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Preface

The relentless progression and dissemination of cancer remain central challenges in oncology.

This Special Issue of Cancers is dedicated to exploring the fundamental biological underpinnings of

these processes, with a focus on the complex interplay between molecular alterations and the dynamic

tumor microenvironment that collectively drives malignancy.

Our motivation stems from the critical need to integrate knowledge across scales—from

genetic and epigenetic instability to tissue-level interactions—to develop more effective diagnostic

and therapeutic strategies. This issue emphasizes the elucidation of core mechanisms such as

dysregulated signaling pathways, epithelial-to-mesenchymal transition (EMT), and the supportive

role of stromal components. Understanding how intrinsic cellular changes and extrinsic

environmental factors converge to promote invasion, survival at distant sites, and therapy resistance

is paramount.

Our goal was to provide a platform for disseminating high-quality research and comprehensive

reviews that advance this understanding. By bridging disciplines including molecular biology,

genetics, immunology, and clinical oncology, we aim to foster multidisciplinary perspectives.

We hope that combining deep mechanistic insight with translational relevance will stimulate

new directions in metastasis research and the development of targeted interventions, ultimately

contributing to the ongoing battle against cancer’s adaptive and aggressive nature.

Babak Behnam and Hassan Fazilaty

Guest Editors
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Editorial

Synthesizing Molecular Insights to Redefine the Battle Against
Metastatic Cancer

Babak Behnam 1,2

1 Biology Department, College of Art and Sciences, American University, Washington, DC 20016, USA;
bbehnam@american.edu or babak.behnam@gmail.com

2 Floret Advanced Genomics & Bioinformatics Research Center, Lagos 100271, Nigeria

1. Introduction: The Frontier of Metastatic Biology

Metastasis represents the most formidable challenge in clinical oncology, accounting
for over 90% of cancer-related deaths. This grim statistic underscores a persistent therapeu-
tic gap: while we have made substantial progress in managing primary tumors, our ability
to prevent or cure disseminated disease remains profoundly limited. This failure stems
not from a lack of effort but from the extraordinary biological complexity of the metastatic
cascade, a multi-step process involving dynamic cellular plasticity, adaptive survival mech-
anisms, and sophisticated hijacking of host systems. This Special Issue of Cancers directly
addresses this complexity, assembling a series of investigations that dissect metastasis from
the level of single molecules to systemic pathophysiology. The studies presented extend
beyond the classical linear model of progression and toward an integrated understanding
of metastasis as a systemic, evolutionarily adaptive disease. This Editorial synthesizes
these insights, arguing that the path to transformative clinical breakthroughs lies in con-
necting these diverse molecular discoveries to create a new paradigm for interception and
combination therapy.

This Special Issue transforms a segmented view of metastasis into an integrated
model. The story is no longer solely about a cancer cell activating a single pathway to
migrate. Instead, it is about a cell that dynamically rewires its signaling (AKT2, TCF12)
(Contribution 4), remodels its own architecture and waste systems (vesicular traffick-
ing) (Contribution 7), manipulates its energy sources and surroundings (TSGA10, FMD)
(Contributions 6), and masterfully deceives the immune system (MACC1, T-cell duality)
(Contribution 10) to complete its lethal journey.

The most promising future lies at the intersection of these layers. Could targeting
endosomal trafficking impair the secretion of immune-suppressive signals like PD-L1?
Might metabolic therapies that enhance TSGA10 function simultaneously starve a tumor
and expose it to immune attack (Contribution 9)? Emerging paradigms, such as ghost
mitochondria, serve as a crucial reminder that metastasis may be fueled by biological
processes that we are only just beginning to describe.

2. An Integrated Overview: From Cellular Hijacking to
Systemic Dysregulation

The contributions collectively reveal metastasis not as a single pathway but as a con-
stellation of interconnected biological capabilities, each presenting unique vulnerabilities.
The emerging portrait is of a cell that is metabolically agile, immunologically elusive, and
capable of extraordinary phenotypic adaptation.

