EXCLI Journal 2026,25:550-586 — ISSN 1611-2156
Received: March 01, 2026, accepted: April 06, 2026, published: April 28, 2026

Review article:

TGF-BETA INHIBITORS IN CANCER THERAPY:
A REVIEW OF THE TGF-BETA SIGNAL TRANSDUCTION
PATHWAY AND CURRENT DEVELOPMENTS

Shun-Ban Tai'", Jeng-Lin Yang?', Pei-Feng Liu®, Chun-Lin Chen*>6.7*

' Division of Rheumatology, Immunology and Allergy, Department of Internal Medicine,

Zuoying Armed Forces General Hospital, Kaohsiung 81342, Taiwan ROC

2 Institute for Translational Research in Biomedicine, Kaohsiung Chang Gung Memorial
Hospital, Kaohsiung 83301, Taiwan ROC

3 Department of Biomedical Science and Environmental Biology, Kaohsiung Medical
University, Kaohsiung 80756, Taiwan ROC

4 Department of Biological Sciences, National Sun Yat-Sen University, Kaohsiung 80424,
Taiwan ROC

> National Museum of Marine Biology and Aquarium, Pingtung 94450, Taiwan ROC

¢ Graduate Institute of Natural Products, Kaohsiung Medical University, Kaohsiung 80756,
Taiwan ROC

7 Department of Biotechnology, Kaohsiung Medical University, Kaohsiung 80756,
Taiwan ROC

T The authors contributed equally to this work.
* Corresponding author: Chun-Lin Chen, Department of Biological Sciences, National

Sun Yat-sen University, Kaohsiung 80424, Taiwan, ROC. Tel: +886-7-5252000 ext 3629.
Fax: +886-7-5253609. E-mail: chunlinchen@mail.nsysu.edu.tw

https://dx.doi.org/10.17179/excli2026-9381

This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/).

ABSTRACT

Transforming growth factor-p (TGF-B) belongs to a family of structurally and functionally
related cytokines that play essential roles in embryonic development, tissue homeostasis, and
cell fate regulation. Dysregulation of TGF-f} signaling contributes to a broad spectrum of dis-
eases, including cancer, fibrosis, and immune disorders. In cancer, TGF-p exhibits a context-
dependent dual role, functioning as a tumor suppressor during early stages while promoting
invasion, metastasis, escape from immune surveillance, and tumor microenvironment remod-
eling in advanced-stage cancer through effects on stromal cells, extracellular matrix deposition,
and angiogenesis. This functional duality makes therapeutic targeting both attractive and chal-
lenging. Although current strategies mainly focus on ligand neutralization or receptor kinase
inhibition, accumulating evidence indicates that TGF-f activity is also regulated beyond the
receptor level, including receptor trafficking, co-receptor function, nucleocytoplasmic shut-
tling, indirect pathway modulation, and epigenetic regulation. In this review, we emphasize
regulatory mechanisms that can be modulated by existing drugs, clinical candidates, or experi-
mentally tractable compounds, rather than providing an exhaustive overview of the broader
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regulatory landscape of TGF-f signaling. We further highlight opportunities for drug repurpos-
ing and discuss how synergistic combination strategies may improve therapeutic efficacy and
overcome resistance in TGF-B—driven cancers, supporting a broader therapeutic framework be-
yond canonical receptor inhibition.

Keywords: TGF-f signaling, cancer therapy, TGF-f inhibitors, tumor microenvironment, drug
repurposing, combination therapy
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Figure 1: Graphical abstract

TGF-B pathways and their role in tumorigenesis. TGF-f3 signaling could transduce through canonical
or non-canonical pathways. Two types of TGF-B receptors, TGF-3 type | (TBRI) and type Il (TBRII)
receptor, are responsible for ligand binding and signaling initiation. TGF-§ ligands first recognize and
bind to TRRII, which trigger receptor autophosphorylation and recruit TBRI to form a heteroreceptor
complex. SMAD2/3 are phosphorylated by the kinase domain of activated TBRI, followed by interaction
with SMAD4 and then be translocated into the nucleus to regulate expression of target genes. Apart
from TGF-B/SMAD or canonical pathway, other pathways such as MAPK/ERK, PI3K/AKT, JNK/p38,
and Rho pathway could also be induced by TGF-B stimulation. TGF-B pathway plays double-edged
roles in cancer. As cancer develops, TGF-f3 switches its role from tumor suppressor to promoter, with
loss of antiproliferative and proapoptotic properties and gains of abilities which could facilitate tumor
growth and invasion.
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INTRODUCTION

Transforming growth factor-f (TGF-) is a pleiotropic cytokine that orchestrates a wide
range of physiological processes—from embryonic development to adult tissue homeostasis—
by rewiring core cellular programs such as proliferation, differentiation, and apoptosis. Mam-
mals express three TGF-f isoforms (TGF-B1, TGF-B>, and TGF-B3), which signal through a
shared receptor system composed primarily of the TGF- type II receptor (TBRII) and the type
I receptor (TBRI/ALKS) (Tzavlaki and Moustakas, 2020). In the canonical cascade, activation
of mature TGF-f (after release from latency) allows high-affinity binding to TBRII, which re-
cruits TBRI to form the signaling complex. TBRII then phosphorylates TPRI via its serine/thre-
onine kinase domain, enabling TPRI to phosphorylate receptor-regulated SMADs (R-
SMAD?2/3). Phosphorylated R-SMADs complex with the common mediator SMAD4 and trans-
locate to the nucleus to regulate target-gene expression (Tzavlaki and Moustakas, 2020). In
parallel with this SMAD pathway, the same receptor complex can engage non-canonical effec-
tors—including AKT, ERK1/2, and p38/MAPK—which cooperate with SMAD signaling to
shape cellular responses (Liu et al. 2018) (see Figure 1 (graphical abstract)). Dysregulation of
these canonical and non-canonical branches contributes to tissue fibrosis, immune dysfunction,
and oncogenesis (Leask and Abraham, 2004; Prud'Homme, 2007). Beyond the core TRRII-
TPRI module, auxiliary receptors fine-tune ligand presentation, signal strength, and context
specificity. The type III co-receptors betaglycan (TPRIII) and endoglin (CD105) modulate lig-
and capture and delivery to TBRII (Schoonderwoerd et al., 2020; Duesman et al., 2023). Im-
portantly, a type V TGF-f receptor (TBR-V) has been described as a high—molecular-weight
receptor mediating growth-inhibitory responses to TGF-$ and IGFBP-3 in epithelial cells; in
several contexts, TBR-V corresponds to LRP1 (low-density lipoprotein receptor—related pro-
tein-1) (Chen et al., 2021; Baxter, 2023; Yamamoto et al., 2024). In addition, the cation-inde-
pendent mannose-6-phosphate receptor (CI-M6PR) contributes to latent TGF-f activation and
presentation at the cell surface, further shaping pathway availability and tone (Nykjaer et al.,
1998). Together, these auxiliary components create a modular architecture that explains the
strong context dependence of TGF-f biology across tissues. Functionally, TGF-f acts as a dou-
ble-edged sword in cancer—tumor-suppressive early, but pro-metastatic and immunosuppres-
sive later (Akhurst and Derynck, 2001). This has motivated therapeutic strategies ranging from
ligand traps and antibodies to receptor-kinase inhibitors, trafficking-targeted modulators, and
downstream pathway inhibitors, aiming to selectively dampen pro-tumor TGF- programs
while preserving essential homeostatic functions (Huang and Chen, 2012; Wu et al., 2020; Liu
et al., 2021; Teicher, 2021). In this review, we structure the discussion with our laboratory’s
previous work as a conceptual backbone and extend the narrative by integrating complementary
findings from other research groups, thereby providing a mechanism-focused and context-
aware synthesis of TGF-f inhibition. In addition, the perspectives presented here are shaped by
our current research interests and ongoing directions, particularly those aimed at understanding
non-canonical regulatory layers of TGF-§ signaling and their translational implications. By
combining established knowledge with emerging mechanistic insights, this review seeks to
highlight underexplored regulatory nodes that may expand future therapeutic strategies target-
ing TGF-p signaling.

OVERVIEW OF TGF-p SIGNALING IN CANCER

TGF-B primarily functions as a tumor suppressor by restraining cell proliferation, promot-
ing apoptosis, and maintaining genomic stability. These cytostatic effects are mediated in part
through the induction of cyclin-dependent kinase inhibitors such as p15, p21, and p57 (Seoane
etal.,2001,2002; Chen etal., 2006), as well as repression of growth-promoting genes including

552



EXCLI Journal 2026,25:550-586 — ISSN 1611-2156
Received: March 01, 2026, accepted: April 06, 2026, published: April 28, 2026

CDC25A, E2F1, and c-MYC (Pietenpol et al., 1990; Schwarz et al., 1995; Bhowmick et al.,
2003), collectively leading to cell cycle arrest and anti-mitogenic responses. TGF- can also
dampen early inflammatory signals and limit immune activation (Heath et al., 2000), contrib-
uting to tissue homeostasis during early stages of tumorigenesis. During malignant progression,
however, tumor cells frequently acquire resistance to the cytostatic and proapoptotic effects of
TGF-p, often as a result of mutations or deletions in key pathway components such as TPRRII,
SMAD?2, or SMAD4 (Markowitz et al., 1995; Riggins et al., 1997; Korkut et al., 2018). Once
these growth-inhibitory constraints are bypassed, tumor cells can exploit TGF-f} signaling to
promote epithelial-mesenchymal transition (EMT), invasion, and metastatic dissemination.
Through both SMAD-dependent and non-SMAD pathways, TGF-f§ induces transcription fac-
tors including SNAIL, SLUG, TWIST, and ZEB family proteins, which drive loss of epithelial
characteristics and acquisition of migratory phenotypes (Lamouille et al., 2014). In parallel,
TGF-P stimulates the expression of factors such as IL-11, PTHrP, and matrix metalloprotein-
ases that facilitate extracellular matrix remodeling, tissue invasion, and organ-specific metas-
tasis (Yin et al., 1999; Wiercinska et al., 2011; Pollari et al., 2012), while angiogenic mediators
including CTGF and VEGF contribute to neovascularization (Goumans et al., 2009).

Beyond its direct effects on tumor cells, TGF-f exerts profound influences on the tumor
microenvironment (TME). The TME is composed of extracellular matrix, soluble factors, and
diverse stromal and immune cell populations, and reciprocal interactions between tumor cells
and stromal components critically shape disease progression (Liu et al., 2021) (Figure 2A).
Acting in a paracrine manner, TGF-f activates cancer-associated fibroblasts (CAFs), promotes
extracellular matrix deposition, and enhances angiogenesis, thereby creating a microenviron-
ment that supports tumor growth and limits drug penetration. TGF-3 signaling is a major driver
of CAF formation, promoting the activation of resident fibroblasts as well as the differentiation
of mesenchymal stem cells, epithelial cells, and endothelial cells into fibroblast-like phenotypes
(Evans et al., 2003; Calon et al., 2014) (Figure 2B). Dense CAF populations and the stiff extra-
cellular matrix they generate can form physical barriers that reduce vascular perfusion and hin-
der the delivery of anticancer therapeutics, and excessive TGF- activity within CAFs has been
linked to resistance to immunotherapy.

TGF-p is a dominant regulator of immune function within the tumor microenvironment and
contributes to the progressive suppression of antitumor immunity during tumorigenesis. As tu-
mors develop, diverse myeloid populations—including myeloid-derived suppressor cells, mac-
rophages, and neutrophils—accumulate and help establish an immunosuppressive milieu that
limits effective T-cell responses (Ginefra et al., 2020). Although dendritic cells normally initi-
ate antitumor immunity by presenting tumor antigens to cytotoxic T lymphocytes and natural
killer (NK) cells, TGF- interferes with this process by impairing antigen presentation and in-
hibiting the activation and cytotoxic function of NK cells and CD8* T cells (Gonzalez et al.,
2018). TGF-B also reshapes adaptive immunity by suppressing the differentiation of effector
CD4" T-cell subsets while promoting the generation of regulatory T cells, thereby reinforcing
immune tolerance. In cytotoxic T cells, TGF-B reduces proliferation and effector cytokine pro-
duction and promotes the expression of inhibitory receptors associated with T-cell exhaustion,
further weakening antitumor responses. In parallel, TGF-f regulates the behavior of myeloid
cells throughout tumor progression. During early stages, it influences myeloid differentiation
and inflammatory signaling, whereas in advanced tumors, myeloid cells themselves become
important sources of TGF-§ and matrix-remodeling enzymes, creating a feed-forward loop that
sustains immunosuppression and facilitates metastasis (Yang et al., 2008). Genetic or pharma-
cological disruption of TGF-f signaling in myeloid cells enhances antitumor activity in exper-
imental models, underscoring the central role of this pathway in immune evasion (Novitskiy et
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al.,2012; Pang et al., 2013). TGF-B not merely as a suppressor of individual immune cell func-
tions but as a key organizer of the immunosuppressive tumor ecosystem, coordinating interac-
tions between stromal, myeloid, and lymphoid compartments to promote tumor progression.

Collectively, these multifaceted effects illustrate how TGF-f signaling operates not only as
a regulator of tumor cell behavior but also as a central organizer of the tumor microenviron-
ment, integrating signals that control proliferation, invasion, stromal remodeling, angiogenesis,
and immune suppression. This dual role underlies both the therapeutic appeal and the complex-
ity of targeting TGF-f signaling in cancer.

A. TGF-p Effects Across Tumor and Microenvironment Cell Types
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Figure 2: TGF-B Actions in the Tumor Microenvironment and CAF Induction

Schematic summary of TGF-f3 functions across major tumor and stromal compartments. Panel A: Cell
type—specific outcomes of TGF-f3 signaling in epithelial tumor cells (cell-cycle arrest/apoptosis in early
contexts), fibroblasts (activation and cytokine secretion), mesenchymal tumor cells (EMT-associated
migration/invasion/extravasation), endothelial cells (sprouting/proliferation/angiogenesis), extracellular
matrix (structural and biochemical support), and immune cells (modulation of T-cell proliferation, NK-
cell activation, and antigen presentation). Panel B: Major cellular sources contributing to cancer-asso-
ciated fibroblast (CAF) generation under TGF-B—rich conditions. TGF- activates resident fibroblasts
and promotes differentiation of mesenchymal stem cells and adipose-derived stem cells into CAFs,
while epithelial tumor cells and endothelial cells can contribute through EMT and EndMT, respectively.
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THERAPEUTIC STRATEGIES TARGETING TGF-p PATHWAY

Therapeutic targeting of the TGF- pathway has been investigated for more than two dec-
ades because of its roles in tumor progression, metastasis, and suppression of antitumor immune
responses (Liu et al., 2021; Deng et al., 2024). Early drug development focused on ligand neu-
tralization and inhibition of receptor serine/threonine kinase activity, leading to the develop-
ment of neutralizing antibodies, ligand traps, receptor-directed antibodies, and small-molecule
kinase inhibitors (Cecerska-Heryc et al., 2025). Clinical translation has been limited by dose-
related toxicities, insufficient selectivity, and context-dependent signaling responses that com-
plicate patient selection and treatment optimization (Connolly et al., 2012; Katz et al., 2013).
These limitations have shifted current strategies toward approaches that modulate receptor traf-
ficking, subcellular localization, and post-translational regulation to achieve more selective
pathway control (Di Guglielmo et al., 2003; Chen, 2009). In addition, epigenetic regulators,
and non-coding nucleic acid-based interventions have identified additional levels of TGF-f3
pathway regulation at transcriptional and post-transcriptional stages, expanding potential ther-
apeutic targets beyond receptors and kinases (Papoutsoglou and Moustakas, 2020; Naik and
Thakur, 2024). Current development increasingly relies on mechanism-based drug design, bi-
omarker-guided patient selection, and combination therapies to improve clinical efficacy.

Direct targeting of TGF-f signaling components

Receptor kinase inhibitors

TGF-B receptor kinase inhibitors are the most mature small-molecule approach to block
TGF-p signaling in cancer and are largely ATP-competitive TBRI inhibitors, often with ancil-
lary activity on ALK4/7. By occupying the ATP-binding pocket of the kinase domain, they
prevent ligand-induced SMAD2/3 phosphorylation, suppress SMAD-dependent transcription,
and dampen non-canonical pathways such as PI3K—-AKT, p38/JNK and NF-«kB, leading in pre-
clinical models to reversal of TGF-B-induced EMT, reduced cancer-associated fibroblast acti-
vation and matrix deposition, and relief of immune exclusion. Because this inhibitor class now
encompasses many chemically distinct scaffolds, the text highlights compounds with the most
compelling preclinical and clinical prospects, while additional inhibitors are summarized in
Table 1. Early “tool” compounds such as SB-431542, a prototypical ALKS5/ALK4/ALK7 in-
hibitor, and SD-208, a more drug-like TPRI inhibitor that reduces osteolytic melanoma bone
metastases and preserves bone integrity, established that pharmacologic ALKS blockade can
reprogram TGF-B-dependent invasion and metastatic niche formation (Halder et al., 2005;
Mohammad et al., 2011), but also revealed scaffold-specific toxicities, including cardiac val-
vulopathy in preclinical species, driving subsequent efforts toward more selective and carefully
dosed agents (Park et al., 2014).

