Carcereri de Prati A, Butturini E, Rigo A, Oppici E, Rossin M, Boriero D, et al. Metastatic Breast Cancer
Cells Enter Into Dormant State and Express Cancer Stem Cells Phenotype Under Chronic Hypoxia. ]
Cell Biochem. 2017;118:3237-48. [DOI] [PubMed]

Bragado P, Estrada Y, Parikh F, Krause S, Capobianco C, Farina HG, et al. TGF-B2 dictates
disseminated tumour cell fate in target organs through TGF-f3-RIII and p38a/f signalling. Nat Cell
Biol. 2013;15:1351-61. [DOI] [PubMed] [PMC(]

Kye YC, Lee GW, Lee SW, Ju Y], Kim HO, Yun CH, et al. STAT1 maintains naive CD8" T cell quiescence
by suppressing the type I IFN-STAT4-mTORC1 signaling axis. Sci Adv. 2021;7:eabg8764. [DOI]
[PubMed] [PMC]

Explor Target Antitumor Ther. 2025;6:1002322 | https://doi.org/10.37349/etat.2025.1002322 Page 16


https://dx.doi.org/10.1038/s41467-018-06640-0
http://www.ncbi.nlm.nih.gov/pubmed/30327461
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6191452
https://dx.doi.org/10.1038/s41556-022-00919-7
http://www.ncbi.nlm.nih.gov/pubmed/35637408
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9233030
https://dx.doi.org/10.1038/ncb2574
http://www.ncbi.nlm.nih.gov/pubmed/22983114
https://dx.doi.org/10.1038/s41375-020-01047-7
http://www.ncbi.nlm.nih.gov/pubmed/33139859
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10165724
https://dx.doi.org/10.1038/s12276-020-0431-z
http://www.ncbi.nlm.nih.gov/pubmed/33144675
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8080786
https://dx.doi.org/10.1038/s41467-019-11718-4
http://www.ncbi.nlm.nih.gov/pubmed/31444335
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6707218
https://dx.doi.org/10.1038/s12276-024-01209-y
http://www.ncbi.nlm.nih.gov/pubmed/38580812
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11059157
https://dx.doi.org/10.1186/s12967-021-02768-8
http://www.ncbi.nlm.nih.gov/pubmed/33750417
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7944634
https://dx.doi.org/10.1089/scd.2012.0304
http://www.ncbi.nlm.nih.gov/pubmed/23034046
https://dx.doi.org/10.1371/journal.pone.0169899
http://www.ncbi.nlm.nih.gov/pubmed/28068409
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5222525
https://dx.doi.org/10.1038/s41374-018-0065-0
http://www.ncbi.nlm.nih.gov/pubmed/29967342
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6138523
https://dx.doi.org/10.1002/cam4.5510
http://www.ncbi.nlm.nih.gov/pubmed/36533319
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10067123
https://dx.doi.org/10.1038/ncb3465
http://www.ncbi.nlm.nih.gov/pubmed/28114271
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5342902
https://dx.doi.org/10.1111/j.1365-2184.2005.00334.x
http://www.ncbi.nlm.nih.gov/pubmed/15842254
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6496145
https://dx.doi.org/10.1002/jcb.25972
http://www.ncbi.nlm.nih.gov/pubmed/28262977
https://dx.doi.org/10.1038/ncb2861
http://www.ncbi.nlm.nih.gov/pubmed/24161934
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4006312
https://dx.doi.org/10.1126/sciadv.abg8764
http://www.ncbi.nlm.nih.gov/pubmed/34516905
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8442933

43.

44,

45,
46.

47.

48.

49,

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

Khalil BD, Sanchez R, Rahman T, Rodriguez-Tirado C, Moritsch S, Martinez AR, et al. An NR2F1-
specific agonist suppresses metastasis by inducing cancer cell dormancy. ] Exp Med. 2022;219:
€20210836. [DOI] [PubMed] [PMC]

Batlle E, Massagué J. Transforming Growth Factor-f Signaling in Immunity and Cancer. Immunity.
2019;50:924-40. [DOI] [PubMed] [PMC]

Massagué J. How cells read TGF-f3 signals. Nat Rev Mol Cell Biol. 2000;1:169-78. [DOI] [PubMed]
Kubiczkova L, Sedlarikova L, Hajek R, Sevcikova S. TGF-3 - an excellent servant but a bad master. ]
Transl Med. 2012;10:183. [DOI] [PubMed] [PMC]

Franzén P, Heldin CH, Miyazono K. The GS domain of the transforming growth factor-f type-I

receptor is important in signal transduction. Biochem Biophys Res Commun. 1995;207:682-9. [DOI]
[PubMed]

Heldin CH, Miyazono K, ten Dijke P. TGF- signalling from cell membrane to nucleus through SMAD
proteins. Nature. 1997;390:465-71. [DOI] [PubMed]

Cooley A, Zelivianski S, Jeruss JS. Impact of cyclin E overexpression on Smad3 activity in breast
cancer cell lines. Cell Cycle. 2010;9:4900-7. [DOI] [PubMed] [PMC(]

Deng Z, Fan T, Xiao C, Tian H, Zheng Y, Li C, et al. TGF-f3 signaling in health, disease and therapeutics.
Signal Transduct Target Ther. 2024;9:61. [DOI] [PubMed] [PMC]

Ji Z, Siu WS, Duefias ME, Miiller L, Trost M, Carvalho P. Suppression of TGF-$/SMAD signaling by an
inner nuclear membrane phosphatase complex. Nat Commun. 2025;16:3474. [DOI] [PubMed] [PMC]
Inoue Y, Imamura T. Regulation of TGF-f family signaling by E3 ubiquitin ligases. Cancer Sci. 2008;
99:2107-12. [DOI] [PubMed] [PMC]