Cancers 2026, 18, 199 https://doi.org/10.3390/cancers18020199
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2.1. Mastery of Cellular Plasticity and Signaling Networks

At its core, metastasis is an exercise in cellular reprogramming. The epithelial-to-
mesenchymal transition (EMT) remains a cornerstone of this plasticity, conferring invasive
properties and therapy resistance. However, current research reveals EMT as a dynamic
spectrum rather than a binary switch, regulated by intricate post-transcriptional and post-
translational networks. The control of key EMT transcription factors like ZEB1 by ubiquitin
ligases exemplifies how protein stability mechanisms are recruited to drive phenotypic
fluidity (Contribution 2) [1]. Beyond EMT, new dimensions of plasticity have emerged,
including the formation of polyploid giant cancer cells (PGCCs) (Contribution 8), stress-
resistant entities that can spawn aggressive, genetically variant progeny through a primitive,
depolyploidization cycle, contributing to tumor heterogeneity and relapse [2].

This plasticity is fueled by the precise rewiring of canonical signaling pathways. The
PI3K-AKT-mTOR axis, a central regulator of growth and survival, demonstrates isoform-
specific functionality in metastasis. For instance, AKT2, but not AKT1, has been shown
to be specifically required for the metastatic dissemination of BRAF-mutant melanoma,
where it regulates a distinct gene signature linked to glycolysis and invasion (Contributions
4 & 5) [3]. This underscores a critical theme: effective therapeutic targeting may require
moving beyond pan-pathway inhibition toward disrupting specific molecular subroutines
commandeered for dissemination. Furthermore, metastasis involves the creation of self-
sustaining signaling loops. For example, the transcription factor TCF12 can directly activate
the expression of TGF-β2, creating an autocrine/paracrine circuit that sustains both EMT
and the immunosuppressive tumor microenvironment, thereby linking developmental
pathways directly to metastatic progression (Contribution 5) [4].

2.2. Metabolic Reprogramming and Ecosystem Engineering

To survive the metabolically challenging journey from the primary site to a distant
organ, disseminating tumor cells (DTCs) undergo profound metabolic reprogramming.
This is not a passive response but an active, instructional program that enables every
step of the metastatic cascade. A key orchestrator is the hypoxia-inducible factor (HIF)
family, which drives a shift toward glycolysis (the Warburg effect) even in the presence
of oxygen, while also promoting angiogenesis and invasion [5]. This metabolic shift
generates biosynthetic precursors and manages oxidative stress, allowing cells to thrive in
adverse conditions.

However, this metabolic addiction also presents a profound therapeutic vulnerability.
Strategies like caloric restriction mimetics and fasting-mimicking diets (FMDs) exploit this
by inducing a severe, selective metabolic stress on cancer cells while protecting normal
tissues (Contribution 3). Crucially, as highlighted in this Special Issue, such interventions
can synergize powerfully with chemotherapy by inhibiting pro-survival autophagy and,
more importantly, by potentiating anti-tumor immunity through mechanisms involving
T-cell-dependent clearance [6]. This demonstrates a fundamental principle: the intrinsic
metabolism of the tumor cell, systemic host metabolism, and the immune response are
inextricably linked nodes in the metastatic network.

A particularly fascinating frontier is the role of intercellular metabolic hijacking.
Emerging evidence points to the direct transfer of organelles, most notably mitochondria,
between cells in the tumor microenvironment. Cancer cells can use tunneling nanotubes
(TNTs) to “steal” functional mitochondria from neighboring stromal cells, thereby replen-
ishing their bioenergetic capacity and enhancing their metastatic fitness [7]. Conversely,
they may donate dysfunctional mitochondria to immune cells, such as cytotoxic T lym-
phocytes, to impair their anti-tumor function (Contribution 11), a remarkable example of
cellular piracy that blurs the line between metabolic and immune evasion strategies [8].

https://doi.org/10.3390/cancers180201992
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This strategic co-option of host resources underscores a broader repertoire of emergent,
non-genetic paradigms that enable metastasis. As summarized in Table 1, these advanced
adaptations; ranging from organelle hijacking and the formation of polyploid giant cancer
cells to the sculpting of alternative vascular networks (Contribution 8), represent funda-
mental shifts in our understanding of tumor biology. Critically, each paradigm reveals a
distinct therapeutic vulnerability. Moving from mechanistic insight to clinical translation
requires a focused effort to develop agents that can disrupt these specific processes, such as
inhibiting tunneling nanotube formation to block mitochondrial trafficking or targeting
the unique metabolic dependencies of polyploid cells. Thus, the table not only catalogs
these emerging frontiers but also maps them directly to potential intervention strategies,
highlighting a roadmap for the next generation of anti-metastatic therapeutics.