Among clinically advanced TPRI inhibitors, three oral agents illustrate the evolution of this
class from monotherapy cytotoxics to microenvironment-modulating combination partners.
Galunisertib (LY2157299) is a first-generation, selective ALKS inhibitor optimized for inter-
mittent dosing (typically 14 days on/14 days off) to mitigate the cardiotoxicity seen with earlier
scaffolds (Faivre et al., 2019); in phase Il HCC it achieved median overall survival of ~7—17
months as second-line monotherapy with manageable toxicity and pharmacodynamic SMAD?2
suppression, and in combination with sorafenib extended overall survival to ~18 months, with
additional studies in glioblastoma, pancreatic cancer and nivolumab-based regimens supporting
a shift toward rational doublets (Faivre et al., 2019; Kelley et al., 2019). Vactosertib (TEW-
7197) represents a newer, highly selective nanomolar ALKS5 inhibitor developed to modulate
TGF-f—mediated tumor—immune and stromal interactions. In myeloma and solid tumor models
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Table 1: TGF-f receptor kinase inhibitors (including tool compounds)

Inhibitor

Target(s)

Experimental

Status

Key

SB-431542

SB-505124

A-83-01

RepSox (E-
616452)

LY364947
(HTS466284)

LY580276

SB525334

GW6604

GW788388

SD-093

SD-208

ALKS inhibitor;

also inhibits
ALK4/7

Selective
ALK4/5/7 inhibitor

ALKS5 inhibitor;
also inhibits
ALK4/7

ALKS5 inhibitor; in-
hibits kinases at
higher doses

ATP-competitive,
selective ALK5 in-
hibitor

Dihydropyrrolopy-
razole ALKS inhib-
itor

Benzimidazole
ALKS5 inhibitor

Quinazoline-
based ALKS5 inhib-
itor

Potent, selective
ALK5 inhibitor
(quinazoline se-
ries)

Pyridopyrimidine-
based ALKS inhib-
itor

Orally active
ALKS5 inhibitor

models

Fibrosis, osteosar-

coma, breast cancer
EMT/invasion, iPSC
reprogramming
Cutaneous wound
healing and fibrosis,
chondrocytes, EMT
models

Fibrosis and scar
models, EMT and
stem cell reprogram-
ming systems

iPSC reprogram-
ming, adipogenesis
and, hepatic and ad-
ipose fibrosis mod-
els

Breast and pancre-
atic cancer models,
endothelial and lym-
phatic cells, retinal
degeneration
Fibrosis and cancer
models in medicinal
chemistry optimiza-
tion studies

Cardiac and renal fi-
brosis, pulmonary fi-
brosis, vascular re-
modeling

Rodent models of
liver and renal fibro-
sis, cancer-associ-
ated fibrosis
Cardiac and renal fi-
brosis, pulmonary
hypertension, exper-
imental models of
cancer-associated fi-
brosis

Early preclinical
models of fibrosis
and cancer; compar-
ator for newer ALK5
inhibitors

Murine glioma and
melanoma bone me-
tastasis, airway re-
modeling, inflamma-
tory and fibrotic
models

Preclinical tool
compound

Preclinical tool
compound

Preclinical tool
compound

Preclinical tool
compound

Preclinical tool;

Preclinical lead

compound

Preclinical tool; no
oncology trials

Preclinical tool
compound

Preclinical tool

Preclinical tool
compound

Preclinical devel-
opment

references

Halder et al.,

2005

DaCosta
Byfield et al.,
2004

Tojo et al.,
2005

Tu etal., 2019

Sawyer et al.,
2003

Sawyer et al.,
2003

Grygielko et
al., 2005

de Gouville
and Huet,
2006

Gellibert et al.,
2009

Callahan et al.,
2002

Mohammad et
al., 2011
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Inhibitor

Target(s)

Experimental
models

Status

Key
refer-
ences

IN-1130 Indolinone-derived Diabetic nephropa- Preclinical devel- Moon et
ALKS inhibitor (also thy, renal and perito- opment al., 2006
ALK4/7) neal fibrosis, experi-

mental hepatocellu-
lar carcinoma

Ki26894 ALKS inhibitor Lung and liver fibro- = Preclinical tool Ehata et
sis, bone metastasis | compound al., 2007
and tumor invasion
models

SM16 Orally active ALK5 in- = Mesothelioma tumor  Preclinical devel- Suzuki et
hibitor (pyridopyrimi- and fibrosis opment al., 2007
dine scaffold)

EW-7195 ALKS5 inhibitor (pyri- Breast cancer me- Preclinical devel- Park et al.,
dopyrimidine analog tastasis, pulmonary | opment; backup to = 2011b
of vactosertib) fibrosis models vactosertib

EW-7203 ALKS inhibitor related  Preclinical fibrosis Preclinical Park et al.,
to EW-7195 and oncology mod- tool/backup com- 2011a

els (limited pub- pound
lished data)

LY2109761 Dual Pancreatic, colorec- | Preclinical devel- Melisi et
TGFBRI/TGFBRII ki- tal and breast can- opment al., 2008
nase inhibitor cer models.

Galunisertib Oral active ALKS5 in- Phase I/ll trials in gli- Clinical develop- Faivre et

(LY2157299) hibitor; first-in-class oblastoma, hepato- | ment in multiple al., 2019;
clinical agent cellular carcinoma, phase I/ll trials Kelley et

pancreatic cancer (e.g. al., 2019

and rectal cancer NCT01246986,
NCT02178358,
NCT02423343,
NCT02906397)

Vactosertib Oral active ALKS5 in- Phase I/1l trials in Clinical trials in- Choietal.,

(EW- hibitor advanced solid tu- cluding 2023; Choi

7197/TEW- mors, desmoid tu- NCT02160106, etal.,

7197) mors and multiple NCT03802084, 2024b

myeloma NCT03732274,
NCT03955935

LY3200882 Oral active TGFBRI Phase | studies as Clinical trials Yap et al.,

(ALKS) inhibitor monotherapy and in = NCT02937272, 2021
combination with NCT04158700
pembrolizumab or
chemotherapy in
solid tumors

PF-06952229 Oral active ALKS5 in- Phase | dose-esca- First-in-human Yap et al.,
hibitor lation and advanced phase | trial 2024

solid tumors, includ- | NCT03685591

ing metastatic cas-
tration-resistant
prostate cancer

it suppresses SMAD?2/3 signaling, disrupts tumor—stroma crosstalk and osteolytic disease, and
in osteosarcoma downregulates c-MYC and reshapes the microenvironment (1IFNy*CD8" T
cells and NK cells, | M2-like macrophages and MDSCs); clinically, early-phase trials combin-
ing vactosertib with pembrolizumab in microsatellite-stable metastatic colorectal cancer and
other solid tumors have shown antitumor activity and acceptable safety, and ongoing studies
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pair it with checkpoint inhibitors or chemotherapy to improve responses in tumors characterized
by stromal barriers and limited immune infiltration (Park et al., 2014; Choi et al., 2023, 2024Db).
LY3200882, a next-generation adenosine analog—based TPRI inhibitor, was designed to further
refine selectivity and tolerability; in a first-in-human phase I trial it produced robust pPSMAD2
inhibition, no dose-limiting cardiac events, and early signals of efficacy—particularly in pan-
creatic cancer when combined with gemcitabine/nab-paclitaxel—supporting its continued de-
velopment in biomarker-enriched cohorts and combination regimens where TPRI blockade is
used primarily to remodel the TGF-B-driven tumor microenvironment rather than as a stand-
alone cytotoxic therapy (Yap et al., 2021).

Despite their therapeutic potential, TGF- receptor kinase inhibitors have several limita-
tions. Broad inhibition of TGF-f signaling may disrupt physiological functions such as tissue
repair, immune regulation, and vascular homeostasis, raising concerns regarding long-term
treatment. Many inhibitors also retain activity against related kinases including ALK4 and
ALK?7, which may contribute to unintended systemic effects. Preclinical evidence of cardiac
valvulopathy associated with continuous ALKS inhibition has led to intermittent dosing strate-
gies, exposure control, and cardiac monitoring in clinical studies, with current approaches fa-
voring partial and context-dependent pathway modulation rather than sustained complete
blockade (Faivre et al., 2019; Guo et al., 2023). In addition, because TGF-B can function as a
tumor suppressor during early carcinogenesis, broad inhibition may produce variable therapeu-
tic outcomes depending on tumor context, emphasizing the need for biomarker-based patient
selection, particularly in immune-excluded or stroma-rich tumors (Park et al., 2014; Choi et al.,
2024b).

These considerations have shifted the clinical use of TPRI inhibitors toward combination
strategies rather than monotherapy. They are increasingly evaluated together with multikinase
inhibitors such as sorafenib in hepatocellular carcinoma (Faivre et al.,2019; Kelley etal., 2019),
chemotherapy in pancreatic and colorectal cancers, and PD-1/PD-L1 blockade in microsatel-
lite-stable colorectal cancer, NSCLC, and other immune-resistant solid tumors (Yap et al.,
2021). The rationale is to reduce stromal and immunosuppressive barriers and thereby enhance
the efficacy of cytotoxic or immune-based therapies. As more selective compounds such as
vactosertib and LY3200882 advance through early clinical testing, together with improved
pharmacodynamic biomarkers including pPSMAD?2 and TGF-B-related gene signatures, small-
molecule TGF-f receptor kinase inhibitors are expected to remain key components of rational
combination regimens targeting pro-tumorigenic TGF-f signaling while preserving its physio-
logical functions.

TGF-p ligand traps and receptor-binding blockade in cancer therapy

Extracellular inhibition of TGF- signaling targets the ligand—receptor interface through
strategies that neutralize active ligand, sequester TGF-f3 using soluble receptor-based traps, or
block ligand binding to TGF-B receptors. By preventing ligand interaction with TBRII/TBRI
complexes, these approaches reduce SMAD2/3 phosphorylation and downstream gene expres-
sion associated with immune suppression, epithelial plasticity, invasion, and stromal remodel-
ing in established tumors. Compared with intracellular kinase inhibitors, extracellular agents
can suppress both autocrine and paracrine signaling across multiple tumor microenvironment
compartments. Current modalities include neutralizing antibodies against specific TGF-j
isoforms, engineered ligand traps with isoform selectivity, and receptor-directed antibodies that
interfere with receptor complex formation (Table 2). In addition, activation-selective strategies
aim to inhibit local generation of active TGF-f} by targeting components of latent TGF-f acti-
vation complexes, such as GARP (glycoprotein A repetitions predominant), a cell-surface pro-
tein that presents latent TGF-B; and facilitates its activation in specific cellular contexts
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(Zimmer et al., 2022) (Figure 3). This approach seeks to limit pathologic TGF-f signaling while
preserving systemic homeostatic functions.

Table 2: TGF-f ligand-trap and receptor-binding blockade

Inhibitor Target(s) Experimental Trial stages Key
models references
Fresolimumab  mAb against Advanced mela- Phase |: advanced Morris et al.,
(GC1008) TGF-B1/B2/B83 noma and renal melanoma/RCC 2014
(pan-TGF-B) cell carcinoma. (NCT00356460).
NIS793 IgG2 mAbD target- = Advanced solid tu- Phase I/Ib: NIS793 + Bauer et al.,
ing TGF-@ (re- mors; metastatic spartalizumab 2023
ported pancreatic ductal (NCT02947165).
pan-TGF-B activ- = adenocarcinoma Phase II: mMPDAC
ity) (mPDAC) combi- with/without spartali-
nation programs. zumab +
gem/nab-paclitaxel
(NCT04390763).
AVID200 ligand trap for Advanced/meta- Phase |: ad- Gulley et al.,
TGF-B1/p3 static solid tumors. vanced/metastatic 2022;
solid tumors Mascarenhas
(NCT03834662). etal., 2023
Bintrafusp alfa = Bifunctional fu- Advanced solid tu- Phase I Paz-Ares et
(M7824) sion: anti-PD-L1 mors; HPV-associ- NCT02517398 al., 2020; Cho
+ TGF-B trap do- = ated malignancies; (dose-escalation). etal., 2023
main (TRRIl ecto- NSCLC (PD-L1 Phase IIIl: INTR@PID
domain) high) phase lll pro- Lung 037 vs pembroli-
gram. zumab
(NCT03631706).
SRK-181 mAb against la- Checkpoint-refrac- Phase | (DRAGON): Welsh et al.,
(linavonkibart)  tent TGF-p1 tory solid tumors; monotherapy and with =~ 2021; Yap et
developed to over- pembrolizumab al., 2026
come anti-PD-(L)1  (NCT04291079).
resistance.
Livmoniplimab = mAb targeting Advanced solid tu- Phase I: Shimizu et al.,
(ABBV-151) the mors; developed NCT03821935 (mono- = 2024
GARP:TGF-31 as an immunother- = therapy and combina-
complex apy partner. tions).
LY3022859 IgG1 mAD target- Advanced solid tu- Phase I: Tolcher et al.,
(IMC-TR1) ing (TRRII) mors (first-in-hu- NCT01646203 (dose 2017

man recep-
tor-blocking pro-
gram).

escalation limited by
cytokine-release—type
toxicity; MTD not de-
termined).

Key translational challenges include the pleiotropic physiological functions of TGF-B, com-
pensatory signaling among TGF-f isoforms and related pathways, and limited intratumoral dis-
tribution and pharmacodynamic activity of extracellular inhibitors. As a result, most extracel-
lular TGF-f inhibitors are evaluated in combination with PD-1/PD-L1 blockade and/or cyto-
toxic therapy rather than as monotherapies. Importantly, safety findings indicate that systemic
inhibition of TGF- signaling produces adverse effects similar to those observed with TGF-f
receptor kinase inhibitors, reflecting on-target pathway suppression across normal tissues. For
example, early clinical studies of the pan-TGF- antibody fresolimumab (GC1008) reported
dermatologic proliferative lesions consistent with systemic pathway inhibition (NCT00356460)
(Morris et al., 2014).

559



EXCLI Journal 2026,25:550-586 — ISSN 1611-2156
Received: March 01, 2026, accepted: April 06, 2026, published: April 28, 2026

Lur-p

Trabedersen (ASQO) TGF-B mRNA | VaVaVal

Belagenpumatucel-L (ASO) ! l
Eh | LAP TR SRK-181 (antibody)

_ 264RAD (antibody)
ABBVI51 (antibody) Ll | . Integrin avp8 integrin (antibody)
Cilengitide (RGD peptide)

Bintrafusp alfa (M7824) (trap) Licand
Anti-CTLA4-TBRII (trap) 1gan | "
AVID200 ligand (trap) ;
SAR439459 (antibody)

Fresolimumab (antibody)
NIS793 (antibody)

IS TBRIL IMC-TR1 (antibody)
Vactosertib (KI)
Galunisertib (KI) TBRI |
LY3200882 (KI) !
PF06952229 (KI) l
Signaling

Figure 3: TGF-B Pathway Therapeutic Targets

Schematic of TGF-§ inhibitors across the pathway, including ASOs targeting TGF-B mRNA, blockade
of latent TGF-B activation (LAP, integrins, GARP), ligand neutralization/ sequestration (antibodies,
traps), receptor blockade (anti-TRRII), and TBRI/ALKS kinase inhibitors that prevent downstream sig-
naling.

NIS793 is a neutralizing anti-TGF-f} antibody that has been evaluated mainly as an immu-
notherapy partner. A phase I/Ib study tested NIS793 with the anti-PD-1 antibody spartalizumab
in advanced solid tumors (NCT02947165), with follow-on phase II evaluation in metastatic
pancreatic ductal adenocarcinoma in combination regimens (NCT04390763) (Bauer et al.,
2023). These studies reflect the hypothesis that partial relief of TGF-B-associated immune sup-
pression may increase susceptibility to checkpoint blockade in selected tumor contexts.

AVID200 is an engineered trap designed to sequester TGF-B; and TGF-f3 while sparing
TGF-f,; it has been evaluated in a phase I dose-escalation study in advanced/metastatic solid
tumors (NCT03834662) and has also been clinically characterized in myelofibrosis (Gulley et
al., 2022; Mascarenhas et al., 2023). This approach of isoform-selective trapping has been pur-
sued to modulate efficacy—tolerability balance.

A related but distinct strategy combines TGF-f trapping with immune checkpoint inhibition
in a single molecule. Bintrafusp alfa (M7824) couples PD-L1 blockade with a TGF- trap do-
main derived from the TBRII ectodomain. Early phase evaluation supported clinical feasibility
(e.g., NCT02517398) (Paz-Ares et al., 2020). However, the phase III INTR@PID Lung 037
study in first-line PD-L1-high NSCLC (NCT03631706) did not show superiority over pem-
brolizumab and was terminated for futility, emphasizing that combined targeting does not nec-
essarily translate into benefit without appropriate biological selection and treatment context
(Cho et al., 2023). Direct receptor blockade has also been evaluated clinically. LY3022859
(IMC-TR1), an anti-TGFBRII antibody, was tested in a first-in-human phase I study in ad-
vanced solid tumors (NCT01646203). Higher doses were limited by cytokine release—type tox-
icity, and a maximum tolerated dose was not established (Tolcher et al., 2017). These findings
indicate tolerability limitations associated with receptor-directed blockade at the cell surface.
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To increase selectivity for tumor-relevant TGF-B activity, activation-selective programs
have advanced in parallel. SRK-181 (linavonkibart) is an antibody that binds latent TGF-f3; and
inhibits activation; it is being evaluated clinically in advanced solid tumors, including combi-
nation with pembrolizumab (NCT04291079) (Welsh et al.,, 2021; Yap et al., 2026).
Livmoniplimab (ABBV-151) targets the GARP:TGF-B1 complex to prevent activation of latent
TGF-B1 and is in phase I development as monotherapy and in combinations (NCT03821935)
(Shimizu et al., 2024). These approaches are intended to suppress localized activation within
the tumor microenvironment while reducing the likelihood of systemic toxicities associated
with broad neutralization.

Overall, ligand traps and receptor-binding inhibitors provide mechanistically direct meth-
ods to suppress extracellular TGF-f signaling, with clinical programs increasingly emphasizing
combination regimens and, in some cases, activation-selective targeting. Further progress is
likely to depend on aligning the inhibitory format (pan-ligand, isoform-selective trap, activa-
tion-selective, or receptor-directed) with the dominant source and mode of TGF-p signaling in
a given tumor context and on incorporating pharmacodynamic and microenvironmental bi-
omarkers to guide patient selection and combination design.

Modulation of TGF-f receptor trafficking and localization

Membrane distribution and compartmentalization of TGF-f receptors

The magnitude and duration of TGF-f signaling are not determined solely by ligand avail-
ability or receptor expression, but are also critically influenced by the spatial distribution of
receptors within the plasma membrane and their subsequent intracellular trafficking. The den-
sity of TGF-f receptors at the cell surface directly affects signaling input, whereas their parti-
tioning into distinct membrane microdomains can differentially regulate downstream signaling
outcomes. Receptors internalized through clathrin-mediated pathways are typically associated
with signaling propagation and recycling, whereas localization within lipid raft or caveolae
domains is frequently linked to receptor turnover and attenuation of signaling (Huang and Chen,
2012) (Figure 4). Thus, the balance between these internalization routes represents a key deter-
minant of signaling intensity and duration, and defects in receptor localization or trafficking
can impair pathway activity even when total receptor levels remain unchanged (Capocasale et
al., 1995).

Accumulating evidence indicates that membrane lipid composition and microdomain or-
ganization play central roles in regulating TGF-B receptor compartmentalization and signaling.
Lipid rafts, which are highly ordered membrane microdomains enriched in cholesterol, sphin-
golipids, and saturated phospholipids, provide specialized platforms that organize receptor in-
teractions and influence signaling efficiency (Brown and London, 2000). The size, composi-
tion, and mobility of these microdomains are critical determinants of their function, as incor-
poration or extraction of specific lipid components can reshape raft structure and alter raft-
mediated cellular responses. Cholesterol, a key structural component maintaining raft stability,
has emerged as an important regulator of TGF-f} responsiveness by controlling receptor locali-
zation within the plasma membrane. Experimental depletion of cholesterol using agents such
as nystatin or methyl-pB-cyclodextrin shifts TBRII toward non-raft regions, whereas elevated
cholesterol promotes accumulation of TGF-f receptors within lipid raft/caveolae domains, re-
sulting in reduced SMAD activation and attenuation of downstream signaling (Di Guglielmo et
al., 2003; Chen et al., 2008). These findings suggest that cholesterol-rich rafts can function as
compartments that sequester receptors and favor receptor turnover, thereby limiting signaling
output.