Shi Y, Massagué ]. Mechanisms of TGF-f Signaling from Cell Membrane to the Nucleus. Cell. 2003;
113:685-700. [DOI] [PubMed]

Zhang YE. Non-Smad pathways in TGF-f signaling. Cell Res. 2009;19:128-39. [DOI] [PubMed] [PMC(]
Zhang W, Liu HT. MAPK signal pathways in the regulation of cell proliferation in mammalian cells.
Cell Res. 2002;12:9-18. [DOI] [PubMed]

Ungefroren H, Witte D, Lehnert H. The role of small GTPases of the Rho/Rac family in TGF--induced
EMT and cell motility in cancer. Dev Dyn. 2018;247:451-61. [DOI] [PubMed]

Sivadas VP, George NA, Kattoor ], Kannan S. Novel mutations and expression alterations in SMAD3/
TGFBRZ genes in oral carcinoma correlate with poor prognosis. Genes Chromosomes Cancer. 2013;
52:1042-52. [DOI] [PubMed]

Principe DR, DeCant B, Mascarifias E, Wayne EA, Diaz AM, Akagi N, et al. TGFf Signaling in the
Pancreatic Tumor Microenvironment Promotes Fibrosis and Immune Evasion to Facilitate
Tumorigenesis. Cancer Res. 2016;76:2525-39. [DOI] [PubMed] [PMC]

Jung B, Staudacher JJ, Beauchamp D. Transforming Growth Factor B Superfamily Signaling in
Development of Colorectal Cancer. Gastroenterology. 2017;152:36-52. [DOI] [PubMed] [PMC(]

Friese MA, Wischhusen ], Wick W, Weiler M, Eisele G, Steinle A, et al. RNA Interference Targeting
Transforming Growth Factor-8 Enhances NKG2D-Mediated Antiglioma Immune Response, Inhibits
Glioma Cell Migration and Invasiveness, and Abrogates Tumorigenicity In vivo. Cancer Res. 2004;64:
7596-603. [DOI] [PubMed]

Wick A, Desjardins A, Suarez C, Forsyth P, Gueorguieva I, Burkholder T, et al. Phase 1b/2a study of
galunisertib, a small molecule inhibitor of transforming growth factor-beta receptor I, in
combination with standard temozolomide-based radiochemotherapy in patients with newly
diagnosed malignant glioma. Invest New Drugs. 2020;38:1570-9. [DOI] [PubMed] [PMC(]

Morris JC, Tan AR, Olencki TE, Shapiro GI, Dezube BJ], Reiss M, et al. Phase I study of GC1008
(fresolimumab): a human anti-transforming growth factor-beta (TGFf3) monoclonal antibody in
patients with advanced malignant melanoma or renal cell carcinoma. PLoS One. 2014;9:¢90353.
[DOI] [PubMed] [PMC(]

Explor Target Antitumor Ther. 2025;6:1002322 | https://doi.org/10.37349/etat.2025.1002322 Page 17


https://dx.doi.org/10.1084/jem.20210836
http://www.ncbi.nlm.nih.gov/pubmed/34812843
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8614154
https://dx.doi.org/10.1016/j.immuni.2019.03.024
http://www.ncbi.nlm.nih.gov/pubmed/30995507
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7507121
https://dx.doi.org/10.1038/35043051
http://www.ncbi.nlm.nih.gov/pubmed/11252892
https://dx.doi.org/10.1186/1479-5876-10-183
http://www.ncbi.nlm.nih.gov/pubmed/22943793
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3494542
https://dx.doi.org/10.1006/bbrc.1995.1241
http://www.ncbi.nlm.nih.gov/pubmed/7864860
https://dx.doi.org/10.1038/37284
http://www.ncbi.nlm.nih.gov/pubmed/9393997
https://dx.doi.org/10.4161/cc.9.24.14158
http://www.ncbi.nlm.nih.gov/pubmed/21150326
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3047813
https://dx.doi.org/10.1038/s41392-024-01764-w
http://www.ncbi.nlm.nih.gov/pubmed/38514615
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10958066
https://dx.doi.org/10.1038/s41467-025-58681-x
http://www.ncbi.nlm.nih.gov/pubmed/40216785
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11992160
https://dx.doi.org/10.1111/j.1349-7006.2008.00925.x
http://www.ncbi.nlm.nih.gov/pubmed/18808420
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11158544
https://dx.doi.org/10.1016/s0092-8674(03)00432-x
http://www.ncbi.nlm.nih.gov/pubmed/12809600
https://dx.doi.org/10.1038/cr.2008.328
http://www.ncbi.nlm.nih.gov/pubmed/19114990
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2635127
https://dx.doi.org/10.1038/sj.cr.7290105
http://www.ncbi.nlm.nih.gov/pubmed/11942415
https://dx.doi.org/10.1002/dvdy.24505
http://www.ncbi.nlm.nih.gov/pubmed/28390160
https://dx.doi.org/10.1002/gcc.22099
http://www.ncbi.nlm.nih.gov/pubmed/23913824
https://dx.doi.org/10.1158/0008-5472.CAN-15-1293
http://www.ncbi.nlm.nih.gov/pubmed/26980767
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4873388
https://dx.doi.org/10.1053/j.gastro.2016.10.015
http://www.ncbi.nlm.nih.gov/pubmed/27773809
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5550896
https://dx.doi.org/10.1158/0008-5472.CAN-04-1627
http://www.ncbi.nlm.nih.gov/pubmed/15492287
https://dx.doi.org/10.1007/s10637-020-00910-9
http://www.ncbi.nlm.nih.gov/pubmed/32140889
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7497674
https://dx.doi.org/10.1371/journal.pone.0090353
http://www.ncbi.nlm.nih.gov/pubmed/24618589
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3949712