Table 1. Emerging metastatic paradigms and their therapeutic implications.

Paradigm Core Mechanism Potential Therapeutic Strategy

Mitochondrial
Hijacking

Transfer of functional mitochondria
to cancer cells via tunneling

nanotubes (TNTs) to boost fitness.

Inhibiting TNT formation (e.g., via
M-Sec inhibition); blocking

mitochondrial uptake.

Immune Cell
Sabotage

Donation of dysfunctional
mitochondria from cancer cells to T

cells to impair effector function.

Enhancing mitochondrial quality
control in T cells; metabolic support

for immunotherapy.

Polyploid Giant
Cancer Cells

(PGCCs)

Stress-induced polyploidization
leading to depolyploidization and
generation of aggressive, resistant

progeny.

Targeting the depolyploidization
process (e.g., Aurora kinases);

exploiting vulnerabilities of PGCCs
(e.g., autophagy dependence).

Vasculogenic
Mimicry

Formation of perfusable,
matrix-rich channels by tumor cells,
independent of endothelial cells, to

support perfusion.

Disrupting tumor cell plasticity
programs or targeting key matrix

modifiers (e.g., LOXL2).

Metabolic-
Epigenetic
Coupling

Oncometabolites (e.g., 2-HG,
fumarate) directly inhibiting or

activating epigenetic enzymes to
lock in pro-metastatic gene

expression.

Targeting mutant metabolic
enzymes (IDH1/2 inhibitors); using

epigenetic drugs to reverse
dysregulated gene programs.

2.3. Subversion of the Immune System and Systemic Niches

Metastasis is unequivocally a systemic disease. The primary tumor does not merely
shed passive cells into circulation; it actively manipulates the entire host to create a receptive
environment for its progeny. A cornerstone of this manipulation is the formation of the
pre-metastatic niche (PMN). Through secreted factors (like VEGF, TGF-β, and PTHrP) and
extracellular vesicles (exosomes), the primary tumor “educates” distant organs, such as the
lungs, liver, or bone marrow [9]. This education involves recruiting bone marrow-derived
cells (e.g., myeloid-derived suppressor cells or MDSCs), remodeling the extracellular matrix,
and increasing vascular permeability, all to create a supportive landing pad for circulating
tumor cells.

Central to both PMN formation and the survival of established metastases is im-
munosuppression. Metastatic cells evade immune destruction through a multi-layered
strategy: upregulating immune checkpoint ligands (e.g., PD-L1), secreting factors that
recruit regulatory T cells (Tregs) and MDSCs, and expressing non-classical MHC molecules.
Molecules like MACC1 have been identified as central hubs in this process, driving invasive
growth while simultaneously upregulating PD-L1 and other immunosuppressive factors,
thereby directly linking the mechanisms of motility and immune escape (Contribution
10) [10]. The immune landscape itself exhibits a critical duality, as seen in the context

https://doi.org/10.3390/cancers180201993
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of breast cancer, where T lymphocytes can be polarized toward pro-tumorigenic (Th2,
Treg) or anti-tumorigenic (Th1, cytotoxic CD8+) phenotypes, with the balance dramatically
influencing metastatic outcomes (Contribution 11) [11].

2.4. The Logistical Machinery of Spread

Beneath these high-order programs lies the critical, often overlooked, logistics of
dissemination. The endosomal–lysosomal vesicular trafficking system emerges as a master
regulator of the metastatic cascade (Contribution 7). Motor proteins like dynein and ki-
nesins do not merely transport cargo; they direct the polarized delivery of integrins, matrix
metalloproteinases (MMPs), and growth factor receptors to the leading edge of invading
cells [12]. Furthermore, this machinery is essential for the secretion of exosomes, which
act as long-range messengers to prepare pre-metastatic niches. By delivering oncogenic
proteins, lipids, and nucleic acids (like miRNAs and circRNAs), tumor-derived exosomes
can reprogram recipient cells in distant organs to support future colonization [13]. Tar-
geting this logistical hub, for instance via inhibiting specific motor proteins or disrupting
exosome biogenesis, represents a promising strategy to cripple both local invasion and
systemic communication.