Beyond cholesterol, alterations in membrane lipid composition can further modulate raft
organization and receptor partitioning. n-3 polyunsaturated fatty acids (PUFAs), particularly
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eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), have been shown to alter lipid
raft architecture by inducing phase separation between cholesterol-rich and DHA-enriched
membrane domains (Shaikh et al., 2003; Stillwell and Wassall, 2003; Stillwell et al., 2005)
(Figure 4). Studies showed that DHA exerts anti-cancer effect by reducing expression of raft-
associated onco-proteins including EGFR and Hsp90 through inducing raft fusion with lyso-
somes in breast cancer (Rogers et al., 2010; Lee et al., 2014). Also, the role of DHA on T cell
activation was determined and found that dietary DHA altered lipid raft partitioning of key
protein involved in T cell activation. Recruitment of PKC8 into lipid rafts was suppressed by
DHA, causing downregulation of the following signaling and inhibition in lymphoproliferation
(Fan et al., 2004). Several studies demonstrated the inhibitory effect of DHA on TGF-f re-
sponses. DHA has been shown to prevent TGF-B-induced myofibroblast differentiation, inva-
siveness and EMT in human prostate cancer as well as inhibiting angiogenesis through inhibit-
ing TGF-B-induced endothelial cell migration (Bianchini et al., 2012; Guo et al., 2021). Alt-
hough the precise mechanisms remain incompletely defined, these observations raise the pos-
sibility that DHA-mediated modification of raft microenvironments alters the membrane distri-
bution of TGF-f receptors, potentially move receptor trafficking toward degradation pathways.
Importantly, partitioning of proteins into lipid rafts does not uniformly enhance signaling; de-
pending on raft organization, it may either facilitate signaling through increased protein—protein
interactions or suppress signaling through enhanced endocytosis and turnover. To maintain op-
timal bioactivity, lipid rafts must remain small and dynamic, typically within a diameter range
of 6-14 nm (Nicolau Jr et al., 2006). Studies comparing T cells from wild-type and fat-1 trans-
genic mice, which endogenously produce n-3 PUFA, showed that n-3 PUFA enlarge lipid raft
domains, likely due to reduced affinity between n-3 PUFA and cholesterol- or sphingolipid-
rich regions, resulting in impaired raft function and reduced T-cell activation (Kim et al., 2008).
Similar enlargement and clustering of lipid rafts induced by n-3 PUFA have also been observed
in HeLa cells (Chapkin et al., 2008). Together, these findings support the concept that n-3
PUFAs possess anti-inflammatory and anti-cancer potential through modulation of raft archi-
tecture. However, despite the clear effects of DHA on TGF-J3 responses, direct evidence demon-
strating that n-3 PUFAs regulate membrane distribution of TGF-f receptors remains lacking,
highlighting an important area for future investigation.

Pharmacologic and naturally occurring compounds have further illustrated the functional
importance of receptor compartmentalization. Euphol, a triterpene structurally similar to cho-
lesterol, suppresses TGF-f signaling by promoting the segregation of TGF-f receptors into lipid
raft microdomains, facilitating receptor degradation and reducing SMAD activation (Chen et
al., 2015). Similarly, oxidized cholesterol derivatives such as cholest-4-en-3-one attenuate
TGF-P signaling by driving the translocation of receptors into lipid raft domains and accelerat-
ing their degradation (Chen et al., 2017; Huang et al., 2017). In contrast, betulinic acid has been
shown to enhance TGF- responsiveness by shifting receptors from lipid raft/caveolae regions
to non-raft microdomains, thereby favoring signaling-competent endosomal pathways (Chen et
al., 2016). These observations collectively indicate that altering receptor partitioning between
membrane compartments can either suppress or potentiate TGF-f signaling without necessarily
changing total receptor levels.

In addition to lipid composition, extracellular matrix components can regulate receptor
compartmentalization through interactions with membrane proteins (Figure 4). Hyaluronan
(HA), a major component of the extracellular matrix, has been shown to modulate TGF-f re-
ceptor localization through its interaction with CD44. Binding of HA with CD44 promotes
MAP kinase—dependent redistribution of TGF-f receptors into caveolin-associated lipid raft
compartments, facilitating receptor turnover and attenuating SMAD signaling, whereas disrup-
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tion of HA—CD44 interaction prevents this redistribution, highlighting the importance of recep-
tor—matrix interactions in controlling receptor trafficking (Ito et al., 2004). This HA-dependent
signaling environment can also influence receptor activation and cytoskeletal organization, as
inflammatory stimuli are known to enhance HA production and CD44 expression, thereby pro-
moting the formation of HA—CD44-ERM protein complexes that associate with TGF- recep-
tors and cytoskeletal microdomains, modulating receptor localization and downstream cellular
responses (Takahashi et al., 2010). Collectively, these findings indicate that receptor compart-
mentalization is not governed solely by membrane lipid composition but is dynamically regu-
lated by extracellular matrix organization, receptor—cytoskeleton interactions, and microenvi-
ronmental cues that together regulate TGF-f signaling.

Raft domain
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Figure 4: Membrane distribution of TGF-f receptors is regulated by multiple mechanism

TGF-B receptors partition between raft (red) and non-raft (blue) domains. Caveolin-mediated uptake
promotes degradation, whereas clathrin-mediated uptake supports signaling and receptor recycling.
Receptors exchange between domains, and distribution is regulated by co-receptors/membrane part-
ners, lipid composition, trafficking/motor proteins, and receptor post-translational modifications, includ-
ing altered glycosylation.

Clinically used agents may also influence receptor compartmentalization. Sorafenib, an ap-
proved multikinase inhibitor for hepatocellular carcinoma, suppresses TGF-B responsiveness
primarily by accelerating TBRII turnover through a membrane domain—dependent mechanism
rather than direct inhibition of receptor kinase activity. Sorafenib promotes caveolae-associated
internalization and lysosome-dependent degradation of TBRII, and in epithelial-like cells this
process is accompanied by recruitment of receptors from non-raft regions into caveolin-positive
domains, thereby sustaining receptor depletion across membrane compartments. Notably, this
effect is cell-type dependent: in hepatic stellate cells, the non-raft receptor pool appears less
mobile, limiting inter-domain redistribution and rendering these cells relatively resistant to so-
rafenib-induced receptor loss and SMAD inhibition. These observations suggest that membrane
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microdomain dynamics and receptor mobility can critically influence the therapeutic impact of
agents that target receptor trafficking (Chung et al., 2018b).

Collectively, these observations indicate that membrane distribution and compartmentali-
zation represent a critical regulatory layer of TGF-f signaling, integrating inputs from lipid
composition, extracellular matrix remodeling, and signaling adaptor proteins. Because internal-
ized receptors must subsequently be transported between endosomal compartments and other
intracellular destinations, these processes are closely linked to the mechanisms that control ves-
icle trafficking and motor protein—mediated transport, which are discussed in the following
section.

Intracellular vesicle trafficking and motor proteins

Internalization and intracellular trafficking of lipid raft are actin- and microtubule-depend-
ent processes, and motor proteins such as myosin, kinesin, and dynein play essential roles in
those processes. Through converting the chemical energy from ATP hydrolysis, myosin protein
is the motor molecule which has been known to move along actin filament with their tail car-
rying cargo such as organelle and intracellular vesicle (Pollard et al., 1974; Balasubramanian
et al., 2007; Hammer and Sellers, 2012). Myosin 1c has been shown to regulate intracellular
distribution and the recycling process of cargo associated with lipid raft domains (Brandstaetter
et al., 2012). Our study demonstrated that pentachloropseudilin (PCIP), a reversible and allo-
steric inhibitor of Myolc, inhibited recycling of TPRII to the cell surface, resulting in accumu-
lation of TPRRII in the late endosomes and recycling endosomes, and eventually those accumu-
lated TPRII were sorted to lysosome for degradation. Thereby, PCIP attenuated TGF-B/SMAD
signaling (Chinthalapudi et al., 2011; Chung et al., 2018a). The similar results are observed
from our study in pentabromopseudilin (PBrP), an inhibitor of myosin Va (MyoVa). We found
that PBrP and gene deletion of MyoVa attenuated TGF-B/SMAD signaling and TGF-B-induced
fibronectin, PAI-1, and EMT protein expression through facilitating turnover of cell surface
TBRII. Inhibition and deletion of MyoVa promote cell surface TBRII internalized in lipid-raft
membrane fractions which has been known to sort the TGF- receptor for degradation (Shih-
Wei et al., 2018). MyoVa moves a broad range of receptors from cytoplasm to the plasma
membrane, thereby regulating their activities and downstream signaling. For instance, MyoVa
has been reported to transport glutamate receptors and GLUT4 (Lisé et al., 2006; Sun et al.,
2014). Myosin VI (Myo06), unlike other myosin, is the only known myosin that moves toward
the minus end of actin filaments and mediates multiple transport steps (Wells et al., 1999).
Myo6 has been identified to localize into clathrin-coated pits and drive clathrin-mediatd endo-
cytosis (Buss et al., 2001). Morris et al. found that Myo6 links to clathrin-coated pits through
binding of the adaptor protein Dab2, which then binds to clathrin adaptor protein AP-2. They
hypothesized that the Myo6-Dab2 complex may serve as the link between the actin cytoskele-
ton and receptor endocytosis (Morris et al., 2002). Dab2 is required for TGF-B-induced respon-
siveness such as EMT and migration, and loss of Dab2 impaired recycling of TBRII and TBRI
(Hocevar et al., 2005; Prunier and Howe, 2005; Penheiter et al., 2010). Hence, Myo6 might
play roles in intracellular and membrane trafficking of TGF- receptors, possibly mediated
through interacting with Dab2. Considering that most of the TGF-f receptors localize intracel-
lularly, molecules which control intracellular vesicle trafficking or sorting are key mediators
and could develop as novel molecular targets in treatment of TGF-B-related diseases.

Post-translational modifications controlling receptor fate

Both TPRI and TBRII are known to be modified by multiple molecules, and the modifica-
tion of TGF-P receptors is highly associated with receptor functions. TGF-f receptors could be
modified by glycosylation, phosphorylation, neddylation, sumoylation, and ubiquitination. It is
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well established that phosphorylation of the receptor triggers signaling transduction and ubig-
uitination results in proteasomal degradation of TGF-f receptors. Neddylation and glycosyla-
tion of TGF-P receptors are demonstrated to impact signaling transduction through targeting
membrane distribution of the receptors. Casitas B-lineage lymphoma (c-Cbl), a proto-onco-
gene, function as a NEDDS8 E3 ligase which triggered neddylation of TBRII, and the addition
of NEDDS8 molecule further stabilized TBRII in non-raft domains and prevented receptor from
being internalized through caveolin-mediated endocytosis (Zuo et al., 2013). Pharmacological
modulation of post-translational modifications further supports their functional importance in
regulating TGF-f signaling. Inhibition of neddylation by MLN4924 (pevonedistat), a selective
NEDDS&-activating enzyme inhibitor, has been shown to suppress pathological fibrosis by at-
tenuating TGF-B—associated signaling responses, highlighting the translational potential of tar-
geting PTM machinery to modulate TGF-f activity (Shen et al., 2026). Along a related axis,
recent studies demonstrate that SUMOylation of SMAD4 represents a critical regulatory node
controlling TGF-B—driven fibrotic signaling. Ginkgolic acid (GA), a pharmacological inhibitor
of SUMOylation, alleviates infection-induced hepatic fibrosis by suppressing SMADA4
SUMOylation and limiting its nuclear translocation, thereby reducing TGF-B—dependent tran-
scriptional activity and disrupting profibrotic macrophage—hepatic stellate cell crosstalk. GA
treatment was further associated with reduced TGF-B; levels and attenuation of fibrosis markers
in vivo, supporting a mechanistic link between SUMOylation control and TGF-f signaling out-
put (Chen et al., 2026). Glycosylation represents another important regulatory layer controlling
receptor localization and signaling competence. Studies have demonstrated that suppression of
N-linked glycosylation of TBRII disrupts both intracellular trafficking and membrane partition-
ing of the receptor. Systemic inhibition of glycosylation using tunicamycin or genetic deletion
of Mgat5 (Alpha-1,6-Mannosylglycoprotein 6-Beta-N-Acetylglucosaminyltransferase) per-
turbed raft partitioning of TBRII and shifted receptor into non-raft domains (Luga et al., 2009).
Further mechanistic analysis suggested that this redistribution may result from altered interac-
tions between TPRII and other membrane glycoproteins, as TBRII was shown to associate with
galectin-3 in an Mgat5-dependent manner in transgenic mouse models (Partridge et al., 2004).
Our recent study showed that global perturbation of glycosylation by using prodigiosin, a ma-
rine-derived compound, inhibited TGF- induced SMAD pathway and response in human lung
cancer and liver cancer cells. Treatment of prodigiosin resulted in sequestration of non-glyco-
sylated or immature TPRII in the perinuclear region with inhibition in intracellular vesicle traf-
ficking of mature TBRII, thereby leading to signaling turn over (Tai et al., 2024).

Galectin-targeted inhibitors as indirect modulators of TGF-p receptor signaling

Galectins are glycan-binding “readers” that recognize f-galactoside—containing glycans
(e.g., N-acetyllactosamine) on cell-surface glycoproteins and can regulate receptor organization
and signaling. In cancer, elevated galectin production frequently associates with worse clinical
outcomes and treatment resistance, motivating efforts to pharmacologically inhibit galectin—
glycan interactions (Laderach and Compagno, 2022). High galectin-3 expression has been
linked to aggressive behavior and poor clinical outcomes in NSCLC and primary HCC. In
NSCLC cohorts, tumor galectin-3 expression associates with inferior survival metrics
(Kusuhara et al., 2021), while in HCC, genetic depletion of galectin-3 suppresses proliferation,
migration, and invasion and promotes apoptosis in vitro (Jiang et al., 2014). Extracellular ga-
lectin-3 can oligomerize and crosslink glycoproteins to form a “galectin lattice,” which stabi-
lizes TGF-B receptors at the cell surface, limits their internalization, and thereby increases re-
ceptor abundance available for ligand stimulation, resulting in enhanced downstream signaling.

Building on these observations, several classes of galectin antagonists have been used to
reduce TGF-f signaling activity by disrupting glycan-dependent interactions that sustain recep-
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tor availability and productive signaling at the plasma membrane (Table 3). A well-character-
ized class comprises small-molecule galectin-3 carbohydrate recognition domain (CRD) antag-
onists, which competitively inhibit galectin-3 binding to f-galactoside—containing glycans and
thereby disrupt extracellular lattice formation. In human lung fibroblasts, a recent study showed
that extracellular galectin-3 not only organizes surface glycoproteins but can also couple more
directly to the TGF-p machinery by engaging av integrins and glycosylated TBRII; in this set-
ting, pharmacologic galectin-3 inhibition with GB0139/TD139 suppressed SMAD2 phosphor-
ylation, consistent with diminished receptor-proximal signaling (Calver et al., 2024). Notably,
GBO0139 was originally optimized for pulmonary delivery in fibrotic lung disease, providing a
translationally relevant example of how targeting extracellular galectin-3 can restrain TGF-B—
driven processes without directly inhibiting the receptor kinase domain (Hirani et al., 2021). In
parallel, orally bioavailable galectin-3 inhibitors such as GB1107 and GB1211 (selvigaltin)—
which has progressed into clinical-stage development; these agents are generally positioned as
CRD antagonists that interfere with galectin-3—glycan binding, and have been applied in on-
cology models where suppression of pro-tumorigenic phenotypes (including invasion, stromal
remodeling, and therapy resistance) plausibly intersects with reduced TGF-B—dependent EMT
and microenvironmental cues (Calver et al., 2024).

In addition to Galectin-3, several inhibitors targeting other galectins have been applied in
contexts where attenuation of TGF-f signaling is mechanistically plausible or has been directly
observed. Thiodigalactoside (TDG), a widely used -galactoside mimetic, functions as a broad
CRD competitor across multiple galectins and is deployed as a chemical tool to disrupt galec-
tin—glycan interactions. TDG has been used to probe whether TGF-B—dependent phenotypes
require extracellular lectin—glycan engagement rather than receptor kinase activity per se.
OTX008 (PTX008), by contrast, is typically described as a Galectin-1—targeting small molecule
and has been applied in contexts where Galectin-1 contributes to EMT-like remodeling and
fibrotic responses. Notably, Galectin-1 blockade has been linked to decreased expression of
TGF-B1 and TGF-P receptors—supporting the notion that Galectin-1 inhibition may reduce
TGF-p signaling both by limiting extracellular glycan-mediated receptor organization and by
lowering pathway availability at the ligand/receptor expression level (Xue and Li, 2023; Balta
et al., 2024). Neutralizing anti—Galectin-9 (Gal-9) antibodies are primarily used to modulate
immune responses, but they can also influence the TGF-f axis via immunosuppressive path-
ways. Gal-9 has been reported to promote regulatory T cell (Treg) differentiation and/or func-
tion, potentially in a TGF-B—dependent manner. Thus, anti-Gal-9 therapy may indirectly
weaken TGF-B—supported immunosuppressive niches in the tumor microenvironment, even
when canonical tumor-cell SMAD signaling is not the main target (Lv et al., 2013). In addition
to these defined galectins, multivalent carbohydrate-based galectin antagonists—including
modified citrus pectin (MCP) and related modified pectin preparations, as well as polysaccha-
ride formulations such as belapectin (GR-MD-02), GM-CT-01 (davanat), and GCS-100—have
been widely used as functional galectin inhibitors in preclinical studies. Although these macro-
molecular agents can vary in composition and target selectivity, their shared principle is to
sequester or competitively engage galectins through multivalent glycan presentation, thereby
weakening lattice assembly and the associated stabilization of receptor-rich surface domains.

These pharmacological studies raise a key mechanistic question: does galectin boost TGF-
B signaling mainly by binding glycans on TBRII itself, or by clustering TBRII with other surface
glycoproteins that control raft/caveolae localization, endocytic trafficking, and integrin cross-
talk? Dissecting these alternatives—particularly the relative contributions of receptor-intrinsic
glycans versus neighboring glycoprotein networks—will be crucial for explaining context spec-
ificity (e.g., why galectin inhibition strongly suppresses TGF-f outputs in certain stromal or
EMT-prone niches but not others). This distinction will also help determine which inhibition
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approach—high-affinity CRD antagonists or multivalent glycan mimetics—is most likely to
suppress TGF-B—driven oncogenic programs in tumors with specific glyco-phenotypes.

Table 3: Galectin inhibitors intersecting the TGF-beta axis

Inhibitor Target(s) Experimental Representative use ‘
models
GB1107 Galectin-3  Orally bioavailable Used in oncology models to reduce tumor
(CRD) small-molecule an- growth/metastasis and to modulate the tu-
tagonist mor microenvironment (often in combina-
tion settings).
GB0139/ Galectin-3 = Small-molecule an- Developed in fibrosis programs and used
TD139 (oliti- (CRD) tagonist (developed experimentally to interrogate extracellular
galtin) for inhaled delivery in =~ Gal-3 functions in stromal remodeling con-
pulmonary indica- texts.
tions)
Thiodigalacto- Multiple Small-molecule gly- Frequently used as a chemical probe to in-
side (TDG) galectins comimetic (beta-ga- hibit galectin-glycan binding across diverse
(CRD) lactoside mimic) preclinical models.
Modified citrus | Galectin-3 = Multivalent polysac- Widely used in preclinical settings; compo-
pectin (MCP) charide / carbohy- sition and selectivity vary by preparation
drate-based antago- = and batch.
nist
Belapectin Galectin-3  Multivalent polysac- Used as functional galectin antagonists in
(GR-MD-02), charide / carbohy- fibrotic and cancer-adjacent models; some
GM-CT-01 (da- drate-based antago- have advanced into clinical-stage evalua-
vanat), and nists tion in non-oncology indications.
GCS-100
OTX008 Galectin-1 | Small-molecule an- Applied in oncology and EMT-related con-
(PTX008) tagonist texts where Gal-1 contributes to invasive
behavior and microenvironmental remodel-
ing.
Anti-Galectin-9  Galectin-9  Biologic (neutraliz- Primarily explored for immunomodulation
antibodies ing/blocking antibody) in cancer and chronic inflammation set-
tings.