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Bogdahn U, Hau P, Stockhammer G, Venkataramana NK, Mahapatra AK, Suri A, et al.; Trabedersen
Glioma Study Group. Targeted therapy for high-grade glioma with the TGF-2 inhibitor trabedersen:
results of a randomized and controlled phase IIb study. Neuro Oncol. 2011;13:132-42. [DOI]
[PubMed] [PMC]

Chandramohan V, Mineva ND, Burke B, Jeay S, Wu M, Shen ], et al. c-Myc represses FOX0O3a-mediated
transcription of the gene encoding the p27%P! cyclin dependent kinase inhibitor. J Cell Biochem.
2008;104:2091-106. [DOI] [PubMed]

Lanvin O, Guglielmi P, Fuentes V, Gouilleux-Gruart V, Maziere C, Bissac E, et al. TGF-1 modulates Fas
(APO-1/CD95)-mediated apoptosis of human pre-B cell lines. Eur ] Immunol. 2003;33:1372-81.
[DOI] [PubMed]

Schulz R, Vogel T, Dressel R, Krieglstein K. TGF-8 superfamily members, ActivinA and TGF-B1, induce

apoptosis in oligodendrocytes by different pathways. Cell Tissue Res. 2008;334:327-38. [DOI]
[PubMed]

Wang C, Yang S, Huang X, Lu Y, Zhang Y, Li M, et al. TGF-f31 reduces the differentiation of porcine IgA-
producing plasma cells by inducing IgM* B cells apoptosis via Bax/Bcl2-Caspase3 pathway. FASEB ].
2023;37:€23180. [DOI] [PubMed]

Varveri A, Papadopoulou M, Papadovasilakis Z, Compeer EB, Legaki Al, Delis A, et al. Immunological
synapse formation between T regulatory cells and cancer-associated fibroblasts promotes tumour
development. Nat Commun. 2024;15:4988. [DOI] [PubMed] [PMC]

Nan P, Dong X, Bai X, Lu H, Liu F, Sun Y, et al. Tumor-stroma TGF-1-THBS2 feedback circuit drives
pancreatic ductal adenocarcinoma progression via integrin a,f3,/CD36-mediated activation of the
MAPK pathway. Cancer Lett. 2022;528:59-75. [DOI] [PubMed]

Shen Y, TanTai J. Exosomes secreted by metastatic cancer cells promotes epithelial mesenchymal
transition in small cell lung carcinoma: The key role of Src/TGF-f31 axis. Gene. 2024;892:147873.
[DOI] [PubMed]

Ghajar CM, Peinado H, Mori H, Matei IR, Evason K], Brazier H, et al. The perivascular niche regulates
breast tumour dormancy. Nat Cell Biol. 2013;15:807-17. [DOI] [PubMed] [PMC]

Oshimori N, Oristian D, Fuchs E. TGF-f3 promotes heterogeneity and drug resistance in squamous cell
carcinoma. Cell. 2015;160:963-76. [DOI] [PubMed] [PMC]

Brown JA, Yonekubo Y, Hanson N, Sastre-Perona A, Basin A, Rytlewski JA, et al. TGF--Induced
Quiescence Mediates Chemoresistance of Tumor-Propagating Cells in Squamous Cell Carcinoma. Cell
Stem Cell. 2017;21:650-64.e8. [DOI] [PubMed] [PMC(]

Schober M, Fuchs E. Tumor-initiating stem cells of squamous cell carcinomas and their control by
TGF-B and integrin/focal adhesion kinase (FAK) signaling. Proc Natl Acad Sci U S A. 2011;108:
10544-9. [DOI] [PubMed] [PMC]

Yumoto K, Eber MR, Wang ], Cackowski FC, Decker AM, Lee E, et al. Axl is required for TGF-f2-
induced dormancy of prostate cancer cells in the bone marrow. Sci Rep. 2016;6:36520. [DOI]
[PubMed] [PMC]

Johnson RW, Finger EC, Olcina MM, Vilalta M, Aguilera T, Miao Y, et al. Induction of LIFR confers a
dormancy phenotype in breast cancer cells disseminated to the bone marrow. Nat Cell Biol. 2016;18:
1078-89. [DOI] [PubMed] [PMC]

Kucharzewska P, Christianson HC, Welch JE, Svensson K], Fredlund E, Ringnér M, et al. Exosomes
reflect the hypoxic status of glioma cells and mediate hypoxia-dependent activation of vascular cells
during tumor development. Proc Natl Acad Sci U S A. 2013;110:7312-7. [DOI] [PubMed] [PMC]
Clayton A, Mitchell JP, Court ], Mason MD, Tabi Z. Human tumor-derived exosomes selectively impair
lymphocyte responses to interleukin-2. Cancer Res. 2007;67:7458-66. [DOI] [PubMed]

X Xiang X, Poliakov A, Liu C, Liu Y, Deng ZB, Wang ], et al. Induction of myeloid-derived suppressor
cells by tumor exosomes. Int ] Cancer. 2009;124:2621-33. [DOI] [PubMed] [PMC(]