3. Conclusions: Charting a Path Toward Interceptive and
Integrative Therapeutics

The collective narrative emerging from this Special Issue is one of convergence. Metas-
tasis is no longer seen through the narrow lens of a single “driver” mutation or pathway
but is understood as the integrated output of appointed plasticity, metabolism, and im-
mune evasion programs, all orchestrated by a cell with remarkable adaptive intelligence.
This refined understanding dismantles the old paradigm of treating metastasis as a late-
stage complication and replaces it with an urgent imperative for early interception and
systemic disruption.

The future of anti-metastatic therapy therefore lies in rational, mechanism-based
combinations that attack the process on multiple fronts simultaneously (Contribution 1).
The insights herein suggest several strategic pillars for this new therapeutic architecture:pt

(A) Therapies Targeting Adaptive States—Combating plasticity requires agents that can
lock cells into a more vulnerable, differentiated state or eliminate plastic subpop-
ulations (e.g., PGCCs, EMT hybrid cells). This may involve targeting epigenetic
readers/writers, key transcription factor complexes, or stress-survival pathways like
autophagy that permit transitions between states.

(B) Metabolic Warfare—Exploiting the metabolic dependencies of metastatic cells, es-
pecially during the vulnerable phases of dissemination and colonization, involves
combining dietary interventions (e.g., FMD) with drugs that target oxidative phos-
phorylation, glutamine metabolism, or lipid synthesis. A key frontier disrupts the
metabolic crosstalk between tumor cells and stromal cells in the niche.

(C) Disruption of Systemic Communication—Neutralizing the tools tumors use to engineer
their own spread is a viable prophylactic strategy. This could involve inhibitors of
exosome secretion, neutralization of key niche-educating factors (e.g., LOXL2, MFGE8),
or blockers of tunneling nanotube formation to prevent mitochondrial hijacking.

(D) Immunotherapy 2.0 [14] via Re-educating the Ecosystem—Emphasizes combining
modalities actively reprogram the metastatic microenvironment rather than relying on
checkpoint blockade alone. This includes agents that deplete or reprogram MDSCs and
TAMs, vaccines targeting metastasis-associated antigens, and adoptive cell therapies
engineered to overcome metabolic suppression in the niche.

https://doi.org/10.3390/cancers180201994
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(E) Advanced Biomarkers for Interception—To deploy these strategies effectively, we
must detect the systemic process of metastasis earlier. The future lies in “liquid
biopsy” 2.0 [15], extending beyond simple mutation detection in ctDNA to analyzing
the phenotype of circulating tumor cells (CTCs), the cargo of exosomes, and immune
cell profiles to assess the real-time activity of the metastatic cascade and the state of
the pre-metastatic niche.

In conclusion, this Special Issue provides essential molecular and conceptual infor-
mation for assembling a new, more effective war against metastatic cancer. By integrating
the principles of cellular piracy, metabolic symbiosis, and ecological manipulation, we are
building a unified theory of metastasis that is both more complex and more target-rich than
ever before. The challenge is no longer purely biological; it is an engineering challenge
of designing intelligent, timed, and layered therapeutic combinations. By embracing this
integrative and interceptive paradigm, we can transform the clinical trajectory of metastatic
disease from one of inevitable progression to one of durable control and prevention. This is
the decisive frontier in oncology, and this Special Issue’s research paves the way forward.

To translate this knowledge into clinical progress, the field must embrace combinatorial
strategies. The future of anti-metastatic therapy likely rests on rational drug combinations
that concurrently target a cancer cell’s intrinsic drive to disseminate and its extrinsic ability
to hide and thrive. The articles in this Special Issue provide a robust scientific foundation
for building these strategies. By continuing to dissect the molecular mechanisms with the
depth and breadth showcased here, we move closer to the ultimate goal: transforming
metastasis from a terminal event into a controllable process.

Conflicts of Interest: The author declare no conflict of interest.
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Simple Summary: Melanoma is the deadliest form of skin cancer, with the BRAF(V600E) mutation
being the most prevalent driver mutation. Despite targeted therapies against BRAF(V600E) mutation
and immune checkpoint-blocking antibodies providing treatment options for patients, the heteroge-
neous nature of melanoma significantly limits treatment efficacy. Understanding diverse regulatory
mechanisms in melanoma will shed light on improving the current treatment modalities. In this study,
we explored the function of a novel transcriptional activator, TCF12, in melanoma progression. We
found that the expression level of TCF12 is elevated as melanoma progresses, and high expression is
strongly associated with poor survival outcomes in melanoma patients. Functionally, TCF12 enhances
melanoma proliferation and metastasis, as well as the sensitivity to BRAF(V600E)-targeted therapy.
Mechanistically, TGFB2 is the direct transcriptional target of TCF12, mediating its pro-tumorigenic
effects. Collectively, our study supported the oncogenic functions of TCF12 in melanoma, revealing it
as a potential target to improve the efficacy of BRAF(V600E)-targeted therapy.