Nuclear shuttling and signal termination

Nucleocytoplasmic shuttling is a key control point in TGF-f signaling. SMAD proteins
continually move between the cytoplasm and nucleus, and pathway output depends on the bal-
ance of their nuclear import and export. SMAD export is mediated by CRM1; blocking CRM1
(for example with leptomycin B) causes SMADs to accumulate in the nucleus and changes
signaling dynamics (Pierreux et al., 2000). CRM1 also exports negative regulators such as
Smurfl and SMAD7, which helps terminate TGF-f3 signaling (Hata and Chen, 2016). Import is
equally important: activated SMADs enter the nucleus via an importin-f—dependent mecha-
nism, and disrupting this transport attenuates TGF-B—driven transcription. Together, these find-
ings support nucleocytoplasmic transport as a practical, indirect way to tune TGF-f signaling,
small molecules that disrupt import or export—such as importazole, which inhibits importin
o/B—mediated transport—show that SMAD trafficking can be targeted pharmacologically and
may complement other approaches to inhibit TGF-p—dependent transcriptional programs
(Soderholm et al., 2011).
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Indirect and contextual modulation of TGF-f signaling

Regulation of type Il TGF-p receptor and co-receptors

In addition to the TBRI and TPRII that mediate canonical TGF-B signaling, accessory co-
receptors play important roles in regulating ligand availability, receptor complex formation,
trafficking, and signaling output. Earlier reviews by Blobe and colleagues highlighted that these
co-receptors provide critical additional layers of control over TGF-f3 signaling and contribute
to context-dependent cellular responses. Subsequent studies have expanded this framework and
identified multiple co-receptors—including type III TGF- (TPR3 or betaglycan), endoglin
(CD105),CD109, BAMBI, neuropilins, Cripto-1, and repulsive guidance molecules (RGMs)—
that modulate signaling through mechanisms such as ligand sequestration, receptor internaliza-
tion, and pathway cross-talk. These co-receptors have been implicated in key cancer-related
processes, including angiogenesis, epithelial-mesenchymal transition, migration, and metasta-
sis, underscoring their importance in tumor progression and therapeutic response (Pawlak and
Blobe, 2022). Among these molecules, betaglycan has attracted particular interest because of
its tumor-suppressive properties and ability to regulate ligand availability. Reduced expression
of betaglycan is frequently observed in tumor tissues compared with adjacent normal epithe-
lium, and diminished betaglycan levels have been associated with poorer clinical outcomes,
suggesting a tumor-suppressive role in cancer progression (Hempel et al., 2007; Listik et al.,
2021). Betaglycan regulates tumor cell behavior through both TGF-p—dependent and TGF-—
independent mechanisms (Figure 5). In its soluble form, betaglycan can attenuate TGF-f sig-
naling by sequestering ligands and limiting their interaction with signaling receptors, thereby
reducing downstream SMAD activation and suppressing tumor cell migration and invasion
(Dong et al., 2007; Elderbroom et al., 2014; Choi et al., 2024a). In addition to these ligand-
sequestering effects, betaglycan has also been reported to inhibit cell invasion independently of
TGF-B signaling, partly through activation of the p38 pathway and p-arrestin2—mediated acti-
vation of Cdc42, which influence cytoskeletal dynamics and cell motility (Santander and
Brandan, 2006; Mythreye and Blobe, 2009; Lee et al., 2010). Collectively, these findings sug-
gest that therapeutic strategies aimed at increasing betaglycan levels—either by enhancing its
expression or modulating its processing—may represent an underappreciated approach to limit
cancer invasion.

Recent evidence indicates that pharmacological induction of betaglycan is feasible through
distinct signaling pathways. Our current mechanistic studies demonstrate that fluoroquinolones,
particularly ciprofloxacin, suppress cancer cell migration and metastasis through activation of
a cAMP-Epac (RAPGEF3) signaling axis that promotes betaglycan expression (Liu et al.,
2025). This Epac-dependent upregulation of betaglycan establishes a previously unrecognized
link between fluoroquinolone signaling and modulation of TGF-f co-receptor composition,
thereby shifting cellular signaling toward a less invasive phenotype. In parallel, fluoroquin-
olones have also been shown to induce IGFBP-3 expression in a p53-dependent manner, result-
ing in growth inhibition through both IGF-dependent and IGF-independent pathways (Chung
and Chen, 2024). Given the known crosstalk between IGFBP-3 and TGF-B-related signaling
networks, fluoroquinolone-induced IGFBP-3 may act synergistically with betaglycan upregu-
lation to reinforce anti-proliferative and anti-invasive cellular states, further supporting the con-
cept that fluoroquinolones function as multi-layered modulators of tumor-suppressive signaling
programs.
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Figure 5: Betaglycan (TBRIIl) Modulates TGF- Signaling

Schematic of TBRIII (betaglycan) regulation of TGF-3 signaling. Canonical: membrane and soluble
TBRII sequester ligand and limit SMADZ2/3 activation, reducing transcriptional responses linked to tumor
progression. Non-canonical: TBRIII interacts with GIPC/B-arrestin2 to regulate internalization, Cdc42
and NF-kB, affecting migration and apoptosis.

Notably, earlier studies demonstrated that glucocorticoids such as dexamethasone selec-
tively enhance betaglycan expression through glucocorticoid receptor—dependent transcrip-
tional mechanisms in osteoblast-like cells and hepatic stellate cells, without comparable upreg-
ulation of type TPRI and TPRII (Nakayama et al., 1994; Wickert et al., 2004). These findings
collectively support a broader concept whereby pharmacological agents can fine-tune TGF-3
signaling not only by targeting ligands or kinase activity directly, but also by altering co-recep-
tor availability. In addition, glucocorticoid and fluoroquinolone-induced betaglycan may addi-
tionally favor its shedding and generation of soluble betaglycan (sBG), which could function
as a ligand trap to sequester TGF-f3 and further attenuate downstream signaling, suggesting that
fluoroquinolones may regulate TGF-f activity at multiple levels, including receptor abundance
and ligand availability.

Other co-receptors, such as endoglin, CD109, BAMBI, neuropilins, and Cripto-1, also in-
fluence signaling intensity or receptor trafficking and may represent additional targets for ther-
apeutic modulation, although their translational potential remains less fully explored.

AMPK agonists restrain TGF-f in cancer

AMP-activated protein kinase (AMPK) is a heterotrimeric serine/threonine kinase that
functions as a central metabolic sensor, integrating energetic stress with broad transcriptional
and post-translational programs. Beyond its classical role in inhibiting anabolic processes and
promoting catabolism, AMPK exerts tumor-suppressive functions by constraining growth fac-
tor signaling, mTOR activity, and epithelial-mesenchymal transition (EMT) (Gao et al., 2018).
A growing body of work indicates that AMPK negatively regulates TGF-f signaling at several
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levels, including suppression of TGF- production, interference with receptor complex activa-
tion, and attenuation of SMAD-dependent transcription, thereby providing a mechanistic ra-
tionale for targeting the AMPK—TGF-p axis in oncology (Li et al., 2016; Gao et al., 2018; Zou
etal., 2021).

Metformin is the best-characterized AMPK activator in this context and provides a proto-
typical example of drug repurposing (Table 4). In lung adenocarcinoma, prostate, liver, and
pancreatic cancer models, metformin-induced AMPK activation inhibits TGF-B-stimulated
SMAD2/3 phosphorylation and nuclear translocation, leading to suppression of EMT, migra-
tion and invasion (Lin et al., 2015; Yoshida et al., 2020; Wang et al., 2021). Mechanistically,
metformin has been reported to interfere with TBRII dimerization and downstream SMAD ac-
tivation, and to reduce TGF-1 mRNA levels and SMAD3-mediated autoinduction in gastric
cancer cells (Xiao et al., 2016). In glioblastoma, cervical and other solid tumors, metformin
reverses TGF-B-induced EMT-like changes and cancer stem-like features, often via AMPK-
dependent inhibition of AKT/mTOR and SMAD pathways (Cheng and Hao, 2016; Song et al.,
2018).

Table 4: AMPK Activators that suppress TGF-f/Smad signaling

Compound Category Experimental models TGF- readouts Key
organ / context references

Metformin Clinical bi- | Lens epithelial EMT; Inhibits TGF-B-induced Yoshida et
guanide also heart, liver, kidney Smad?2/3 activation; re- al., 2020
antidiabetic = fibrosis models duces EMT and fibrotic
drug genes

AICAR Classic ex- = Kidney: UUO fibrosis; re- = Suppresses TGF-3-in- Chen et al.,
perimental | nal interstitial fibroblasts = duced myofibroblast acti- = 2014
AMPK ago- / myofibroblasts vation; reduces Smad3
nist phosphorylation.

A-769662 AMPK acti- Adipose tissue: 3T3-L1 Reduces TGF-B-induced Liuetal.,
vator (B1- adipocytes (TGF-31-in- profibrotic signaling. 2022
biased) duced fibrosis)

IMM-HOO7 Adenosine-  Heart: isoprenaline- or Decreases TGF-B ex- Ge etal,,

(WS070117) | derived oral = angiotensin Il-induced pression and directly 2019; Wang
AMPK acti- @ cardiac fibrosis in mice binds TGF-B1 and blocks | etal., 2022
vator TBRII binding.

Berberine Plant iso- Pancreatic fibrosis; also  Lowers TGF-B1 and p- Jin et al,,
quinoline liver and kidney fibrosis =~ Smad2/3 levels; reduces 2022
alkaloid models ECM proteins and M2

macrophage polarization.

Resveratrol Polyphe- Cardiac fibrosis in vari- Inhibits TGF-B/Smad sig- = Ashrafizadeh
nolic natu- | ous experimental animal | naling, reduces collagen | etal., 2020
ral product = models deposition and

EndMT/EMT markers.

AICAR (5-aminoimidazole-4-carboxamide ribonucleoside), a classic experimental AMPK

agonist, extends this concept into stromal and fibrotic models that are highly relevant to tumor
biology. In unilateral ureteral obstruction and renal fibroblast systems, AICAR robustly in-
creases AMPK phosphorylation, reduces TGF-B-induced myofibroblast activation, and attenu-
ates expression of collagen and a-smooth muscle actin, in association with reduced SMAD3,
ERK1/2 and STAT3 signaling (Chen et al., 2014). Similar AMPK-dependent suppression of
TGF-B-driven fibrogenesis has been observed in hepatic stellate cells and other mesenchymal
cell types (Lee et al., 2013; Li et al., 2015). Although most of these studies focus on non-ma-
lignant fibrosis, the same myofibroblast-like phenotypes and ECM programs operate in cancer-
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associated fibroblasts, implying that AICAR-like AMPK activators could theoretically normal-
ize tumor stroma and limit TGF-B-driven desmoplasia that supports invasion and therapeutic
resistance.

IMM-H007 (WS070117), an adenosine-derived AMPK activator, provides an example of
a dual-function small molecule that modulates both AMPK and TGF-f signaling more directly.
In B-adrenergic and angiotensin II-driven cardiac fibrosis models, IMM-HO007 activates
AMPK, decreases TGF-B; expression, and attenuates SMAD2/3 phosphorylation, leading to
marked reductions in collagen deposition and myofibroblast markers (Ge etal., 2019; Wang et
al., 2022). In addition, biophysical studies indicate that IMM-HO007 directly binds TGF-3 and
disrupts its interaction with TBRII. Although shown in cardiovascular models, these support the
concept of AMPK activators that also function as TGF-f§ antagonists, potentially useful in can-
cers with TGF-B-driven fibrosis and stiff, pro-invasive stroma.

Natural compounds such as berberine further bridge AMPK activation, TGF-f inhibition,
and explicit anticancer effects. In chronic pancreatitis and pancreatic fibrosis models, berberine
activates AMPK and, suppresses TGF-B/SMAD signaling and M2 macrophage polarization,
thereby mitigating fibrotic remodeling (Bansod et al., 2020). Importantly, several studies have
extended these findings to malignancy: berberine inhibits EMT and promotes apoptosis in both
normal and cancerous colon epithelial cells via coordinated inhibition of TGF-B1/SMAD and
NF-xB p65 signaling, partly through regulation of miR-1269a (Huang et al., 2020, 2024). In
glioma, liver, and gastric cancer models, berberine reduces migration, invasion and EMT by
downregulating TGF-B/SMAD2/3 signaling. Together, these data support berberine as a scaf-
fold for developing AMPK-activating, TGF-B-inhibiting agents with direct anti-metastatic ac-
tivity (Du et al., 2021; Jin et al., 2022).

Resveratrol, a polyphenolic compound at the intersection of sirtuin and AMPK signaling,
has been widely studied in fibrotic and cardiovascular disease and increasingly in cancer. In
myocardial infarction and pressure-overload models, resveratrol activates SIRT1/SIRT3, en-
hances AMPK signaling, and attenuates cardiac fibrosis by suppressing TGF-B/SMAD3 activ-
ity and SMAD?3 acetylation, thereby reducing collagen I/IIl expression (Guo et al., 2022;
Yarahmadi et al., 2025). In cancer models, resveratrol interferes with TGF-B-driven EMT and
invasion, in conjunction with ERK, NF-kB and ROS pathways (Ashrafizadeh et al., 2020).
These pleiotropic actions may enable resveratrol or optimized derivatives to target both tumor
and stromal compartments in TGF-B-mediated malignancies, although their indirect mecha-
nisms and modest potency raise translational concerns regarding dosing and specificity

Therapeutically, metformin and berberine have the strongest preclinical support for sup-
pressing TGF-B—driven cancer phenotypes through AMPK-related mechanisms. Next steps
should focus on robust in vivo tumor models that include relevant stromal elements, biomarker-
based stratification of patients by TGF- and AMPK pathway activity, and rational combina-
tions with immune checkpoint inhibitors or direct TGF-f receptor inhibitors. These integrative
studies are needed to move AMPK activators from experimental TGF- modulators toward
clinically useful components of cancer therapy.

PPAR agonists as modulators of TGF-p signaling in cancer

Peroxisome proliferator-activated receptors (PPARs), nuclear receptors comprising the a,
v, and B/d isoforms, integrate lipid and energy metabolism with inflammatory and fibrotic sig-
naling, and their crosstalk with TGF-f3 has emerged as a key node at the interface of metabolism,
fibrosis, and malignancy. Among these, PPARY is best characterized: classical ligands includ-
ing the endogenous prostanoid 15-deoxy-A'2,'*-prostaglandin J. (15d-PGJ>), thiazolidinediones
such as rosiglitazone and pioglitazone, and synthetic triterpenoids such as CDDO consistently
suppress TGF-B-induced fibroblast-to-myofibroblast differentiation in primary human lung fi-
broblasts, reducing a-smooth muscle actin and collagen expression and inhibiting stress fiber
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formation (Table 5). Mechanistically, PPARY activation largely acts through SMAD-independ-
ent inhibition of TGF-B-driven PI3K/Akt and focal adhesion kinase (FAK) signaling, thereby
restraining acquisition of a contractile, profibrotic phenotype—pathways that are equally oper-
ative in cancer-associated fibroblasts, making PPARY agonists attractive candidates for repur-
posing as anti-TGF- agents in TGF-p—high tumors (Kulkarni et al., 2011).

Table 5: PPAR agonists that Inhibit TGF-f signaling

Compound
15d-PGJ2 (15-
deoxy-A12,14-
prostaglandin
J2)

Rosiglitazone

Pioglitazone

CDDO and

synthetic

triterpenoids
Fenofibrate

Arjunolic acid

Lathyrol

GW501516

Telmisartan

Lanifibranor
(IVA337)

PPAR subtype /
class
PPARYy natural lig-

and (prostanoid)

PPARY thiazoli-
dinedione agonist

PPARYy agonist
(thiazolidinedione,
antidiabetic)

Partial PPARYy ag-
onists

PPARa agonist (fi-
brate)

PPARa agonist
(triterpenoid sapo-
nin)

PPARYy-activating
diterpenoid

PPARS selective
agonist

Angiotensin Il type
1 receptor blocker
with partial PPARy
agonist activity
Pan-PPAR agonist
(PPAR0/8/Y)

Experimental
models
Glomerular
mesangial cells
and renal inter-
stitial fibro-
blasts
Alveolar epi-
thelial cells.
Tenon’s cap-
sule fibroblasts
Vascular
smooth muscle
cells

Primary human
lung fibroblasts

Human lung fi-
broblast line
IMR-90
Pressure over-
load—induced
cardiac hyper-
trophy and fi-
brosis in ro-
dents
Bleomycin-in-
duced pulmo-
nary fibrosis in
mice; multiple
fibroblast cell
lines

Primary human
bronchial fibro-
blasts

Human proxi-
mal tubule epi-
thelial HK-2
cells

systemic scle-
rosis model
and bleomycin-
induced lung fi-
brosis

TGF-B readouts

Suppresses TGF-
B/Smad signaling.

Reduces TGF-B—driven
fibrogenic responses.

Modulates the balance
between BMP2 and
TGF-8 signaling in vas-
cular smooth muscle
cells; reverses right ven-
tricular dysfunction in
PAH models.

Repress TGF-B—induced
myofibroblast differentia-
tion.

Inhibits TGF-B—induced
myofibroblast activation.

Regresses established
cardiac fibrosis by inhib-
iting non-canonical TGF-

B signaling.

Inhibits TGF-B/Smad
signaling by reducing
nuclear translocation
and promoting its ubiqui-
tination via a PPARy—
Nedd4 axis.

Suppresses TGF-p—in-
duced Smad3 phosphor-
ylation and reduces fi-
broblast-to-myofibroblast
transition.

Attenuates TGF-3—
driven profibrotic trans-
differentiation of tubular
epithelial cells.

Reduces severity of ble-
omycin-induced lung fi-
brosis.