Explor Target Antitumor Ther. 2025;6:1002322 | https://doi.org/10.37349/etat.2025.1002322 Page 18


https://dx.doi.org/10.1093/neuonc/noq142
http://www.ncbi.nlm.nih.gov/pubmed/20980335
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3018908
https://dx.doi.org/10.1002/jcb.21765
http://www.ncbi.nlm.nih.gov/pubmed/18393360
https://dx.doi.org/10.1002/eji.200323761
http://www.ncbi.nlm.nih.gov/pubmed/12731064
https://dx.doi.org/10.1007/s00441-008-0714-5
http://www.ncbi.nlm.nih.gov/pubmed/19002501
https://dx.doi.org/10.1096/fj.202300824RR
http://www.ncbi.nlm.nih.gov/pubmed/37738038
https://dx.doi.org/10.1038/s41467-024-49282-1
http://www.ncbi.nlm.nih.gov/pubmed/38862534
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11167033
https://dx.doi.org/10.1016/j.canlet.2021.12.025
http://www.ncbi.nlm.nih.gov/pubmed/34958892
https://dx.doi.org/10.1016/j.gene.2023.147873
http://www.ncbi.nlm.nih.gov/pubmed/37832808
https://dx.doi.org/10.1038/ncb2767
http://www.ncbi.nlm.nih.gov/pubmed/23728425
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3826912
https://dx.doi.org/10.1016/j.cell.2015.01.043
http://www.ncbi.nlm.nih.gov/pubmed/25723170
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4509607
https://dx.doi.org/10.1016/j.stem.2017.10.001
http://www.ncbi.nlm.nih.gov/pubmed/29100014
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5778452
https://dx.doi.org/10.1073/pnas.1107807108
http://www.ncbi.nlm.nih.gov/pubmed/21670270
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3127891
https://dx.doi.org/10.1038/srep36520
http://www.ncbi.nlm.nih.gov/pubmed/27819283
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5098246
https://dx.doi.org/10.1038/ncb3408
http://www.ncbi.nlm.nih.gov/pubmed/27642788
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5357601
https://dx.doi.org/10.1073/pnas.1220998110
http://www.ncbi.nlm.nih.gov/pubmed/23589885
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3645587
https://dx.doi.org/10.1158/0008-5472.CAN-06-3456
http://www.ncbi.nlm.nih.gov/pubmed/17671216
https://dx.doi.org/10.1002/ijc.24249
http://www.ncbi.nlm.nih.gov/pubmed/19235923
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2757307

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

Ludwig N, Yerneni SS, Azambuja JH, Pietrowska M, Widtak P, Hinck CS, et al. TGFB* small
extracellular vesicles from head and neck squamous cell carcinoma cells reprogram macrophages
towards a pro-angiogenic phenotype. ] Extracell Vesicles. 2022;11:e12294. [DOI] [PubMed] [PMC(]
Shelke GV, Yin Y, Jang SC, Lasser C, Wennmalm S, Hoffmann H]J, et al. Endosomal signalling via
exosome surface TGFB-1. ] Extracell Vesicles. 2019;8:1650458. [DOI] [PubMed] [PMC]

Xie F, Zhou X, Su P, Li H, Tu Y, Du J, et al. Breast cancer cell-derived extracellular vesicles promote
CD8*T cell exhaustion via TGF-f type II receptor signaling. Nat Commun. 2022;13:4461. [DOI]
[PubMed] [PMC(]

Fu XH, Li JP, Li XY, Tan Y, Zhao M, Zhang SF, et al. M2-Macrophage-Derived Exosomes Promote
Meningioma Progression through TGF-f Signaling Pathway. ] Immunol Res. 2022;2022:8326591.
[DOI] [PubMed] [PMC(]

T Teixeira AF, Wang Y, Iaria ], Ten Dijke P, Zhu HJ. Simultaneously targeting extracellular vesicle
trafficking and TGF-f3 receptor kinase activity blocks signaling hyperactivation and metastasis. Signal
Transduct Target Ther. 2023;8:456. [DOI] [PubMed] [PMC]

Erdogan B, Ao M, White LM, Means AL, Brewer BM, Yang L, et al. Cancer-associated fibroblasts
promote directional cancer cell migration by aligning fibronectin. ] Cell Biol. 2017;216:3799-816.
[DOI] [PubMed] [PMC(]

Kalluri R. The biology and function of fibroblasts in cancer. Nat Rev Cancer. 2016;16:582-98. [DOI]
[PubMed]

Kumar P, Smith T, Raeman R, Chopyk DM, Brink H, Liu Y, et al. Periostin promotes liver fibrogenesis
by activating lysyl oxidase in hepatic stellate cells. ] Biol Chem. 2018;293:12781-92. [DOI] [PubMed]
[PMC]

Chakravarthy A, Khan L, Bensler NP, Bose P, De Carvalho DD. TGF-f3-associated extracellular matrix
genes link cancer-associated fibroblasts to immune evasion and immunotherapy failure. Nat
Commun. 2018;9:4692. [DOI] [PubMed] [PMC]

Webber ], Steadman R, Mason MD, Tabi Z, Clayton A. Cancer exosomes trigger fibroblast to
myofibroblast differentiation. Cancer Res. 2010;70:9621-30. [DOI] [PubMed]

Ringuette Goulet C, Bernard G, Tremblay S, Chabaud S, Bolduc S, Pouliot F. Exosomes Induce
Fibroblast Differentiation into Cancer-Associated Fibroblasts through TGFf3 Signaling. Mol Cancer
Res. 2018;16:1196-204. [DOI] [PubMed]

Gu ], Qian H, Shen L, Zhang X, Zhu W, Huang L, et al. Gastric cancer exosomes trigger differentiation
of umbilical cord derived mesenchymal stem cells to carcinoma-associated fibroblasts through TGF-
B/Smad pathway. PLoS One. 2012;7:e52465. [DOI] [PubMed] [PMC(]

Baglio SR, Lagerweij T, Pérez-Lanzén M, Ho XD, Léveillé N, Melo SA, et al. Blocking Tumor-Educated