Abstract: As one of the most common malignant tumors, melanoma is a serious threat to human
health. More than half of melanoma patients have a BRAF mutation, and 90% of them have a
BRAF(V600E) mutation. There is a targeted therapy for patients using a BRAF(V600E) inhibitor.
However, no response to treatment is generally inevitable due to the heterogeneity of melanoma.
Coupled with its high metastatic character, melanoma ultimately leads to poor overall survival.
This study aimed to explore the possible mechanisms of melanoma metastasis and identify a more
effective method for the treatment of melanoma. In this paper, we report that TCF12 expression is
higher in melanoma, especially in metastatic tumors, through analyzing data from TCGA. Then, cell
proliferation, colony formation, and transwell assays show that the upregulated expression of TCF12
can promote proliferation and metastasis of melanoma cells in vitro. The same result is confirmed
in the subcutaneous tumor formation assay. Moreover, TGFB2 is identified as a direct downstream
target of TCF12 by RNA-seq, qPCR, immunoblotting, ChIP, and a dual luciferase reporting assay.
Interestingly, depletion of TCF12 can sensitize melanoma to BRAF inhibition both in vitro and in vivo.
Overall, our results demonstrate that TCF12 promotes melanoma progression and can be a potential
tumor therapeutic target.

Keywords: melanoma; TCF12; RNA-seq; TGFB2; BRAF(V600E)

1. Introduction

Melanoma is a malignant tumor that originates from normal epidermal melanocytes or
pre-existing nevus cells [1]. The global incidence of melanoma has been steadily increasing
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in recent years, posing a significant health challenge [2]. Unfortunately, a major concern
is the late-stage diagnosis of most patients, when invasion and metastasis have already
occurred, leading to higher mortality rates [3]. The landscape of malignant melanoma
treatment has witnessed a transformative shift with the emergence of targeted therapies
directed against BRAF(V600E) mutation and immune checkpoint-blocking antibodies [4–6].
These groundbreaking advancements have substantially improved survival rates among
patients with advanced-stage disease. Nevertheless, treatment responses remain heteroge-
neous [7,8]. A comprehensive understanding of the underlying mechanisms contributing
to the heightened risk of recurrence holds tremendous potential for enhancing clinical
management and optimizing patient outcomes through tailored surveillance and adjuvant
treatment strategies.

BRAF(V600E) is the most prevalent mutation in melanoma, regulating tumor growth,
invasion, and metastasis [9]. Among the diverse downstream pathways of BRAF(V600E),
transcriptional regulation presents an essential one [10]. For example, BRAF(V600E) is
known to directly enhance the stability and activity of microphthalmia-associated transcrip-
tion factor (MITF), the master regulator of melanocyte development and differentiation,
leading to increased cell proliferation, survival, and resistance to therapies [11,12]. Addi-
tionally, we have previously reported that BRAF(V600E) negatively regulates the expression
and activity of the transcriptional coactivator PGC1α (peroxisome proliferator-activated
receptor gamma coactivator 1-alpha), fine-tuning melanoma metabolism and transcrip-
tional programs to balance tumor growth and metastatic spreading [13,14]. However, it
is still not fully understood whether other novel transcriptional factors and programs act
downstream of BRAF(V600E) in the regulation of melanoma progression.

Transcription factor 12 (TCF12), also known as HTF4 or HEB, is a member of the
helix-loop-helix (HLH) protein family. It plays a crucial role in cell development and
differentiation across various tissues, including skeletal muscle, neurons, mesenchymal
tissues, and lymphocytes [15–18]. TCF12 can form homodimers or heterodimers with other
members of the HLH family to activate gene expression [19]. Recent studies have high-
lighted the contributions of TCF12 to the progression of different tumor types, including
colorectal, pancreatic, liver, and ovarian cancers [20–23]. Additionally, TCF12 expression
has also been found to be associated with advanced tumor stages and poor prognosis in
breast and lung cancers [24,25]. Interestingly, our early studies suggested that TCF12 may
be a functional partner of PGC1α, likely playing a role in melanoma metastasis [13,14].
However, whether TCF12 regulates melanoma progression and, if yes, by what mechanism,
remain elusive to date.