Key
references
Li et al., 2006

Luo et al.,
2014

Calvier et al.,
2017;
Legchenko et
al., 2018

Kulkarni et al.,
2011

Kikuchi et al.,
2021

Bansal et al.,
2017

Zeng et al.,
2025

Paw et al.,
2023

Chen et al.,
2012

Derrett-Smith
etal., 2021
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Rosiglitazone provides a concrete example of how a TZD-type PPARY agonist can intersect
canonical and non-canonical TGF-f signaling. In human Tenon’s capsule fibroblasts, a clini-
cally important model of ocular scarring, TGF-B drives transdifferentiation to myofibroblasts
via p38 MAPK; rosiglitazone attenuates p38 phosphorylation, reduces a-SMA, CTGF and col-
lagen expression, and dampens cell migration and contractility (Luo et al., 2014). Similar anti-
fibrotic effects have been reported in corneal fibroblasts, where 15d-PGlJ., troglitazone and
rosiglitazone consistently suppress TGF-B-induced a-SMA, collagen I and fibronectin by inter-
fering with TGF-B/p38 signaling. Although these studies were performed in non-malignant tis-
sues, the same TGF-B—p38 axis contributes to EMT and invasion in many carcinomas; thus,
TZD-type PPARY agonists may simultaneously modulate stromal scarring and tumor cell plas-
ticity in TGF-B-high cancers such as hepatocellular carcinoma, pancreatic ductal adenocarci-
noma and certain lung cancers (Jeon et al., 2014).

Beyond classical ligands, newer PPARy-activating scaffolds further clarify how PPARYy di-
rectly suppresses the TGF-B/SMAD axis. Lathyrol, a diterpenoid PPARy agonist, activates and
drives nuclear accumulation of PPARy, promotes PPARy—Nedd4-dependent ubiquitination and
degradation of phosphorylated SMAD3, reduces nuclear SMAD3, and consequently attenuates
TGF-B/SMAD signaling and fibroblast-to-myofibroblast transition in vitro as well as bleomy-
cin-induced lung fibrosis in vivo (Zeng et al., 2025). Synthetic triterpenoids such as CDDO,
which act as high-affinity PPARYy ligands but also engage Nrf2 and other stress pathways, like-
wise inhibit TGF-B-induced myofibroblast differentiation and collagen synthesis in human lung
fibroblasts, largely by blocking PI3K/Akt and downstream profibrotic nodes required for sus-
tained TGF-B/SMAD activity (Kulkarni et al., 2011). Together, these PPARy-biased agents
provide mechanistic templates for molecules that more directly silence SMAD-dependent tran-
scription and TGF-B-driven EMT while concomitantly modulating cellular stress responses.

PPARa and PPARGS agonists offer complementary means to restrain TGF-B-driven stroma.
Fenofibrate inhibits TGF-B-induced myofibroblast differentiation in IMR-90 lung fibroblasts,
reducing a-SMA, CTGF, collagen production, SMAD3 phosphorylation and nuclear transloca-
tion, and TGF-B-driven metabolic reprogramming, resulting in a globally less profibrotic phe-
notype, whereas the triterpenoid PPARa agonist arjunolic acid more clearly via PPARa inhibits
non-canonical TGF-f signaling (TAK1/p38, NF-kB) and regresses established cardiac fibrosis,
a mechanism directly relevant to TGF-B-driven inflammation and EMT in cancer. In primary
bronchial fibroblasts from asthmatic patients, the PPARS agonist GW501516 suppresses TGF-
B-induced fibroblast-to-myofibroblast transition, decreasing a-SMA, collagen I/III and fibron-
ectin, reducing SMAD?3 phosphorylation and nuclear entry (Paw et al., 2023).

Lanifibranor (IVA337), an oral pan-PPAR (0/6/y) agonist, restores PPAR signaling in a
fibroblast-specific TBRII-driven systemic sclerosis model, reduces persistent bleomycin-in-
duced lung fibrosis, and improves cardiorespiratory features (Derrett-Smith et al., 2021).
Telmisartan, an AT1 receptor blocker with partial PPARY activity, shows a similar PPAR-
linked effect on TGF-P signaling: it reverses TGF-f1—induced EMT in HK-2 cells (restores E-
cadherin, lowers a-SMA and CTGF) and decreases TGF-B/SMAD activation and ECM accu-
mulation in diabetic and hypertensive nephropathy models, supporting repurposing or combi-
nation use in cancer patients already taking renin—angiotensin system inhibitors.

Epigenetic and non-coding nucleic acid—based modulation of TGF-f signaling

Antisense oligonucleotides (ASOs) are short, chemically modified single-stranded nucleic
acids that bind target RNA and modulate gene expression through RNase H-mediated degra-
dation or steric blocking. In the TGF-f pathway, ASOs offer isoform-selective mRNA targeting
and enable selective inhibition of specific ligands or receptors, making them attractive for can-
cer therapy where TGF-f signaling contributes to tumor progression and immune evasion (Jing
etal., 2025). However, ASOs also have limitations, including delivery challenges, potential off-
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target effects, limited tissue penetration, and the need for repeated dosing due to transient ac-
tivity.

Trabedersen (AP 12009, OT-101) is an 18-mer phosphorothioate antisense oligodeoxynu-
cleotide complementary to human TGF-f, mRNA (Schlingensiepen et al., 2008; Jaschinski et
al.,2011); by binding the 5'-UTR and triggering RNase H-dependent degradation, it selectively
depletes TGF-B, while largely sparing TGF-B; and TGF-f3 (Schlingensiepen et al., 2006). Pre-
clinically, trabedersen downregulates TGF-f3; in high-grade glioma and pancreatic carcinoma
cells, reduces invasive growth, angiogenesis and experimental metastasis, and reverses TGF-
f—mediated immunosuppression by decreasing regulatory T cells and myeloid-derived suppres-
sor cells while enhancing cytotoxic T-cell activity, leading to delayed tumor growth and im-
proved survival in rodent glioma and pancreatic cancer models (Schlingensiepen et al., 2011;
D'Cruz et al., 2018). Clinically, local (intratumoral or intraventricular) administration in recur-
rent high-grade glioma achieved sustained TGF-f, suppression and encouraging survival in
phase I/II studies (Hau et al., 2007; Bogdahn et al., 2011), supporting a randomized phase IIb
trial in recurrent anaplastic astrocytoma and a subsequent phase III program, while systemic
intravenous trabedersen in a phase I/II dose-escalation study in advanced pancreatic carcinoma,
metastatic melanoma and colorectal carcinoma showed manageable toxicity, disease stabiliza-
tion in a subset of patients and signals of prolonged survival in pancreatic cancer (Jaschinski et
al., 2011). More recently, OT-101 has been repositioned as an immuno-oncologic adjuvant,
with a phase I/II study reporting favorable overall survival in pancreatic cancer patients treated
with OT-101 followed by chemotherapy, and ongoing trials evaluating combinations with
mFOLFIRINOX in pancreatic adenocarcinoma and with PD-1 blockade (e.g., pembrolizumab)
in selected solid tumors, collectively supporting selective TGF-B, knockdown as a means to
mitigate TGF-f—driven immune evasion and stromal remodeling in TGF-B,—overexpressing
cancers (D'Cruz et al., 2018; Omar et al., 2025).

ISTHO0036, a 14-mer phosphorothioate LNA-gapmer selectively targeting TGF-f2> mRNA.
In a first-in-human phase I trial in advanced primary open-angle glaucoma undergoing tra-
beculectomy, a single intravitreal dose was well tolerated and associated with sustained intra-
ocular TGF-B, suppression, prolonged bleb survival and reduced postoperative scarring, with
ongoing phase II studies in retinal fibrosis further supporting anti-fibrotic activity (Pfeiffer et
al., 2017). Although these indications are non-oncologic, they provide proof-of-principle that
potent, selective TGF-B> ASO therapy can be delivered safely and achieve tissue-level anti-
fibrotic effects relevant to TGF-B-driven tumor biology (Jing et al., 2025).

In addition to targeting TGF-f ligands, antisense oligonucleotides (ASOs) have been devel-
oped against TGF-P receptors and signaling adaptors. ASOs targeting TBRI/ALKS can reduce
receptor expression, dampen SMAD signaling, and lessen fibrotic remodeling in preclinical
models, offering another way to suppress the pathway and potentially complement ligand-di-
rected approaches in tumors with strong stromal or endothelial TGF-f activity (Kemaladewi et
al., 2014). Applying this strategy in oncology still faces major hurdles, including efficient de-
livery into tumors, compensatory signaling among TGF-f isoforms, and how best to combine
ASOs with chemotherapy, radiotherapy, immune checkpoint blockade, or small-molecule
TGF-B receptor inhibitors. Even so, the target specificity of ASOs and their growing clinical
track record support continued development as part of combination regimens to selectively
blunt TGF-f signaling in cancer.

CHALLENGES, OPPORTUNITIES, AND FUTURE OUTLOOK

Clinical development of TGF-f inhibitors has been limited by on-target toxicity and narrow
therapeutic windows in both extracellular and intracellular approaches. Current strategies em-
phasize intermittent dosing to reduce cumulative toxicity, combination therapy to lower dose
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requirements and limit compensatory resistance, and biomarker-based patient selection rather
than treating all tumors as equally TGF-B-dependent. In the phase II galunisertib plus sorafenib
study in advanced hepatocellular carcinoma, galunisertib was given on a 14-days-on/14-days-
off schedule, the combination showed acceptable safety, and on-treatment biomarker changes
(including circulating TGF-f1) were associated with clinical outcome (Kelley et al., 2019). To-
gether, these results support schedule- and biomarker-informed use of TGF-f inhibitors instead
of continuous, broad suppression in unselected patients.

An important opportunity is to move further downstream or into regulatory layers that can
suppress pro-tumor signaling without fully blocking all TGF-f functions in all tissues. One
example is nucleocytoplasmic transport: Smad signaling depends on regulated nuclear import
and export, and studies on Smad nucleocytoplasmic shuttling and transport control support
pharmacologic interference with this process to alter TGF-/Smad signaling output (Kurisaki
et al., 2006). This approach is attractive because nuclear transport inhibitors may also affect
nuclear trafficking of multiple oncogenic factors beyond SMADs. Another opportunity is to
target intracellular trafficking and receptor routing. Compounds that shift receptor trafficking
toward sequestration or degradation may suppress not only TGF-f receptors but also additional
pro-tumor receptors that share trafficking machinery, creating a multi-pathway inhibitory effect
through one trafficking-centered mechanism; the sorafenib study showing membrane-domain—
dependent TBRII depletion and cell-dependent effects provides a mechanistic precedent for this
concept.

Drug repurposing is a practical way to expand strategies for modulating TGF-p—related
cancer phenotypes, and fluoroquinolones provide a representative example of concentration-
and mechanism-dependent effects. At lower concentrations, fluoroquinolones can induce
IGFBP-3 and inhibit IGF signaling (Chung and Chen, 2024), and can also increase betaglycan
expression through EPAC (RAPGEF3), thereby suppressing migration and metastasis (Liu et
al., 2025); At higher concentrations, fluoroquinolones can inhibit DNA synthesis, suppress pro-
liferation, and induce apoptosis in carcinoma cells (Herold et al., 2002). These effects are mech-
anistically relevant because increased betaglycan can inhibit invasion through TGF-B—depend-
ent ligand sequestration (including soluble betaglycan) and TGF-pf—independent mechanisms,
whereas IGFBP-3 signaling through LRP1 (TBR-V)—identified in several studies as a receptor
required for IGFBP-3/TGF-f} growth-inhibitory signaling in epithelial cells—provides an addi-
tional growth-suppressive pathway (Huang et al., 2003). In addition, noncanonical endogenous
regulators may provide new therapeutic entry points, as tyrosine hydroxylase has been shown
to interact with SMAD2 and suppress TGFB/Smad signaling in hepatocellular carcinoma (Liu
et al., 2024). Likewise, some kinase inhibitors developed for other targets can also suppress
TGF-B pathway activity; for example, PLX8394 inhibits TGF-f signaling, invasion, and tumor
growth in cutaneous squamous cell carcinoma models, supporting multi-target strategies when
concurrent inhibition of MAPK- and TGF-B-associated signaling is biologically justified
(Siljamaki et al., 2023). Together, these findings support a future direction in which TGF-3
pathway inhibition is implemented through mechanism-guided combinations, biomarker-based
selection, and repurposed or multi-target agents that suppress pro-tumor signaling while limit-
ing toxicity from global pathway blockade.

CONCLUSION AND FUTURE PERSPECTIVE

TGF-p—targeted therapy in cancer will not be advanced by broader pathway blockade alone.
Progress will require context-matched intervention at different regulatory levels, including lig-
and/receptor inhibition, receptor trafficking and compartmentalization, nucleocytoplasmic
transport, post-translational regulation, and downstream signaling control. This approach also
supports drug repurposing and multi-target strategies that suppress pro-tumor TGF-f signaling
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while limiting toxicity from global pathway inhibition. Future work should focus on mecha-
nism-guided combinations, biomarker-based patient selection, and context-specific pharmaco-
dynamic readouts to achieve more consistent clinical benefit.

Acknowledgment

This study was supported by the National
Science and Technology Council of Taiwan
(NSTC 114-2320-B-110 -003 -MY3, 113-
2320-B-110-006, 111-2320-B-110-008), the
NSYSU-KMU  Joint Research Project
(NSYSUKMU-115-P06), Zuoying Armed
Forces  General = Hospital (KAFGH-
ZY A 113002, KAFGH-ZY_ A 110002).
Kaohsiung Armed Forces General Hospital
Joint Research Program
(KAFGH_A 113006), CMMC-NSY SU Joint
Research Program 113-04, Innovation Center
for Drug Development and Optimization, Na-
tional Sun Yat-sen University, and the Chang
Gung Medical Foundation CMRPG8PO121.

Conflict of interest
The authors declare no conflict of interest
in this study.

Artificial Intelligence (Al) — assisted tech-
nology

Artificial intelligence tools were used
only for minor language editing, including
grammar correction and typo checking. No Al
tools were used to generate scientific content,
interpret data, or draw conclusions.

Author contribution

Shun-Ban Tai and Jeng-Lin Yang col-
lected and curated the literature and prepared
the tables. Pei-Feng Liu checked the manu-
script for errors and prepared the figures.
Chun-Lin Chen wrote and revised the manu-
script and served as the corresponding author.
All authors reviewed and approved the final
manuscript. All data were generated inter-
nally, and no external writing assistance or
paper mill services were used. All authors
agree to be accountable for all aspects of the
work to ensure its integrity and accuracy.

REFERENCES

Akhurst RJ, Derynck R. TGF-f signaling in cancer—a
double-edged sword. Trends in cell biology. 2001;11:
S44-S51.

Ashrafizadeh M, Najafi M, Orouei S, Zabolian A,
Saleki H, Azami N, et al. Resveratrol Modulates Trans-
forming Growth Factor-Beta (TGF-beta) Signaling
Pathway for Disease Therapy: A New Insight into Its
Pharmacological Activities. Biomedicines. 2020;8(8):
261. https://doi.org/10.3390/biomedicines8080261

Balasubramanian N, Scott DW, Castle JD, Casanova
JE, Schwartz MA. Arf6 and microtubules in adhesion-
dependent trafficking of lipid rafts. Nature cell biology.
2007;9(12):1381-91.

Balta C, Herman H, Ciceu A, Lepre CC, Mladin B,
Rosu M, et al. Chrysin-loaded calixarene-cyclodextrin
ternary drug delivery system inhibits TGF-beta and ga-
lectin-1 mediated pathways in diabetic liver fibrosis.
Biochem Pharmacol. 2024;229:116474.
https://doi.org/10.1016/j.bcp.2024.116474

Bansal T, Chatterjee E, Singh J, Ray A, Kundu B,
Thankamani V, et al. Arjunolic acid, a peroxisome pro-
liferator-activated receptor alpha agonist, regresses
cardiac fibrosis by inhibiting non-canonical TGF-beta
signaling. J Biol Chem. 2017;292(40):16440-62.
https://doi.org/10.1074/jbc.M117.788299

Bansod S, Doijad N, Godugu C. Berberine attenuates
severity of chronic pancreatitis and fibrosis via AMPK-
mediated inhibition of TGF-betal/Smad signaling and
M2 polarization. Toxicol Appl Pharmacol. 2020;403:
115162. https://doi.org/10.1016/j.taap.2020.115162

Bauer TM, Santoro A, Lin CC, Garrido-Laguna I,
Joerger M, Greil R, et al. Phase I/Ib, open-label, multi-
center, dose-escalation study of the anti-TGF-beta
monoclonal antibody, NIS793, in combination with
spartalizumab in adult patients with advanced tumors.
J Immunother Cancer. 2023;11(11).
https://doi.org/10.1136/jitc-2023-007353

Baxter RC. Signaling Pathways of the Insulin-like
Growth Factor Binding Proteins. Endocr Rev. 2023;44
(5):753-78. https://doi.org/10.1210/endrev/bnad008

576



EXCLI Journal 2026,25:550-586 — ISSN 1611-2156

Received: March 01, 2026, accepted: April 06, 2026, published: April 28, 2026

Bhowmick NA, Ghiassi M, Aakre M, Brown K, Singh
V, Moses HL. TGF-beta-induced RhoA and
p160ROCK activation is involved in the inhibition of
Cdc25A with resultant cell-cycle arrest. Proc Natl
Acad Sci U S A. 2003;100(26):15548-53.
https://doi.org/10.1073/pnas.2536483100

Bianchini F, Giannoni E, Serni S, Chiarugi P, Calorini
L. 22: 6n-3 DHA inhibits differentiation of prostate fi-
broblasts into myofibroblasts and tumorigenesis. Brit-
ish journal of nutrition. 2012;108(12):2129-37.

Bogdahn U, Hau P, Stockhammer G, Venkataramana
NK, Mahapatra AK, Suri A, et al. Targeted therapy for
high-grade glioma with the TGF-beta2 inhibitor tra-
bedersen: results of a randomized and controlled phase
IIb study. Neuro Oncol. 2011;13(1):132-42.
https://doi.org/10.1093/neuonc/noq142

Brandstaetter H, Kendrick-Jones J, Buss F. Myolc reg-
ulates lipid raft recycling to control cell spreading, mi-
gration and Salmonella invasion. Journal of cell sci-
ence. 2012;125(8):1991-2003.

Brown DA, London E. Structure and function of sphin-
golipid-and cholesterol-rich membrane rafts. Journal
of Biological Chemistry. 2000;275(23):17221-4.

Buss F, Arden SD, Lindsay M, Luzio JP, Kendrick-
Jones J. Myosin VI isoform localized to clathrin-coated
vesicles with a role in clathrin-mediated endocytosis.
The EMBO journal. 2001;20(14):3676—84.

Callahan JF, Burgess JL, Fornwald JA, Gaster LM,
Harling JD, Harrington FP, et al. Identification of novel
inhibitors of the transforming growth factor betal
(TGF-betal) type 1 receptor (ALKS). J Med Chem.
2002;45(5):999-1001.
https://doi.org/10.1021/jm010493y

Calon A, Tauriello DV, Batlle E. TGF-beta in CAF-
mediated tumor growth and metastasis. Semin Cancer
Biol. 2014;25:15-22. https://doi.org/10.1016/j.sem-
cancer.2013.12.008

Calver JF, Parmar NR, Harris G, Lithgo RM, Stylianou
P, Zetterberg FR, et al. Defining the mechanism of ga-
lectin-3-mediated TGF-betal activation and its role in
lung fibrosis. J Biol Chem. 2024;300(6):107300.
https://doi.org/10.1016/j.jbc.2024.107300

Calvier L, Chouvarine P, Legchenko E, Hoffmann N,
Geldner J, Borchert P, et al. PPARgamma Links BMP2
and TGFbetal Pathways in Vascular Smooth Muscle
Cells, Regulating Cell Proliferation and Glucose Me-
tabolism. Cell Metab. 2017;25(5):1118-34¢7.
https://doi.org/10.1016/j.cmet.2017.03.011

Capocasale RJ, Lamb RJ, Vonderheid EC, Fox FE,
Rook AH, Nowell PC, et al. Reduced surface expres-
sion of transforming growth factor beta receptor type
II in mitogen-activated T cells from Sézary patients.
Proceedings of the National Academy of Sciences.
1995;92(12):5501-5.