MSC Paracrine Activity Halts Osteosarcoma Progression. Clin Cancer Res. 2017;23:3721-33. [DOI]
[PubMed]

Shang A, Gu C, Wang W, Wang X, Sun ], Zeng B, et al. Exosomal circPACRGL promotes progression of
colorectal cancer via the miR-142-3p/miR-506-3p- TGF-1 axis. Mol Cancer. 2020;19:117. [DOI]
[PubMed] [PMC]

Tuncer E, Calgada RR, Zingg D, Varum S, Cheng P, Freiberger SN, et al. SMAD signaling promotes
melanoma metastasis independently of phenotype switching. ] Clin Invest. 2019;129:2702-16. [DOI]
[PubMed] [PMC]

Webber JP, Spary LK, Sanders AJ], Chowdhury R, Jiang WG, Steadman R, et al. Differentiation of

tumour-promoting stromal myofibroblasts by cancer exosomes. Oncogene. 2015;34:290-302. [DOI]
[PubMed]

Jafarzadeh N, Safari Z, Pornour M, Amirizadeh N, Forouzandeh Moghadam M, Sadeghizadeh M.
Alteration of cellular and immune-related properties of bone marrow mesenchymal stem cells and
macrophages by K562 chronic myeloid leukemia cell derived exosomes. ] Cell Physiol. 2019;234:
3697-710. [DOI] [PubMed]

Explor Target Antitumor Ther. 2025;6:1002322 | https://doi.org/10.37349/etat.2025.1002322 Page 19


https://dx.doi.org/10.1002/jev2.12294
http://www.ncbi.nlm.nih.gov/pubmed/36537293
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9764108
https://dx.doi.org/10.1080/20013078.2019.1650458
http://www.ncbi.nlm.nih.gov/pubmed/31595182
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6764367
https://dx.doi.org/10.1038/s41467-022-31250-2
http://www.ncbi.nlm.nih.gov/pubmed/35915084
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9343611
https://dx.doi.org/10.1155/2022/8326591
http://www.ncbi.nlm.nih.gov/pubmed/35637794
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9146444
https://dx.doi.org/10.1038/s41392-023-01711-1
http://www.ncbi.nlm.nih.gov/pubmed/38105247
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10725874
https://dx.doi.org/10.1083/jcb.201704053
http://www.ncbi.nlm.nih.gov/pubmed/29021221
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5674895
https://dx.doi.org/10.1038/nrc.2016.73
http://www.ncbi.nlm.nih.gov/pubmed/27550820
https://dx.doi.org/10.1074/jbc.RA117.001601
http://www.ncbi.nlm.nih.gov/pubmed/29941453
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6102155
https://dx.doi.org/10.1038/s41467-018-06654-8
http://www.ncbi.nlm.nih.gov/pubmed/30410077
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6224529
https://dx.doi.org/10.1158/0008-5472.CAN-10-1722
http://www.ncbi.nlm.nih.gov/pubmed/21098712
https://dx.doi.org/10.1158/1541-7786.MCR-17-0784
http://www.ncbi.nlm.nih.gov/pubmed/29636362
https://dx.doi.org/10.1371/journal.pone.0052465
http://www.ncbi.nlm.nih.gov/pubmed/23285052
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3527492
https://dx.doi.org/10.1158/1078-0432.CCR-16-2726
http://www.ncbi.nlm.nih.gov/pubmed/28053020
https://dx.doi.org/10.1186/s12943-020-01235-0
http://www.ncbi.nlm.nih.gov/pubmed/32713345
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7384220
https://dx.doi.org/10.1172/JCI94295
http://www.ncbi.nlm.nih.gov/pubmed/31039140
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6597210
https://dx.doi.org/10.1038/onc.2013.560
http://www.ncbi.nlm.nih.gov/pubmed/24441045
https://dx.doi.org/10.1002/jcp.27142
http://www.ncbi.nlm.nih.gov/pubmed/30317554

97.

98.

99,

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Aksenenko MB, Palkina NV, Sergeeva ON, Yu Sergeeva E, Kirichenko AK, Ruksha TG. miR-155
overexpression is followed by downregulation of its target gene, NFE2L2, and altered pattern of
VEGFA expression in the liver of melanoma B16-bearing mice at the premetastatic stage. Int ] Exp
Pathol. 2019;100:311-9. [DOI] [PubMed] [PMC]

Costa-Silva B, Aiello NM, Ocean A], Singh S, Zhang H, Thakur BK, et al. Pancreatic cancer exosomes
initiate pre-metastatic niche formation in the liver. Nat Cell Biol. 2015;17:816-26. [DOI] [PubMed]
[PMC]

Li C, Qiu S, Liu X, Guo F, Zhai ], Li Z, et al. Extracellular matrix-derived mechanical force governs
breast cancer cell stemness and quiescence transition through integrin-DDR signaling. Signal
Transduct Target Ther. 2023;8:247. [DOI] [PubMed] [PMC(]

Hsu YL, Huang MS, Hung ]JY, Chang WA, Tsai YM, Pan YC, et al. Bone-marrow-derived cell-released
extracellular vesicle miR-92a regulates hepatic pre-metastatic niche in lung cancer. Oncogene. 2020;
39:739-53. [DOI] [PubMed]

Li Q, Hutchins AP, Chen Y, Li S, Shan Y, Liao B, et al. A sequential EMT-MET mechanism drives the
differentiation of human embryonic stem cells towards hepatocytes. Nat Commun. 2017;8:15166.
[DOI] [PubMed] [PMC(]

Esposito M, Mondal N, Greco TM, Wei Y, Spadazzi C, Lin SC, et al. Bone vascular niche E-selectin
induces mesenchymal-epithelial transition and Wnt activation in cancer cells to promote bone
metastasis. Nat Cell Biol. 2019;21:627-39. [DOI] [PubMed] [PMC]