In this study, we explored the functional involvement and molecular mechanisms of
TCF12 in melanoma. We found that the expression level of TCF12 is elevated as melanoma
progresses, and high expression is strongly associated with poor survival outcomes in
melanoma patients. Functionally, we found that TCF12 can enhance melanoma proliferation
and metastasis, as well as sensitivity to BRAF(V600E)-targeted therapy. Mechanistically, we
identified TGFB2 as a direct transcriptional target of TCF12, mediating its pro-tumorigenic
effects. Collectively, our study supported the oncogenic functions of TCF12 in melanoma,
revealing it as a potential target to improve the efficacy of BRAF(V600E)-targeted therapy.

2. Materials and Methods

2.1. Cell Lines and Cell Culture

The human melanoma cell line A375 and murine melanoma cell line YUMM1.7 uti-
lized in this study were purchased from the American Type Culture Collection (ATCC).
The human kidney cell line HEK293T was purchased from the Cell Bank of the Chinese
Academy of Sciences. The cells were regularly tested for mycoplasma contamination
using the MycoAlert Mycoplasma Detection Kit (Lonza, Basel, Switzerland) and veri-
fied by morphological observation. Cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM, 11965084, Gibco, Billings, MT, USA) supplemented with 10% fetal bovine
serum (FBS, 10099141, Gibco, Billings, MT, USA), 100 U/mL penicillin, and 100 mg/mL
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streptomycin (15140122, Gibco, Billings, MT, USA). They were kept at 37 ◦C in a humidi-
fied incubator containing 5% CO2. The medium was replaced every 2–3 days, and upon
attaining 80–90% confluency, the cells underwent subculturing.

2.2. Reagents and Antibodies

The following primary antibodies were used for immunoblotting: TCF12/HEB (D2C10)
rabbit mAb (Cell Signaling Technology, Danvers, MA, USA, dilution: 1:1000), TGFB2 rabbit
pAb (A3640) (ABclonal, Woburn, MA, USA, dilution: 1:500), alpha tubulin monoclonal
antibody (1E4C11)-HRP (Proteintech, Rosemont, IL, USA, dilution: 1:3000), and beta actin
monoclonal antibody (7D2C10)-HRP (Proteintech, dilution: 1:3000). The following primary
antibodies were used for immunohistochemical (IHC) staining: TCF12/HEB antibody
(14419-1-AP) (Proteintech, dilution: 1:100), TGFB2 rabbit pAb (A3640) (ABclonal, dilution:
1:50), and anti-Ki-67 rabbit pAb (ab15580) (Abcam, dilution: 1:400). The following primary
antibodies were used for immunoprecipitation: TCF12/HEB (D2C10), rabbit mAb (Cell
Signaling Technology, 2 μL), and rabbit control IgG (AC005) (ABclonal, 2 μL).

The BRAF(V600E) inhibitor PLX4032 (#S1267) was purchased from Selleck Chemi-
cals (Houston, TX, USA). The MEK inhibitor trametinib (#SD5973) was purchased from
Beyotime (Shanghai, China). MG132 (ab141003) was purchased from Abcam (Cambridge,
United Kingdom). Melanoma tissue microarray (DC-Mel21020) was purchased from
Shaanxi Avila Biotechnology (Shaanxi, China).

2.3. RNA Interference

For TCF12 knockdown experiments, short hairpin RNA (shRNA) oligonucleotides
were cloned into the lentiviral vector pLKO.1. Lentiviruses were produced in HEK293T cells
by co-transfection with packaging vectors pMD2G and psPAX2 using Lipofectamine 3000
(L30000015, Invitrogen, Waltham, MA, USA) according to the manufacturer’s instructions.
Lentivirus-containing supernatants were collected 48 h after transfection, filtered through a
0.45 μm filter, and used to infect A375 and YUMM1.7 melanoma cells. Polybrene (8 μg/mL)
was added to enhance infection efficiency. Infected cells were selected with 2 μg/mL of
puromycin for at least 4 days before subsequent experiments. The shRNA clones target-
ing TCF12 were as follows: shTCF12-1: 5′-CCATCCCATAATGCACCAATT-3′; shTCF12-
2: 5′-GCTGTGATTATGGTGAACATA-3′; shTcf12-1: 5′-TGTATGTCACTGTGGCTAGT-3′;
shTcf12-2: 5′-CAGTCTTGATTTCTGTTGGAAC-3′. siTgfb2-1: 5′-GACCCUACUUCAGAAU
CGUTT-3′; siTgfb2-2: 5′-GAGGGAUCUUGGAUGGAAATT-3′.