Cecerska-Heryc E, Jerzyk A, Goszka M, Polikowska
A, Rachwalska J, Serwin N, et al. TGF-beta Signaling
in Cancer: Mechanisms of Progression and Therapeu-
tic Targets. Int J Mol Sci. 2025;26(15):7326.
https://doi.org/10.3390/ijms26157326

Chapkin RS, Wang N, Fan Y-Y, Lupton JR, Prior IA.
Docosahexaenoic acid alters the size and distribution
of cell surface microdomains. Biochimica et Biophys-
ica Acta (BBA)-Biomembranes. 2008;1778(2):466—
71.

Chen CL, Huang SS, Huang JS. Cholesterol modulates
cellular TGF-f responsiveness by altering TGF-f bind-
ing to TGF-p receptors. Journal of cellular physiology.
2008;215(1):223-33.

Chen CL, Chen YP, Lin MW, Huang YB, Chang FR,
Duh TH, et al. Euphol from Euphorbia tirucalli Nega-
tively Modulates TGF-beta Responsiveness via TGF-
beta Receptor Segregation inside Membrane Rafts.
PLoS One. 2015;10(10):0140249.
https://doi.org/10.1371/journal.pone.0140249

Chen CL, Chen CY, Chen YP, Huang YB, Lin MW,
Wu DC, et al. Betulinic acid enhances TGF-beta sig-
naling by altering TGF-beta receptors partitioning be-
tween lipid-raft/caveolae and non-caveolae membrane
microdomains in mink lung epithelial cells. J Biomed
Sci. 2016;23:30. https://doi.org/10.1186/s12929-016-
0229-4

Chen CL, Wu DC, Liu MY, Lin MW, Huang HT,
Huang YB, et al. Cholest-4-en-3-one attenuates TGF-
beta responsiveness by inducing TGF-beta receptors
degradation in Mv1Lu cells and colorectal adenocarci-
noma cells. J Recept Signal Transduct Res. 2017;37(2):
189-99.
https://doi.org/10.1080/10799893.2016.1203944

Chen CL, Huang FW, Huang SS, Huang JS. IGFBP-3
and TGF-beta inhibit growth in epithelial cells by stim-
ulating type V TGF-beta receptor (TbetaR-V)-medi-
ated tumor suppressor signaling. FASEB Bioadv.
2021;3(9):709-29.  https://doi.org/10.1096/fba.2021-
00016

Chen KH, Hsu HH, Lee CC, Yen TH, Ko YC, Yang
CW, et al. The AMPK agonist AICAR inhibits TGF-
betal induced activation of kidney myofibroblasts.
PLoS One. 2014;9(9):e106554.
https://doi.org/10.1371/journal.pone.0106554

577



EXCLI Journal 2026,25:550-586 — ISSN 1611-2156

Received: March 01, 2026, accepted: April 06, 2026, published: April 28, 2026

Chen Q, Dong D, Yu X, Jiang X, Jiang H, Hou J, et al.
Ginkgolic acid attenuates echinococcus granulosus in-
fection-induced hepatic fibrosis by inhibiting Smad4
SUMOylation. PLoS Negl Trop Dis. 2026;20(1):
e0013497. https://doi.org/10.1371/jour-
nal.pntd.0013497

Chen Y, Luo Q, Xiong Z, Liang W, Chen L, Xiong Z.
Telmisartan counteracts TGF-betal induced epithelial-
to-mesenchymal transition via PPAR-gamma in hu-
man proximal tubule epithelial cells. Int J Clin Exp
Pathol. 2012;5(6):522-9.

Chen Y-G. Endocytic regulation of TGF-§ signaling.
Cell research. 2009;19(1):58-70.

Chen Z, Li DQ, Tong L, Stewart P, Chu C, Pflugfelder
SC. Targeted inhibition of p57 and p15 blocks trans-
forming growth factor beta-inhibited proliferation of
primary cultured human limbal epithelial cells. Mol
Vis. 2006;12:983-94.

Cheng K, Hao M. Metformin Inhibits TGF-betal-In-
duced Epithelial-to-Mesenchymal Transition via
PKM2 Relative-mTOR/p70s6k Signaling Pathway in
Cervical Carcinoma Cells. Int J Mol Sci. 2016;17(12).
https://doi.org/10.3390/ijms 17122000

Chinthalapudi K, Taft MH, Martin R, Heissler SM,
Preller M, Hartmann FK, et al. Mechanism and speci-
ficity of pentachloropseudilin-mediated inhibition of
myosin motor activity. Journal of Biological Chemis-
try. 2011;286(34):29700-8.

Cho BC, Lee JS, Wu YL, Cicin I, Dols MC, Ahn MJ,
et al. Bintrafusp Alfa Versus Pembrolizumab in Pa-
tients With Treatment-Naive, Programmed Death-Lig-
and 1-High Advanced NSCLC: A Randomized, Open-
Label, Phase 3 Trial. J Thorac Oncol. 2023;18(12):
1731-42. https://doi.org/10.1016/.jtho.2023.08.018

Choi AS, Jenkins-Lane LM, Barton W, Kumari A,
Lancaster C, Raulerson C, et al. Glycosaminoglycan
modifications of betaglycan regulate ectodomain shed-
ding to fine-tune TGF-beta signaling responses in ovar-
ian cancer. Cell Commun Signal. 2024a;22(1):128.
https://doi.org/10.1186/s12964-024-01496-y

Choi SH, Myers J, Tomchuck S, Bonner M, Eid S,
Kingsley D, et al. Oral TGF-betaR1 inhibitor Vac-
tosertib promotes osteosarcoma regression by targeting
tumor proliferation and enhancing anti-tumor immun-
ity. Res Sq. 2023. https://doi.org/10.21203/rs.3.rs-
2709282/v1

Choi SH, Myers JT, Tomchuck SL, Bonner M, Eid S,
Kingsley DT, et al. Oral transforming growth factor-
beta receptor 1 inhibitor vactosertib promotes osteosar-
coma regression by targeting tumor proliferation and
enhancing anti-tumor immunity. Cancer Commun
(Lond). 2024b;44(8):884-8.
https://doi.org/10.1002/cac2.12589

Chung CL, Chen CL. Fluoroquinolones upregulate in-
sulin-like growth factor-binding protein 3, inhibit cell
growth and insulin-like growth factor signaling. Eur J
Pharmacol. 2024;969:176421.
https://doi.org/10.1016/j.ejphar.2024.176421

Chung CL, Wang SW, Martin R, Knélker HJ, Kao YC,
Lin MH, et al. Pentachloropseudilin Inhibits Trans-
forming Growth Factor-B (TGF-B) Activity by Accel-
erating Cell-Surface Type Il TGF-B Receptor Turnover
in Target Cells. Chembiochem. 2018a;19(8):851-64.

Chung CL, Wang SW, Sun WC, Shu CW, Kao YC,
Shiao MS, et al. Sorafenib suppresses TGF-beta re-
sponses by inducing caveolae/lipid raft-mediated inter-
nalization/degradation of cell-surface type Il TGF-beta
receptors: Implications in development of effective ad-
junctive therapy for hepatocellular carcinoma. Bio-
chem Pharmacol. 2018b;154:39-53.
https://doi.org/10.1016/j.bcp.2018.04.014

Connolly EC, Freimuth J, Akhurst RJ. Complexities of
TGF-beta targeted cancer therapy. Int J Biol Sci. 2012;
8(7):964-78. https://doi.org/10.7150/ijbs.4564

D'Cruz OJ, Qazi S, Hwang L, Ng K, Trieu V. Impact
of targeting transforming growth factor beta-2 with an-
tisense OT-101 on the cytokine and chemokine profile
in patients with advanced pancreatic cancer. Onco Tar-
gets Ther. 2018;11:2779-96.
https://doi.org/10.2147/OTT.S161905

DaCosta Byfield S, Major C, Laping NJ, Roberts AB.
SB-505124 is a selective inhibitor of transforming
growth factor-beta type I receptors ALK4, ALKS, and
ALK7. Mol Pharmacol.  2004;65(3):744-52.
https://doi.org/10.1124/mol.65.3.744

de Gouville AC, Huet S. Inhibition of ALKS5 as a new
approach to treat liver fibrotic diseases. Drug News
Perspect. 2006;19(2):85-90.
https://doi.org/10.1358/dnp.2006.19.2.977444

Deng Z, Fan T, Xiao C, Tian H, Zheng Y, Li C, et al.
TGF-beta signaling in health, disease, and therapeutics.
Signal Transduct Target Ther. 2024;9(1):61.
https://doi.org/10.1038/s41392-024-01764-w

578



EXCLI Journal 2026,25:550-586 — ISSN 1611-2156

Received: March 01, 2026, accepted: April 06, 2026, published: April 28, 2026

Derrett-Smith E, Clark KEN, Shiwen X, Abraham DJ,
Hoyles RK, Lacombe O, et al. The pan-PPAR agonist
lanifibranor reduces development of lung fibrosis and
attenuates cardiorespiratory manifestations in a trans-
genic mouse model of systemic sclerosis. Arthritis Res
Ther. 2021;23(1):234. https://doi.org/10.1186/s13075-
021-02592-x

Di Guglielmo GM, Le Roy C, Goodfellow AF, Wrana
JL. Distinct endocytic pathways regulate TGF-f recep-
tor signalling and turnover. Nature cell biology. 2003;
5(5):410-21.

Dong M, How T, Kirkbride KC, Gordon KIJ, Lee JD,
Hempel N, et al. The type Il TGF-beta receptor sup-
presses breast cancer progression. J Clin Invest.
2007;117(1):206-17.
https://doi.org/10.1172/JC129293

DuH, GuJ, Peng Q, Wang X, Liu L, Shu X, et al. Ber-
berine Suppresses EMT in Liver and Gastric Carci-
noma Cells through Combination with TGFbetaR Reg-
ulating TGF-beta/Smad Pathway. Oxid Med Cell Lon-
gev. 2021;2021:2337818.
https://doi.org/10.1155/2021/2337818

Duesman SJ, Ortega-Francisco S, Olguin-Alor R,
Acevedo-Dominguez NA, Sestero CM, Chellappan R,
et al. Transforming growth factor receptor I1I (Betagly-
can) regulates the generation of pathogenic Th17 cells
in EAE. Front Immunol. 2023;14:1088039.
https://doi.org/10.3389/fimmu.2023.1088039

Ehata S, Hanyu A, Fujime M, Katsuno Y, Fukunaga E,
Goto K, et al. Ki26894, a novel transforming growth
factor-beta type I receptor kinase inhibitor, inhibits in
vitro invasion and in vivo bone metastasis of a human
breast cancer cell line. Cancer Sci. 2007;98(1):127-33.
https://doi.org/10.1111/j.1349-7006.2006.00357.x

Elderbroom JL, Huang JJ, Gatza CE, Chen J, How T,
Starr M, et al. Ectodomain shedding of TbetaRIII is re-
quired for TbetaRIII-mediated suppression of TGF-
beta signaling and breast cancer migration and inva-
sion. Mol Biol Cell. 2014;25(16):2320-32.
https://doi.org/10.1091/mbc.E13-09-0524

Evans RA, Tian YC, Steadman R, Phillips AO. TGF-
betal-mediated fibroblast-myofibroblast terminal dif-
ferentiation-the role of Smad proteins. Exp Cell Res.
2003;282(2):90-100.  https://doi.org/10.1016/s0014-
4827(02)00015-0

Faivre S, Santoro A, Kelley RK, Gane E, Costentin CE,
Gueorguieva I, et al. Novel transforming growth factor
beta receptor 1 kinase inhibitor galunisertib
(LY2157299) in advanced hepatocellular carcinoma.
Liver Int. 2019;39(8):1468-77.
https://doi.org/10.1111/1iv.14113

Fan Y-Y, Ly LH, Barhoumi R, McMurray DN, Chap-
kin RS. Dietary docosahexaenoic acid suppresses T
cell protein kinase CO lipid raft recruitment and IL-2
production. The Journal of Immunology. 2004;173
(10):6151-60.

GaoJ, Yel, Ying Y, Lin H, Luo Z. Negative regulation
of TGF-beta by AMPK and implications in the treat-
ment of associated disorders. Acta Biochim Biophys
Sin (Shanghai). 2018;50(6):523-31.
https://doi.org/10.1093/abbs/gmy028

Ge W, Zhang W, Gao R, Li B, Zhu H, Wang J. IMM-
HO007 improves heart function via reducing cardiac fi-
brosis. Eur J Pharmacol. 2019;857:172442.
https://doi.org/10.1016/j.ejphar.2019.172442

Gellibert F, Fouchet MH, Nguyen VL, Wang R, Krysa
G, de Gouville AC, et al. Design of novel quinazoline
derivatives and related analogues as potent and selec-
tive ALKS inhibitors. Bioorg Med Chem Lett. 2009;19
(8):2277-81.
https://doi.org/10.1016/j.bmcl.2009.02.087

Ginefra P, Lorusso G, Vannini N. Innate Immune Cells
and Their Contribution to T-Cell-Based Immunother-
apy. Int J Mol Sci. 2020;21(12).
https://doi.org/10.3390/ijms21124441

Gonzalez H, Hagerling C, Werb Z. Roles of the im-
mune system in cancer: from tumor initiation to meta-
static progression. Genes Dev. 2018;32(19-20):1267—
84. https://doi.org/10.1101/gad.314617.118

Goumans MJ, Liu Z, ten Dijke P. TGF-beta signaling
in vascular biology and dysfunction. Cell Res. 2009;
19(1):116-27. https://doi.org/10.1038/cr.2008.326

Grygielko ET, Martin WM, Tweed C, Thornton P,
Harling J, Brooks DP, et al. Inhibition of gene markers
of fibrosis with a novel inhibitor of transforming
growth factor-beta type I receptor kinase in puromycin-
induced nephritis. J Pharmacol Exp Ther. 2005;313(3):
943-51. https://doi.org/10.1124/jpet.104.082099

Gulley JL, Schlom J, Barcellos-Hoff MH, Wang XJ,
Seoane J, Audhuy F, et al. Dual inhibition of TGF-beta
and PD-L1: a novel approach to cancer treatment. Mol
Oncol. 2022;16(11):2117-34.
https://doi.org/10.1002/1878-0261.13146

Guo L, Wen X, Hou Y, Sun R, Zhang L, Liu F, et al.
Dihydroartemisinin inhibits endothelial cell migration
via the TGF-B1/ALKS/SMAD?2 signaling pathway.
Experimental and therapeutic medicine. 2021;22(1):1—
7.

579



EXCLI Journal 2026,25:550-586 — ISSN 1611-2156

Received: March 01, 2026, accepted: April 06, 2026, published: April 28, 2026

Guo S, Zhou Y, Xie X. Resveratrol inhibiting
TGF/ERK signaling pathway can improve atheroscle-
rosis: backgrounds, mechanisms and effects. Biomed
Pharmacother. 2022;155:113775.
https://doi.org/10.1016/j.biopha.2022.113775

Guo Y, Zhang W, Ying J, Zhang Y, Pan Y, Qiu W, et
al. Phase 1b/2 trial of fruquintinib plus sintilimab in
treating advanced solid tumours: The dose-escalation
and metastatic colorectal cancer cohort in the dose-ex-
pansion phases. Eur J Cancer. 2023;181:26-37.
https://doi.org/10.1016/j.ejca.2022.12.004

Halder SK, Beauchamp RD, Datta PK. A specific in-
hibitor of TGF-beta receptor kinase, SB-431542, as a
potent antitumor agent for human cancers. Neoplasia.
2005;7(5):509-21. https://doi.org/10.1593/ne0.04640

Hammer JA, Sellers JR. Walking to work: roles for
class V myosins as cargo transporters. Nature reviews
Molecular cell biology. 2012;13(1):13-26.

Hata A, Chen YG. TGF-beta Signaling from Receptors
to Smads. Cold Spring Harb Perspect Biol. 2016;8(9):
a022061. https://doi.org/10.1101/cshperspect.a022061

Hau P, Jachimczak P, Schlingensiepen R, Schulmeyer
F, Jauch T, Steinbrecher A, et al. Inhibition of TGF-
beta2 with AP 12009 in recurrent malignant gliomas:
from preclinical to phase I/II studies. Oligonucleotides.
2007;17(2):201-12.
https://doi.org/10.1089/01i.2006.0053

Heath VL, Murphy EE, Crain C, Tomlinson MG,
O'Garra A. TGF-betal down-regulates Th2 develop-
ment and results in decreased IL-4-induced STAT6 ac-
tivation and GATA-3 expression. Eur J Immunol.
2000;30(9):2639-49.  https://doi.org/10.1002/1521-
4141(200009)30:9<2639::AID-
IMMU2639>3.0.CO;2-7

Hempel N, How T, Dong M, Murphy SK, Fields TA,
Blobe GC. Loss of betaglycan expression in ovarian
cancer: role in motility and invasion. Cancer Res.
2007;67(11):5231-8.  https://doi.org/10.1158/0008-
5472.CAN-07-0035

Herold C, Ocker M, Ganslmayer M, Gerauer H, Hahn
EG, Schuppan D. Ciprofloxacin induces apoptosis and
inhibits proliferation of human colorectal carcinoma
cells. Br J Cancer. 2002;86(3):443-8.
https://doi.org/10.1038/sj.bjc.6600079

Hirani N, MacKinnon AC, Nicol L, Ford P, Schambye
H, Pedersen A, et al. Target inhibition of galectin-3 by
inhaled TD139 in patients with idiopathic pulmonary
fibrosis. Eur Respir J. 2021;57(5).
https://doi.org/10.1183/13993003.02559-2020

Hocevar BA, Prunier C, Howe PH. Disabled-2 (Dab2)
Mediates Transforming Growth Factor B (TGF)-stim-
ulated Fibronectin Synthesis through TGFB-activat-
edKinase 1 and Activation of the INKPathway. Journal
of Biological Chemistry. 2005;280(27): 25920-7.