Feng X, Liu X, Xiang ], Xu ], Yin N, Wang L, et al. Exosomal ITGB6 from dormant lung adenocarcinoma
cells activates cancer-associated fibroblasts by KLF10 positive feedback loop and the TGF-3
pathway. Transl Lung Cancer Res. 2023;12:2520-37. [DOI] [PubMed] [PMC(]

Li W, Zhang X, Wang |, Li M, Cao C, Tan |, et al. TGFB1 in fibroblasts-derived exosomes promotes
epithelial-mesenchymal transition of ovarian cancer cells. Oncotarget. 2017;8:96035-47. [DOI]
[PubMed] [PMC]

Xia'Y, Zhang Q, Zhen Q, Zhao Y, Liu N, Li T, et al. Negative regulation of tumor-infiltrating NK cell in
clear cell renal cell carcinoma patients through the exosomal pathway. Oncotarget. 2017;8:
37783-95. [DOI] [PubMed] [PMC(]

Long GV, Fung C, Menzies AM, Pupo GM, Carlino MS, Hyman ], et al. Increased MAPK reactivation in
early resistance to dabrafenib/trametinib combination therapy of BRAF-mutant metastatic
melanoma. Nat Commun. 2014;5:5694. [DOI] [PubMed]

Komina AV, Palkina NV, Aksenenko MB, Lavrentev SN, Moshev AV, Savchenko AA, et al. Semaphorin-
5A downregulation is associated with enhanced migration and invasion of BRAF-positive melanoma
cells under vemurafenib treatment in melanomas with heterogeneous BRAF status. Melanoma Res.
2019;29:544-8. [DOI] [PubMed]

Giddings EL, Champagne DP, Wu MH, Laffin JM, Thornton TM, Valenca-Pereira F, et al. Mitochondrial
ATP fuels ABC transporter-mediated drug efflux in cancer chemoresistance. Nat Commun. 2021;12:
2804. [DOI] [PubMed] [PMC(]

Goyal Y, Busch GT, Pillai M, Li ], Boe RH, Grody EI, et al. Diverse clonal fates emerge upon drug
treatment of homogeneous cancer cells. Nature. 2023;620:651-9. [DOI] [PubMed] [PMC]

Han X, Sui ], Nie K, Zhao Y, Lv X, Xie ], et al. Tumor evolution analysis uncovered immune-escape

related mutations in relapse of diffuse large B-cell lymphoma. Leukemia. 2024;38:2276-80. [DOI]
[PubMed]

Sun C, Wang L, Huang S, Heynen GJ, Prahallad A, Robert C, et al. Reversible and adaptive resistance to
BRAF(V600E) inhibition in melanoma. Nature. 2014;508:118-22. [DOI] [PubMed]

Soucheray M, Capelletti M, Pulido I, Kuang Y, Paweletz CP, Becker JH, et al. Intratumoral
Heterogeneity in EGFR-Mutant NSCLC Results in Divergent Resistance Mechanisms in Response to
EGFR Tyrosine Kinase Inhibition. Cancer Res. 2015;75:4372-83. [DOI] [PubMed] [PMC]

Explor Target Antitumor Ther. 2025;6:1002322 | https://doi.org/10.37349/etat.2025.1002322 Page 20


https://dx.doi.org/10.1111/iep.12342
http://www.ncbi.nlm.nih.gov/pubmed/32043657
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7042756
https://dx.doi.org/10.1038/ncb3169
http://www.ncbi.nlm.nih.gov/pubmed/25985394
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5769922
https://dx.doi.org/10.1038/s41392-023-01453-0
http://www.ncbi.nlm.nih.gov/pubmed/37369642
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10300038
https://dx.doi.org/10.1038/s41388-019-1024-y
http://www.ncbi.nlm.nih.gov/pubmed/31558801
https://dx.doi.org/10.1038/ncomms15166
http://www.ncbi.nlm.nih.gov/pubmed/28466868
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5418622
https://dx.doi.org/10.1038/s41556-019-0309-2
http://www.ncbi.nlm.nih.gov/pubmed/30988423
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6556210
https://dx.doi.org/10.21037/tlcr-23-707
http://www.ncbi.nlm.nih.gov/pubmed/38205211
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10775012
https://dx.doi.org/10.18632/oncotarget.21635
http://www.ncbi.nlm.nih.gov/pubmed/29221185
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5707079
https://dx.doi.org/10.18632/oncotarget.16354
http://www.ncbi.nlm.nih.gov/pubmed/28384121
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5514949
https://dx.doi.org/10.1038/ncomms6694
http://www.ncbi.nlm.nih.gov/pubmed/25452114
https://dx.doi.org/10.1097/CMR.0000000000000621
http://www.ncbi.nlm.nih.gov/pubmed/31116162
https://dx.doi.org/10.1038/s41467-021-23071-6
http://www.ncbi.nlm.nih.gov/pubmed/33990571
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8121950
https://dx.doi.org/10.1038/s41586-023-06342-8
http://www.ncbi.nlm.nih.gov/pubmed/37468627
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10628994
https://dx.doi.org/10.1038/s41375-024-02349-w
http://www.ncbi.nlm.nih.gov/pubmed/39080353
https://dx.doi.org/10.1038/nature13121
http://www.ncbi.nlm.nih.gov/pubmed/24670642
https://dx.doi.org/10.1158/0008-5472.CAN-15-0377
http://www.ncbi.nlm.nih.gov/pubmed/26282169
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4548796

113.

114.

115.

116.

117.

118.