Huang C, Wang XL, Qi FF, Pang ZL. Berberine inhib-
its epithelial-mesenchymal transition and promotes
apoptosis of tumour-associated fibroblast-induced co-
lonic epithelial cells through regulation of TGF-beta
signalling. J Cell Commun Signal. 2020;14(1):53-66.
https://doi.org/10.1007/s12079-019-00525-7

Huang C, Liu H, Yang Y, He Y, Shen W. Berberine
suppressed the epithelial-mesenchymal transition
(EMT) of colon epithelial cells through the TGF-
betal/Smad and NF-kappaB pathways associated with
miRNA-1269a. Heliyon. 2024;10(16):¢36059.
https://doi.org/10.1016/j.heliyon.2024.e36059

Huang F, Chen YG. Regulation of TGF-beta receptor
activity. Cell Biosci. 2012;2:9.
https://doi.org/10.1186/2045-3701-2-9

Huang SS, Ling TY, Tseng WF, Huang YH, Tang FM,
Leal SM, et al. Cellular growth inhibition by IGFBP-3
and TGF-betal requires LRP-1. FASEB J. 2003;17
(14):2068-81. https://doi.org/10.1096/1].03-0256com

Huang SS, Liu IH, Chen CL, Chang JM, Johnson FE,
Huang JS. 7-Dehydrocholesterol (7-DHC), But Not
Cholesterol, Causes Suppression of Canonical TGF-
beta Signaling and Is Likely Involved in the Develop-
ment of Atherosclerotic Cardiovascular Disease
(ASCVD). J Cell Biochem. 2017;118(6):1387-400.
https://doi.org/10.1002/jcb.25797

Ito T, Williams JD, Fraser DJ, Phillips AO. Hyalu-
ronan regulates transforming growth factor-p1 receptor
compartmentalization. Journal of Biological Chemis-
try. 2004;279(24):25326-32.

Jaschinski F, Rothhammer T, Jachimczak P, Seitz C,
Schneider A, Schlingensiepen KH. The antisense oli-
gonucleotide trabedersen (AP 12009) for the targeted
inhibition of TGF-beta2. Curr Pharm Biotechnol.
2011;12(12):2203-13.
https://doi.org/10.2174/138920111798808266

Jeon KI, Kulkarni A, Woeller CF, Phipps RP, Sime PJ,
Hindman HB, et al. Inhibitory effects of PPARgamma
ligands on TGF-betal-induced corneal myofibroblast
transformation. Am J Pathol. 2014;184(5):1429-45.
https://doi.org/10.1016/j.ajpath.2014.01.026

580



EXCLI Journal 2026,25:550-586 — ISSN 1611-2156

Received: March 01, 2026, accepted: April 06, 2026, published: April 28, 2026

Jiang S-S, Weng D-S, Wang Q-J, Pan K, Zhang Y-J,
Li Y-Q, et al. Galectin-3 is associated with a poor prog-
nosis in primary hepatocellular carcinoma. Journal of
translational medicine. 2014;12:1-14.

Jin'Y, Zhang J, Pan Y, Shen W. Berberine Suppressed
the Progression of Human Glioma Cells by Inhibiting
the TGF-betal/ SMAD2/3 Signaling Pathway. Integr
Cancer Ther. 2022;21:15347354221130303.
https://doi.org/10.1177/15347354221130303

Jing H, Gao Y, Jing L, Yang H, Liu S. Recent advances
in therapeutic use of transforming growth factor-beta
inhibitors in cancer and fibrosis. Front Oncol. 2025;
15:1489701.
https://doi.org/10.3389/fonc.2025.1489701

Katz LH, Li Y, Chen JS, Munoz NM, Majumdar A,
Chen J, et al. Targeting TGF-beta signaling in cancer.
Expert Opin Ther Targets. 2013;17(7):743-60.
https://doi.org/10.1517/14728222.2013.782287

Kelley RK, Gane E, Assenat E, Siebler J, Galle PR,
Merle P, et al. A Phase 2 Study of Galunisertib (TGF-
betal Receptor Type I Inhibitor) and Sorafenib in Pa-
tients With Advanced Hepatocellular Carcinoma. Clin
Transl Gastroenterol. 2019;10(7):e00056.
https://doi.org/10.14309/ctg.0000000000000056

Kemaladewi DU, Pasteuning S, van der Meulen JW,
van Heiningen SH, van Ommen GJ, Ten Dijke P, et al.
Targeting TGF-beta Signaling by Antisense Oligonu-
cleotide-mediated Knockdown of TGF-beta Type [ Re-
ceptor. Mol Ther Nucleic Acids. 2014;3(4):e156.
https://doi.org/10.1038/mtna.2014.7

Kikuchi R, Maeda Y, Tsuji T, Yamaguchi K, Abe S,
Nakamura H, et al. Fenofibrate inhibits TGF-beta-in-
duced myofibroblast differentiation and activation in
human lung fibroblasts in vitro. FEBS Open Bio.
2021;11(8):2340-9. https://doi.org/10.1002/2211-
5463.13247

Kim W, Fan Y-Y, Barhoumi R, Smith R, McMurray
DN, Chapkin RS. n-3 polyunsaturated fatty acids sup-
press the localization and activation of signaling pro-
teins at the immunological synapse in murine CD4+ T
cells by affecting lipid raft formation. The Journal of
Immunology. 2008;181(9):6236—43.

Korkut A, Zaidi S, Kanchi RS, Rao S, Gough NR,
Schultz A, et al. A Pan-Cancer Analysis Reveals High-
Frequency Genetic Alterations in Mediators of Signal-
ing by the TGF-beta Superfamily. Cell Syst. 2018;
7(4):422-37¢7.
https://doi.org/10.1016/j.cels.2018.08.010

Kulkarni AA, Thatcher TH, Olsen KC, Maggirwar SB,
Phipps RP, Sime PJ. PPAR-gamma ligands repress
TGFbeta-induced myofibroblast differentiation by tar-
geting the PI3K/Akt pathway: implications for therapy
of fibrosis. PLoS  One. 2011;6(1):e15909.
https://doi.org/10.1371/journal.pone.0015909

Kurisaki A, Kurisaki K, Kowanetz M, Sugino H,
Yoneda Y, Heldin CH, et al. The mechanism of nuclear
export of Smad3 involves exportin 4 and Ran. Mol Cell
Biol. 2006;26(4):1318-32.
https://doi.org/10.1128/MCB.26.4.1318-1332.2006

Kusuhara S, Igawa S, Ichinoe M, Nagashio R, Ku-
chitsu Y, Hiyoshi Y, et al. Prognostic significance of
galectin-3 expression in patients with resected NSCLC
treated with platinum-based adjuvant chemotherapy.
Thorac Cancer. 2021;12(10):1570-8.
https://doi.org/10.1111/1759-7714.13945

Laderach DJ, Compagno D. Inhibition of galectins in
cancer: Biological challenges for their clinical applica-
tion. Front Immunol. 2022;13:1104625.
https://doi.org/10.3389/fimmu.2022.1104625

Lamouille S, Xu J, Derynck R. Molecular mechanisms
of epithelial-mesenchymal transition. Nat Rev Mol
Cell Biol. 2014;15(3):178-96.
https://doi.org/10.1038/nrm3758

Leask A, Abraham DJ. TGF-B signaling and the fi-
brotic response. The FASEB Journal. 2004;18(7):816—
27.

Lee EJ, Yun U-J, Koo KH, Sung JY, Shim J, Ye S-K,
et al. Down-regulation of lipid raft-associated onco-
proteins via cholesterol-dependent lipid raft internali-
zation in docosahexaenoic acid-induced apoptosis. Bi-
ochimica et Biophysica Acta (BBA)-Molecular and
Cell Biology of Lipids. 2014;1841(1):190-203.

Lee JD, Hempel N, Lee NY, Blobe GC. The type 111
TGF-beta receptor suppresses breast cancer progres-
sion through GIPC-mediated inhibition of TGF-beta
signaling.  Carcinogenesis. 2010;31(2):175-83.
https://doi.org/10.1093/carcin/bgp271

Lee JH, Kim JH, Kim JS, Chang JW, Kim SB, Park JS,
et al. AMP-activated protein kinase inhibits TGF-beta-
, angiotensin II-, aldosterone-, high glucose-, and albu-
min-induced epithelial-mesenchymal transition. Am J
Physiol Renal Physiol. 2013;304(6):F686—97.
https://doi.org/10.1152/ajprenal.00148.2012

Legchenko E, Chouvarine P, Borchert P, Fernandez-
Gonzalez A, Snay E, Meier M, et al. PPARgamma ag-
onist pioglitazone reverses pulmonary hypertension
and prevents right heart failure via fatty acid oxidation.
Sci Transl Med. 2018;10(438).
https://doi.org/10.1126/scitranslmed.aa00303

581



EXCLI Journal 2026,25:550-586 — ISSN 1611-2156

Received: March 01, 2026, accepted: April 06, 2026, published: April 28, 2026

LiN, Huang D, Lu N, Luo L. Role of the LKB1/AMPK
pathway in tumor invasion and metastasis of cancer
cells (Review). Oncol Rep. 2015;34(6):2821-6.
https://doi.org/10.3892/0r.2015.4288

Li NS, Zou JR, Lin H, Ke R, He XL, Xiao L, et al.
LKB1/AMPK inhibits TGF-betal production and the
TGF-beta signaling pathway in breast cancer cells. Tu-
mour Biol. 2016;37(6):8249-58.
https://doi.org/10.1007/s13277-015-4639-9

LiY, Wen X, Spataro BC, Hu K, Dai C, Liu Y. hepato-
cyte growth factor is a downstream effector that medi-
ates the antifibrotic action of peroxisome proliferator-
activated receptor-gamma agonists. J Am Soc Nephrol.
2006;17(1):54-65.
https://doi.org/10.1681/ASN.2005030257

Lin H, Li N, He H, Ying Y, Sunkara S, Luo L, et al.
AMPK Inhibits the Stimulatory Effects of TGF-beta on
Smad2/3 Activity, Cell Migration, and Epithelial-to-
Mesenchymal Transition. Mol Pharmacol. 2015;88(6):
1062-71. https://doi.org/10.1124/mol.115.099549

Lisé M-F, Wong TP, Trinh A, Hines RM, Liu L, Kang
R, et al. Involvement of myosin Vb in glutamate recep-
tor trafficking. Journal of Biological Chemistry.
2006;281(6):3669-78.

Listik E, Horst B, Choi AS, Lee NY, Gyorffy B,
Mythreye K. A bioinformatic analysis of the inhibin-
betaglycan-endoglin/CD105 network reveals prognos-
tic value in multiple solid tumors. PLoS One.
2021;16(4):€0249558.  https://doi.org/10.1371/jour-
nal.pone.0249558

Liu G, Li M, Zeng Z, Fan Q, Ren X, Wang Z, et al.
Tyrosine hydroxylase inhibits HCC progression by
downregulating TGFbeta/Smad signaling. Eur J] Med
Res. 2024;29(1):228. https://doi.org/10.1186/s40001-
024-01703-z

Liu HP, Tai SB, Jiang JL, Tey SF, Liu PF, Lin MW, et
al. Epac (RAPGEF3) promotes betaglycan expression
to mediate ciprofloxacin-induced suppression of can-
cer cell migration and metastasis: Mechanistic insights
and drug repurposing potential. Biomed Pharmacother.
2025;189:118261. https://doi.org/10.1016/j.bio-
pha.2025.118261

Liu S, Chen S, Zeng J. TGF-B signaling: A complex
role in tumorigenesis. Molecular medicine reports.
2018;17(1):699-704.

Liu S, Ren J, Ten Dijke P. Targeting TGFbeta signal
transduction for cancer therapy. Signal Transduct Tar-
get Ther. 2021;6(1):8. https://doi.org/10.1038/s41392-
020-00436-9

Liu X, Zhao L, Chen Y, Gao Y, Tian Q, Son JS, et al.
Obesity induces adipose fibrosis and collagen cross-
linking through suppressing AMPK and enhancing ly-
syl oxidase expression. Biochim Biophys Acta Mol
Basis Dis. 2022;1868(9):166454.
https://doi.org/10.1016/j.bbadis.2022.166454

Luga V, McLean S, Le Roy C, O'Connor-McCourt M,
Wrana JL, Di Guglielmo GM. The extracellular do-
main of the TGFp type II receptor regulates membrane
raft partitioning. Biochemical Journal. 2009;421(1):
119-31.

Luo YH, Ouyang PB, Tian J, Guo XJ, Duan XC.
Rosiglitazone inhibits TGF-beta 1 induced activation
of human Tenon fibroblasts via p38 signal pathway.
PLoS One. 2014;9(8):€105796.
https://doi.org/10.1371/journal.pone.0105796

Lv K, Zhang Y, Zhang M, Zhong M, Suo Q. Galectin-
9 promotes TGF-betal-dependent induction of regula-
tory T cells via the TGF-beta/Smad signaling pathway.
Mol Med Rep. 2013;7(1):205-10.
https://doi.org/10.3892/mmr.2012.1125

Markowitz S, Wang J, Myeroff L, Parsons R, Sun L,
Lutterbaugh J, et al. Inactivation of the type II TGF-
beta receptor in colon cancer cells with microsatellite
instability. Science. 1995;268(5215):1336-8.
https://doi.org/10.1126/science. 7761852

Mascarenhas J, Migliaccio AR, Kosiorek H, Bhave R,
Palmer J, Kuykendall A, et al. A Phase Ib Trial of
AVID200, a TGFbeta 1/3 Trap, in Patients with
Myelofibrosis. Clin Cancer Res. 2023;29(18):3622—
32. https://doi.org/10.1158/1078-0432.CCR-23-0276

Melisi D, Ishiyama S, Sclabas GM, Fleming JB, Xia Q,
Tortora G, et al. LY2109761, a novel transforming
growth factor beta receptor type I and type II dual in-
hibitor, as a therapeutic approach to suppressing pan-
creatic cancer metastasis. Mol Cancer Ther. 2008;
7(4):829-40. https://doi.org/10.1158/1535-
7163.MCT-07-0337

Mohammad KS, Javelaud D, Fournier PG, Niewolna
M, McKenna CR, Peng XH, et al. TGF-beta-RI kinase
inhibitor SD-208 reduces the development and pro-
gression of melanoma bone metastases. Cancer Res.
2011;71(1):175-84. https://doi.org/10.1158/0008-
5472.CAN-10-2651

Moon JA, Kim HT, Cho IS, Sheen YY, Kim DK. IN-
1130, a novel transforming growth factor-beta type I
receptor kinase (ALKS) inhibitor, suppresses renal fi-
brosis in obstructive nephropathy. Kidney Int. 2006;
70(7):1234-43. https://doi.org/10.1038/sj.ki.5001775

582



EXCLI Journal 2026,25:550-586 — ISSN 1611-2156

Received: March 01, 2026, accepted: April 06, 2026, published: April 28, 2026

Morris JC, Tan AR, Olencki TE, Shapiro GI, Dezube
BJ, Reiss M, et al. Phase I study of GC1008 (fresoli-
mumab): a human anti-transforming growth factor-
beta (TGFbeta) monoclonal antibody in patients with
advanced malignant melanoma or renal cell carcinoma.
PLoS One. 2014;9(3):e90353.
https://doi.org/10.1371/journal.pone.0090353

Morris SM, Arden SD, Roberts RC, Kendrick-Jones J,
Cooper JA, Luzio JP, et al. Myosin VI binds to and lo-
calises with Dab2, potentially linking receptor-medi-
ated endocytosis and the actin cytoskeleton. Traffic.
2002;3(5):331-41.

Mythreye K, Blobe GC. The type III TGF-beta recep-
tor regulates epithelial and cancer cell migration
through beta-arrestin2-mediated activation of Cdc42.
Proc Natl Acad Sci U S A. 2009;106(20):8221-6.
https://doi.org/10.1073/pnas.0812879106

Naik A, Thakur N. Epigenetic regulation of TGF-beta
and vice versa in cancers - A review on recent devel-
opments. Biochim Biophys Acta Rev Cancer. 2024;
1879(6):189219.
https://doi.org/10.1016/j.bbcan.2024.189219

Nakayama H, Ichikawa F, Andres JL, Massague J,
Noda M. Dexamethasone enhancement of betaglycan
(TGF-beta type III receptor) gene expression in osteo-
blast-like cells. Exp Cell Res. 1994;211(2):301-6.
https://doi.org/10.1006/excr.1994.1091

Nicolau Jr DV, Burrage K, Parton RG, Hancock JF.
Identifying optimal lipid raft characteristics required to
promote nanoscale protein-protein interactions on the
plasma membrane. Molecular and cellular biology.
2006;26(1):313-23.

Novitskiy SV, Pickup MW, Chytil A, Polosukhina D,
Owens P, Moses HL. Deletion of TGF-beta signaling
in myeloid cells enhances their anti-tumorigenic prop-
erties. J Leukoc Biol. 2012;92(3):641-51.
https://doi.org/10.1189/j1b.1211639

Nykjaer A, Christensen EI, Vorum H, Hager H, Peter-
sen CM, Roigaard H, et al. Mannose 6-phosphate/insu-
lin-like growth factor-II receptor targets the urokinase
receptor to lysosomes via a novel binding interaction.
J Cell Biol. 1998;141(3):815-28.
https://doi.org/10.1083/jcb.141.3.815

Omar KAM, Anthony EMIPMM, Sanjive Qazi Ph D,
Kate-Lynn Muir DO, Sharma B, Lynette Smith Ph D,
et al. Trabedersen (OT-101) With Pembrolizumab for
Newly Diagnosed PD-L1-Positive Metastatic NSCLC.
Oncology  (Williston Park). 2025;39(9):436-7.
https://doi.org/10.46883/2025.25921056

Pang Y, Gara SK, Achyut BR, Li Z, Yan HH, Day CP,
et al. TGF-beta signaling in myeloid cells is required
for tumor metastasis. Cancer Discov. 2013;3(8):936—
51. https://doi.org/10.1158/2159-8290.CD-12-0527

Papoutsoglou P, Moustakas A. Long non-coding
RNAs and TGF-beta signaling in cancer. Cancer Sci.
2020;111(8):2672-81.
https://doi.org/10.1111/cas.14509

Park CY, Kim DK, Sheen YY. EW-7203, a novel small
molecule inhibitor of transforming growth factor-beta
(TGF-beta) type I receptor/activin receptor-like kinase-
5, blocks TGF-betal-mediated epithelial-to-mesenchy-
mal transition in mammary epithelial cells. Cancer Sci.
2011a;102(10):1889-96.
https://doi.org/10.1111/j.1349-7006.2011.02014.x

Park CY, Son JY, Jin CH, Nam JS, Kim DK, Sheen
YY. EW-7195, a novel inhibitor of ALKS5 kinase in-
hibits EMT and breast cancer metastasis to lung. Eur J
Cancer. 2011b;47(17):2642-53.
https://doi.org/10.1016/j.ejca.2011.07.007

Park CY, Min KN, Son JY, Park SY, Nam JS, Kim DK,
et al. An novel inhibitor of TGF-beta type I receptor,
IN-1130, blocks breast cancer lung metastasis through
inhibition of epithelial-mesenchymal transition. Can-
cer Lett. 2014;351(1):72-80.
https://doi.org/10.1016/j.canlet.2014.05.006

Partridge EA, Le Roy C, Di Guglielmo GM, Pawling
J, Cheung P, Granovsky M, et al. Regulation of cyto-
kine receptors by Golgi N-glycan processing and endo-
cytosis. Science. 2004;306(5693):120-4.