1109.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Palomeras S, Diaz-Lagares A, Vifias G, Setien F, Ferreira HJ, Oliveras G, et al. Epigenetic silencing of
TGFBI confers resistance to trastuzumab in human breast cancer. Breast Cancer Res. 2019;21:79.
[DOI] [PubMed] [PMC]

Bhagyaraj E, Ahuja N, Kumar S, Tiwari D, Gupta S, Nanduri R, et al. TGF-8 induced chemoresistance
in liver cancer is modulated by xenobiotic nuclear receptor PXR. Cell Cycle. 2019;18:3589-602.
[DOI] [PubMed] [PMC(]

Quan Q, Zhong F, Wang X, Chen K, Guo L. PAR2 Inhibition Enhanced the Sensitivity of Colorectal
Cancer Cells to 5-FU and Reduced EMT Signaling. Oncol Res. 2019;27:779-88. [DOI] [PubMed] [PMC]
Wang T, Wang D, Zhang L, Yang P, Wang ], Liu Q, et al. The TGFB-miR-499a-SHKBP1 pathway induces
resistance to EGFR inhibitors in osteosarcoma cancer stem cell-like cells. ] Exp Clin Cancer Res.
2019;38:226. [DOI] [PubMed] [PMC(]

Taniguchi S, Elhance A, Van Duzer A, Kumar S, Leitenberger ], Oshimori N. Tumor-initiating cells
establish an IL-33-TGF-f niche signaling loop to promote cancer progression. Science. 2020;369:
eaay1813. [DOI] [PubMed] [PMC(]

Calon A, Lonardo E, Berenguer-Llergo A, Espinet E, Hernando-Momblona X, Iglesias M, et al. Stromal
gene expression defines poor-prognosis subtypes in colorectal cancer. Nat Genet. 2015;47:320-9.
[DOI] [PubMed]

Okada Y, Wang T, Kasai K, Suzuki K, Takikawa Y. Regulation of transforming growth factor is
involved in the efficacy of combined 5-fluorouracil and interferon alpha-2b therapy of advanced
hepatocellular carcinoma. Cell Death Discov. 2018;4:42. [DOI] [PubMed] [PMC(]

Zhuang X, Wang ]. Correlations of MRP1 gene with serum TGF-$1 and IL-8 in breast cancer patients
during chemotherapy. ] BUON. 2018;23:1302-8. [PubMed]

Tauriello DVF. From poor prognosis to promising treatment. Science. 2019;363:1051. [DOI]
[PubMed]

Guo B, Wu S, Zhu X, Zhang L, Deng ], Li F, et al. Micropeptide CIP2A-BP encoded by LINC00665
inhibits triple-negative breast cancer progression. EMBO ]. 2020;39:€102190. [DOI] [PubMed] [PMC]
Tan C, Sun W, Xu Z, Zhu S, Hu W, Wang X, et al. Small extracellular vesicles deliver TGF-$1 and

promote adriamycin resistance in breast cancer cells. Mol Oncol. 2021;15:1528-42. [DOI] [PubMed]
[PMC]

Feng H, Zhang Q, Zhao Y, Zhao L, Shan B. Leptin acts on mesenchymal stem cells to promote
chemoresistance in osteosarcoma cells. Aging (Albany NY). 2020;12:6340-51. [DOI] [PubMed]
[PMC]

Lambies G, Miceli M, Martinez-Guillamon C, Olivera-Salguero R, Pefia R, Frias CP, et al. TGFf-
Activated USP27X Deubiquitinase Regulates Cell Migration and Chemoresistance via Stabilization of
Snaill. Cancer Res. 2019;79:33-46. [DOI] [PubMed] [PMC]

Li K, Yang L, Li ], Guan C, Zhang S, Lao X, et al. TGFf induces stemness through non-canonical AKT-
FOXO03a axis in oral squamous cell carcinoma. EBioMedicine. 2019;48:70-80. [DOI] [PubMed] [PMC]
Bugide S, Parajuli KR, Chava S, Pattanayak R, Manna DLD, Shrestha D, et al. Loss of HAT1 expression
confers BRAFV600E inhibitor resistance to melanoma cells by activating MAPK signaling via IGF1R.
Oncogenesis. 2020;9:44. [DOI] [PubMed] [PMC]

Vu T, Yang S, Datta PK. MiR-216b/Smad3/BCL-2 Axis Is Involved in Smoking-Mediated Drug
Resistance in Non-Small Cell Lung Cancer. Cancers (Basel). 2020;12:1879. [DOI] [PubMed] [PMC]
Smith MP, Ferguson ], Arozarena I, Hayward R, Marais R, Chapman A, et al. Effect of SMURF2
targeting on susceptibility to MEK inhibitors in melanoma. ] Natl Cancer Inst. 2013;105:33-46. [DOI]
[PubMed] [PMC]

Zhang B, Chen X, Bae S, Singh K, Washington MK, Datta PK. Loss of Smad4 in colorectal cancer
induces resistance to 5-fluorouracil through activating Akt pathway. Br ] Cancer. 2014;110:946-57.
[DOI] [PubMed] [PMC(]