Paw M, Wnuk D, Madeja Z, Michalik M. PPARdelta
Agonist GW501516 Suppresses the TGF-beta-Induced
Profibrotic Response of Human Bronchial Fibroblasts
from Asthmatic Patients. Int J Mol Sci. 2023;24(9).
https://doi.org/10.3390/ijms24097721

Pawlak JB, Blobe GC. TGF-beta superfamily co-re-
ceptors in cancer. Dev Dyn. 2022;251(1):137-63.
https://doi.org/10.1002/dvdy.338

Paz-Ares L, Kim TM, Vicente D, Felip E, Lee DH, Lee
KH, et al. Bintrafusp Alfa, a Bifunctional Fusion Pro-
tein Targeting TGF-beta and PD-L1, in Second-Line
Treatment of Patients With NSCLC: Results From an
Expansion Cohort of a Phase 1 Trial. J Thorac Oncol.
2020;15(7):1210-22.
https://doi.org/10.1016/j.jtho.2020.03.003

Penheiter SG, Deep Singh R, Repellin CE, Wilkes MC,
Edens M, Howe PH, et al. Type II transforming growth
factor-f receptor recycling is dependent upon the clath-
rin adaptor protein Dab2. Molecular biology of the cell.
2010;21(22):4009-19.

583



EXCLI Journal 2026,25:550-586 — ISSN 1611-2156

Received: March 01, 2026, accepted: April 06, 2026, published: April 28, 2026

Pfeiffer N, Voykov B, Renieri G, Bell K, Richter P,
Weigel M, et al. First-in-human phase 1 study of
ISTH0036, an antisense oligonucleotide selectively
targeting transforming growth factor beta 2 (TGF-
beta2), in subjects with open-angle glaucoma undergo-
ing glaucoma filtration surgery. PLoS One. 2017;12
(11):e0188899. https://doi.org/10.1371/jour-
nal.pone.0188899

Pierreux CE, Nicolas FJ, Hill CS. Transforming
growth factor beta-independent shuttling of Smad4 be-
tween the cytoplasm and nucleus. Mol Cell Biol.
2000;20(23):9041-54.
https://doi.org/10.1128/MCB.20.23.9041-9054.2000

Pietenpol JA, Holt JT, Stein RW, Moses HL. Trans-
forming growth factor beta 1 suppression of c-myc
gene transcription: role in inhibition of keratinocyte
proliferation. Proc Natl Acad Sci U S A. 1990;87(10):
3758-62. https://doi.org/10.1073/pnas.87.10.3758

Pollard TD, Weihing RR, Adelman M. Actin and my-
osin and cell movemen. CRC critical reviews in bio-
chemistry. 1974;2(1):1-65.

Pollari S, Leivonen SK, Perala M, Fey V, Kakonen
SM, Kallioniemi O. Identification of microRNAsS in-
hibiting TGF-beta-induced IL-11 production in bone
metastatic breast cancer cells. PLoS One. 2012;7(5):
e37361. https://doi.org/10.1371/journal.pone.0037361

Prud'Homme GJ. Pathobiology of transforming growth
factor B in cancer, fibrosis and immunologic disease,
and therapeutic considerations. Laboratory investiga-
tion. 2007;87(11):1077-91.

Prunier C, Howe PH. Disabled-2 (Dab2) is required for
transforming growth factor B-induced epithelial to
mesenchymal transition (EMT). Journal of Biological
Chemistry. 2005;280(17):17540-8.

Riggins GJ, Kinzler KW, Vogelstein B, Thiagalingam
S. Frequency of Smad gene mutations in human can-
cers. Cancer Res. 1997;57(13):2578-80.

Rogers KR, Kikawa KD, Mouradian M, Hernandez K,
McKinnon KM, Ahwah SM, et al. Docosahexaenoic
acid alters epidermal growth factor receptor-related
signaling by disrupting its lipid raft association. Car-
cinogenesis. 2010;31(9):1523-30.

Santander C, Brandan E. Betaglycan induces TGF-beta
signaling in a ligand-independent manner, through ac-
tivation of the p38 pathway. Cell Signal. 2006;18(9):
1482-91. https://doi.org/10.1016/j.cellsig.2005.11.011

Sawyer JS, Anderson BD, Beight DW, Campbell RM,
Jones ML, Herron DK, et al. Synthesis and activity of
new aryl- and heteroaryl-substituted pyrazole inhibi-
tors of the transforming growth factor-beta type I re-
ceptor kinase domain. J Med Chem. 2003;46(19):
3953-6. https://doi.org/10.1021/jm0205705

Schlingensiepen KH, Schlingensiepen R, Steinbrecher
A, Hau P, Bogdahn U, Fischer-Blass B, et al. Targeted
tumor therapy with the TGF-beta 2 antisense com-
pound AP 12009. Cytokine Growth Factor Rev. 2006;
17(1-2):129-39. https://doi.org/10.1016/j.cy-
togfr.2005.09.002

Schlingensiepen KH, Fischer-Blass B, Schmaus S,
Ludwig S. Antisense therapeutics for tumor treatment:
the TGF-beta2 inhibitor AP 12009 in clinical develop-
ment against malignant tumors. Recent Results Cancer
Res. 2008;177:137-50. https://doi.org/10.1007/978-3-
540-71279-4 16

Schlingensiepen KH, Jaschinski F, Lang SA, Moser C,
Geissler EK, Schlitt HJ, et al. Transforming growth
factor-beta 2 gene silencing with trabedersen (AP
12009) in pancreatic cancer. Cancer Sci. 2011;102(6):
1193-200. https://doi.org/10.1111/1.1349-
7006.2011.01917.x

Schoonderwoerd MJA, Goumans MTH, Hawinkels L.
Endoglin: Beyond the Endothelium. Biomolecules.
2020;10(2). https://doi.org/10.3390/biom 10020289

Schwarz JK, Bassing CH, Kovesdi [, Datto MB, Blaz-
ing M, George S, et al. Expression of the E2F1 tran-
scription factor overcomes type beta transforming
growth factor-mediated growth suppression. Proc Natl
Acad Sci U S A 1995;92(2):483-7.
https://doi.org/10.1073/pnas.92.2.483

Seoane J, Pouponnot C, Staller P, Schader M, Eilers M,
Massague J. TGFbeta influences Myc, Miz-1 and
Smad to control the CDK inhibitor p1 5SINK4b. Nat Cell
Biol. 2001;3(4):400-8.
https://doi.org/10.1038/35070086

Seoane J, Le HV, Massague J. Myc suppression of the
p21(Cip1l) Cdk inhibitor influences the outcome of the
p53 response to DNA damage. Nature. 2002;419
(6908):729-34. https://doi.org/10.1038/nature01119

Shaikh SR, Cherezov V, Caffrey M, Stillwell W, Was-
sall SR. Interaction of cholesterol with a docosahex-
aenoic  acid-containing phosphatidylethanolamine:

trigger for microdomain/raft formation? Biochemistry.
2003;42(41):12028-37.

584



EXCLI Journal 2026,25:550-586 — ISSN 1611-2156

Received: March 01, 2026, accepted: April 06, 2026, published: April 28, 2026

Shen W, Guo F, Jiang H, Gao J, Chen W, Yu Z, et al.
Fibroblast-targeted MLN4924 suppresses autoimmune
myocarditis by dually modulating IL-17A and TGF-
beta pathways. Int Immunopharmacol. 2026;172:
116206. https://doi.org/10.1016/j.intimp.2026.116206

Shih-Wei W, Chih-Ling C, Kao Y-C, Martin R,
Knolker H-J, Shiao M-S, et al. Pentabromopseudilin:
A myosin V inhibitor suppresses TGF-f activity by re-
cruiting the type I TGF-f receptor to lysosomal deg-
radation. Journal of enzyme inhibition and medicinal
chemistry. 2018;33(1):920-35.

Shimizu T, Powderly J, Abdul Razak A, LoRusso P,
Miller KD, Kao S, et al. First-in-human phase 1 dose-
escalation results with livmoniplimab, an antibody tar-
geting the GARP:TGF-ss1 complex, as monotherapy
and in combination with the anti-PD-1 antibody budi-
galimab in patients with advanced solid tumors. Front
Oncol. 2024;14:1376551.
https://doi.org/10.3389/fonc.2024.1376551

Siljamaki E, Riihila P, Suwal U, Nissinen L, Rappu P,
Kallajoki M, et al. Inhibition of TGF-beta signaling, in-
vasion, and growth of cutaneous squamous cell carci-
noma by PLX8394. Oncogene. 2023;42(49):3633—47.
https://doi.org/10.1038/s41388-023-02863-8

Soderholm JF, Bird SL, Kalab P, Sampathkumar Y,
Hasegawa K, Uehara-Bingen M, et al. Importazole, a
small molecule inhibitor of the transport receptor im-
portin-beta. ACS Chem Biol. 2011;6(7):700-8.
https://doi.org/10.1021/cb2000296

Song Y, Chen Y, Li Y, Lyu X, Cui J, Cheng Y, et al.
Metformin inhibits TGF-betal-induced epithelial-to-
mesenchymal transition-like process and stem-like
properties in GBM via AKT/mTOR/ZEBI1 pathway.
Oncotarget. 2018;9(6):7023-35.
https://doi.org/10.18632/oncotarget.23317

Stillwell W, Wassall SR. Docosahexaenoic acid: mem-
brane properties of a unique fatty acid. Chemistry and
physics of lipids. 2003;126(1):1-27.

Stillwell W, Shaikh SR, Zerouga M, Siddiqui R, Was-
sall SR. Docosahexaenoic acid affects cell signaling by
altering lipid rafts. Reproduction Nutrition Develop-
ment. 2005;45(5):559-79.

Sun Y, Chiu TT, Foley KP, Bilan PJ, Klip A. Myosin
Va mediates Rab8A-regulated GLUT4 vesicle exocy-
tosis in insulin-stimulated muscle cells. Molecular bi-
ology of the cell. 2014;25(7):1159-70.

Suzuki E, Kim S, Cheung HK, Corbley MJ, Zhang X,
Sun L, et al. A novel small-molecule inhibitor of trans-
forming growth factor beta type 1 receptor kinase
(SM16) inhibits murine mesothelioma tumor growth in
vivo and prevents tumor recurrence after surgical re-
section. Cancer Res. 2007;67(5):2351-9.
https://doi.org/10.1158/0008-5472.CAN-06-2389

Tai S-B, Huang C-y, Chung C-L, Sung P-J, Wen Z-H,
Chen C-L. Prodigiosin inhibits transforming growth
factor B signaling by interfering receptor recycling and
subcellular translocation in epithelial cells. Molecular
Pharmacology. 2024;105(4):286-300.

Takahashi E, Nagano O, Ishimoto T, Yae T, Suzuki Y,
Shinoda T, et al. Tumor necrosis factor-alpha regulates
transforming growth factor-beta-dependent epithelial-
mesenchymal transition by promoting hyaluronan-
CD44-moesin interaction. J Biol Chem. 2010;285(6):
4060-73. https://doi.org/10.1074/jbc.M109.056523

Teicher BA. TGFbeta-Directed Therapeutics: 2020.
Pharmacol Ther. 2021;217:107666.
https://doi.org/10.1016/j.pharmthera.2020.107666

Tojo M, Hamashima Y, Hanyu A, Kajimoto T, Saitoh
M, Miyazono K, et al. The ALK-5 inhibitor A-83-01
inhibits Smad signaling and epithelial-to-mesenchymal
transition by transforming growth factor-beta. Cancer
Sci. 2005;96(11):791-800.
https://doi.org/10.1111/j.1349-7006.2005.00103.x

Tolcher AW, Berlin JD, Cosaert J, Kauh J, Chan E,
Piha-Paul SA, et al. A phase 1 study of anti-TGFbeta
receptor type-II monoclonal antibody LY3022859 in
patients with advanced solid tumors. Cancer
Chemother Pharmacol. 2017;79(4):673-80.
https://doi.org/10.1007/s00280-017-3245-5

Tu WZ, Fu YB, Xie X. RepSox, a small molecule in-
hibitor of the TGFbeta receptor, induces brown adipo-
genesis and browning of white adipocytes. Acta Phar-
macol Sin. 2019;40(12):1523-31.
https://doi.org/10.1038/s41401-019-0264-2

Tzavlaki K, Moustakas A. TGF- Signaling. Biomole-
cules. 2020;10(3):487.

Wang L, Tian Y, Shang Z, Zhang B, Hua X, Yuan X.
Metformin attenuates the epithelial-mesenchymal tran-
sition of lens epithelial cells through the AMPK/TGF-
beta/Smad2/3 signalling pathway. Exp Eye Res. 2021;
212:108763.
https://doi.org/10.1016/j.exer.2021.108763

Wang SX, Feng YN, Feng S, Wu JM, Zhang M, Xu
WL, et al. IMM-HO007 attenuates isoprenaline-induced
cardiac fibrosis through targeting TGFbetal signaling
pathway. Acta Pharmacol Sin. 2022;43(10):2542-9.
https://doi.org/10.1038/s41401-022-00899-2

585



EXCLI Journal 2026,25:550-586 — ISSN 1611-2156

Received: March 01, 2026, accepted: April 06, 2026, published: April 28, 2026

Wells AL, Lin AW, Chen L-Q, Safer D, Cain SM, Has-
son T, et al. Myosin VI is an actin-based motor that
moves backwards. Nature. 1999;401(6752):505-38.

Welsh BT, Faucette R, Bilic S, Martin CJ, Schurpf T,
Chen D, et al. Nonclinical Development of SRK-181:
An Anti-Latent TGFbetal Monoclonal Antibody for
the Treatment of Locally Advanced or Metastatic Solid
Tumors. Int J Toxicol. 2021;40(3):226—41.
https://doi.org/10.1177/1091581821998945

Wickert L, Abiaka M, Bolkenius U, Gressner AM.
Corticosteroids stimulate selectively transforming
growth factor (TGF)-beta receptor type Il expression
in transdifferentiating hepatic stellate cells. J Hepatol.
2004;40(1):69-76.
https://doi.org/10.1016/j.jhep.2003.09.026

Wiercinska E, Naber HP, Pardali E, van der Pluijm G,
van Dam H, ten Dijke P. The TGF-beta/Smad pathway
induces breast cancer cell invasion through the up-reg-
ulation of matrix metalloproteinase 2 and 9 in a sphe-
roid invasion model system. Breast Cancer Res Treat.
2011;128(3):657—66. https://doi.org/10.1007/s10549-
010-1147-x

Wu N, Lian G, Sheng J, Wu D, Yu X, Lan H, et al.
Discovery of a novel selective water-soluble SMAD3
inhibitor as an antitumor agent. Bioorg Med Chem
Lett. 2020;30(17):127396.
https://doi.org/10.1016/j.bmcl.2020.127396

Xiao H, Zhang J, Xu Z, Feng Y, Zhang M, Liu J, et al.
Metformin is a novel suppressor for transforming
growth factor (TGF)-betal. Sci Rep. 2016;6:28597.
https://doi.org/10.1038/srep28597

Xue J, Li S. Inhibition of Galectin-1 attenuates lung fi-
broblast activation and proliferation in lung fibrosis.
Cell Mol Biol (Noisy-le-grand). 2023;69(11):213-8.
https://doi.org/10.14715/cmb/2023.69.11.32

Yamamoto K, Scilabra SD, Bonelli S, Jensen A, Scav-
enius C, Enghild JJ, et al. Novel insights into the mul-
tifaceted and tissue-specific roles of the endocytic re-
ceptor LRP1. J Biol Chem. 2024;300(8):107521.
https://doi.org/10.1016/j.jbc.2024.107521

Yang L, Huang J, Ren X, Gorska AE, Chytil A, Aakre
M, et al. Abrogation of TGF beta signaling in mam-
mary carcinomas recruits Gr-1+CD11b+ myeloid cells
that promote metastasis. Cancer Cell. 2008;13(1):23—
35. https://doi.org/10.1016/j.ccr.2007.12.004

Yap TA, Vieito M, Baldini C, Sepulveda-Sanchez JM,
Kondo S, Simonelli M, et al. First-In-Human Phase I
Study of a Next-Generation, Oral, TGFbeta Receptor 1
Inhibitor, LY3200882, in Patients with Advanced Can-
cer. Clin Cancer Res. 2021;27(24):6666-76.
https://doi.org/10.1158/1078-0432.CCR-21-1504

Yap TA, Choudhury AD, Hamilton E, Rosen LS, Strat-
ton KL, Gordon MS, et al. PF-06952229, a selective
TGF-beta-R1 inhibitor: preclinical development and a
first-in-human, phase I, dose-escalation study in ad-
vanced solid tumors. ESMO Open. 2024;9(9):103653.
https://doi.org/10.1016/j.esmoop.2024.103653

Yap TA, Sweis RF, Vaishampayan U, Kilari D, Gainor
JF, McKean M, et al. Linavonkibart and pembroli-
zumab in immune checkpoint blockade-resistant ad-
vanced solid tumors: a phase 1 trial. Nat Med. 2026;
32:992-1001.  https://doi.org/10.1038/s41591-025-
04157-w

Yarahmadi S, Sotoudeheian M, Farahmandian N, Mo-
hammadi Y, Koushki M, Babaeenezhad E, et al. Effect
of resveratrol on key signaling pathways including
SIRT1/AMPK/Smad3/TGF-beta and miRNA-141 re-
lated to NAFLD in an animal model. Res Pharm Sci.
2025;20(3):434-44.

https://doi.org/10.4103/RPS.RPS 220 24

Yin JJ, Selander K, Chirgwin JM, Dallas M, Grubbs
BG, Wieser R, et al. TGF-beta signaling blockade in-
hibits PTHrP secretion by breast cancer cells and bone
metastases development. J Clin Invest. 1999;103(2):
197-206. https://doi.org/10.1172/JC13523

Yoshida J, Ishikawa T, Endo Y, Matsumura S, Ota T,
Mizushima K, et al. Metformin inhibits TGF-betal-in-
duced epithelial-mesenchymal transition and liver me-
tastasis of pancreatic cancer cells. Oncol Rep. 2020;
44(1):371-81. https://doi.org/10.3892/0r.2020.7595

Zeng Q, Liao ML, Luo YY, Li S, You G, Huang CM,
et al. Lathyrol Exerts Anti-Pulmonary Fibrosis Effects
by Activating PPARgamma to Inhibit the TGF-
beta/Smad Pathway. Int J Mol Sci. 2025;27(1).
https://doi.org/10.3390/ijms27010387

Zimmer N, Trzeciak ER, Graefen B, Satoh K, Tuetten-
berg A. GARP as a Therapeutic Target for the Modu-
lation of Regulatory T Cells in Cancer and Autoim-
munity. Front Immunol. 2022;13:928450.
https://doi.org/10.3389/fimmu.2022.928450

Zou J, Li C, Jiang S, Luo L, Yan X, Huang D, et al.
AMPK inhibits Smad3-mediated autoinduction of
TGF-betal in gastric cancer cells. J Cell Mol Med.
2021;25(6):2806-15.
https://doi.org/10.1111/jcmm.16308

Zuo W, Huang F, Chiang YJ, Li M, Du J, Ding Y, et
al. c-Cbl-mediated neddylation antagonizes ubiquitina-
tion and degradation of the TGF- type II receptor.
Molecular cell. 2013;49(3):499-510.

586