Explor Target Antitumor Ther. 2025;6:1002322 | https://doi.org/10.37349/etat.2025.1002322 Page 21


https://dx.doi.org/10.1186/s13058-019-1160-x
http://www.ncbi.nlm.nih.gov/pubmed/31277676
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6612099
https://dx.doi.org/10.1080/15384101.2019.1693120
http://www.ncbi.nlm.nih.gov/pubmed/31739702
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6927732
https://dx.doi.org/10.3727/096504018X15442985680348
http://www.ncbi.nlm.nih.gov/pubmed/30841957
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7848255
https://dx.doi.org/10.1186/s13046-019-1195-y
http://www.ncbi.nlm.nih.gov/pubmed/31138318
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6540516
https://dx.doi.org/10.1126/science.aay1813
http://www.ncbi.nlm.nih.gov/pubmed/32675345
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10870826
https://dx.doi.org/10.1038/ng.3225
http://www.ncbi.nlm.nih.gov/pubmed/25706628
https://dx.doi.org/10.1038/s41420-018-0040-y
http://www.ncbi.nlm.nih.gov/pubmed/29560281
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5849890
http://www.ncbi.nlm.nih.gov/pubmed/30570851
https://dx.doi.org/10.1126/science.aaw3609
http://www.ncbi.nlm.nih.gov/pubmed/30846592
https://dx.doi.org/10.15252/embj.2019102190
http://www.ncbi.nlm.nih.gov/pubmed/31755573
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6939193
https://dx.doi.org/10.1002/1878-0261.12908
http://www.ncbi.nlm.nih.gov/pubmed/33508878
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8096780
https://dx.doi.org/10.18632/aging.103027
http://www.ncbi.nlm.nih.gov/pubmed/32289750
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7185129
https://dx.doi.org/10.1158/0008-5472.CAN-18-0753
http://www.ncbi.nlm.nih.gov/pubmed/30341066
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9386731
https://dx.doi.org/10.1016/j.ebiom.2019.09.027
http://www.ncbi.nlm.nih.gov/pubmed/31629677
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6838363
https://dx.doi.org/10.1038/s41389-020-0228-x
http://www.ncbi.nlm.nih.gov/pubmed/32371878
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7200761
https://dx.doi.org/10.3390/cancers12071879
http://www.ncbi.nlm.nih.gov/pubmed/32668597
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7408725
https://dx.doi.org/10.1093/jnci/djs471
http://www.ncbi.nlm.nih.gov/pubmed/23250956
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3536641
https://dx.doi.org/10.1038/bjc.2013.789
http://www.ncbi.nlm.nih.gov/pubmed/24384683
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3929873

131.

132.

133.

134.

135.

Mariathasan S, Turley SJ, Nickles D, Castiglioni A, Yuen K, Wang Y, et al. TGF[ attenuates tumour
response to PD-L1 blockade by contributing to exclusion of T cells. Nature. 2018;554:544-8. [DOI]
[PubMed] [PMC]

Ji Q, Zhou L, Sui H, Yang L, Wu X, Song Q, et al. Primary tumors release ITGBL1-rich extracellular
vesicles to promote distal metastatic tumor growth through fibroblast-niche formation. Nat
Commun. 2020;11:1211. [DOI] [PubMed] [PMC(C]

Mirzaei S, Gholami MH, Aghdaei HA, Hashemi M, Parivar K, Karamian A, et al. Exosome-mediated
miR-200a delivery into TGF-B-treated AGS cells abolished epithelial-mesenchymal transition with

normalization of ZEB1, vimentin and Snaill expression. Environ Res. 2023;231:116115. [DOI]
[PubMed]

Chatterjee S, Chatterjee A, Jana S, Dey S, Roy H, Das MK, et al. Transforming growth factor beta
orchestrates PD-L1 enrichment in tumor-derived exosomes and mediates CD8 T-cell dysfunction
regulating early phosphorylation of TCR signalome in breast cancer. Carcinogenesis. 2021;42:38-47.
[DOI] [PubMed]

Singh DK, Carcamo S, Farias EF, Hasson D, Zheng W, Sun D, et al. 5-Azacytidine- and retinoic-acid-
induced reprogramming of DCCs into dormancy suppresses metastasis via restored TGF-3-SMAD4
signaling. Cell Rep. 2023;42:112560. [DOI] [PubMed] [PMC]

Explor Target Antitumor Ther. 2025;6:1002322 | https://doi.org/10.37349/etat.2025.1002322 Page 22


https://dx.doi.org/10.1038/nature25501
http://www.ncbi.nlm.nih.gov/pubmed/29443960
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6028240
https://dx.doi.org/10.1038/s41467-020-14869-x
http://www.ncbi.nlm.nih.gov/pubmed/32139701
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7058049
https://dx.doi.org/10.1016/j.envres.2023.116115
http://www.ncbi.nlm.nih.gov/pubmed/37178752
https://dx.doi.org/10.1093/carcin/bgaa092
http://www.ncbi.nlm.nih.gov/pubmed/32832992
https://dx.doi.org/10.1016/j.celrep.2023.112560
http://www.ncbi.nlm.nih.gov/pubmed/37267946
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10592471

	Abstract
	Keywords
	Introduction
	Exosomes and oncosomes
	Cancer cell quiescence reflects its phenotypic plasticity and supports drug resistance
	TGF-β is a promising target for anti-cancer intervention
	Main functions of TGF-β in normal cells
	Disruption of TGF-β signaling in cancer development
	Therapeutic strategies for suppressing TGF-β signaling in cancer
	TGF-β is implicated in the cell-cycle-related phenotype of cancer cells
	Exosomal TGF-β functions
	The role of cancer-associated fibroblasts and TGF-β in the tumor microenvironment
	Exosomes as mediators of TGF-β-dependent fibroblast differentiation and tumorigenesis
	The role of exosomal non-coding RNAs in regulating TGF-β signaling

	EVs and TGF-β in premetastatic niche formation and organ remodeling
	TGF-β and EMT: implications for tumor progression and metastasis
	Immunosuppressive effects of TGF-β and therapeutic implications
	TGF-β-mediated cancer cell plasticity leads to drug resistance
	Strategies to inhibit TGF-β signaling by blocking the spread of EVs
	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