2.4. Cell Proliferation and Colony Formation Assays

To evaluate cell proliferation, A375 and YUMM1.7 cells were seeded in 6-well plates
at a density of 5 × 103 cells per well in triplicate. The cell number was counted at the
indicated time points using a hemocytometer. For drug treatment experiments, cells were
exposed to either DMSO (vehicle control) or PLX4032 the day after seeding, followed by
cell counting at the indicated time points.

To assess the clonogenic potential of cells, A375 and YUMM1.7 cells were seeded
in 6-well plates at a density of 1 × 102 cells per well in triplicate. After two weeks of
incubation, colonies were fixed with 100% ethanol for 10 min and stained with a 0.5%
crystal violet solution in 25% methanol for 20 min. Excess stain was washed with water,
and the plates were air-dried before counting the colonies.

2.5. Migration and Invasion Assays

Cell migration was assessed using transwell chambers with an 8 μm pore size (Corning
Life Science). YUMM1.7 EV/Tcf12 (1 × 104), YUMM1.7 shScr/shTcf12 (2 × 104), A375
EV/TCF12 (2 × 104), or A375 shScr/shTCF12 (3 × 104) cells were suspended in 0.1 mL
of FBS-free medium and seeded into the upper chamber. The lower chamber was filled
with a medium containing 10% FBS as a chemoattractant. Cells were incubated at 37 ◦C
in a humidified incubator containing 5% CO2. After incubation, non-migrated cells in
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the upper chamber were gently removed with a cotton swab. Migrated cells attached to
the lower surface of the membrane were fixed with 4% paraformaldehyde for 20 min and
stained with a 0.5% crystal violet solution in 25% methanol for 20 min. The membrane
was then rinsed with water, air-dried, and mounted onto a glass slide. Cells from three
random fields were imaged under 10× or 20× magnification using a Nikon Ti-s inverted
microscope, and the total number of migrated cells was quantified.

For the invasion assay, the upper chamber was coated with Matrigel (Corning) before
seeding the cells. The subsequent steps were the same as the migration assay. Cells that
had invaded through the Matrigel-coated membrane were fixed, stained, and quantified as
described above.

2.6. Immunoblotting

A375 and YUMM1.7 cells underwent lysis in RIPA buffer (50 mM Tris-HCl pH 7.4,
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, protease and phosphatase
inhibitors). Whole-cell extracts were harvested, and protein concentration was determined
using the BCA Protein Assay Kit (P0010, Beyotime).

Subsequently, equal amounts of protein were separated through sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electro-transferred nitrocellu-
lose or polyvinylidene fluoride (PVDF) membranes. To prevent nonspecific binding, the
membranes were incubated in a blocking solution of 5% non-fat dry milk or bovine serum
albumin (BSA) in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 h at room tempera-
ture. Following this, the membranes were incubated in a blocking solution containing the
appropriate primary antibodies overnight at 4 ◦C.

After washing with TBST three times, the membranes were incubated in a blocking
solution containing secondary antibodies conjugated by horseradish peroxidase (HRP) for
1 h at room temperature. The protein levels were visualized using an enhanced chemilu-
minescence (ECL) kit (Bio-Rad, Hercules, CA, USA), and images were captured using a
chemiluminescence imaging system.

2.7. Quantitative Real-Time PCR

Total RNA was isolated from cells using the TRIzol reagent (Life Technologies, Carls-
bad, CA, USA) according to the manufacturer’s instructions. A total of 2 μg of RNA was
reverse transcribed into complementary DNA (cDNA) using the M-MLV reverse transcrip-
tase (Takara, Kusatsu, Japan) and random primers. The cDNA was used as a template for
real-time PCR analysis, which was carried out using SYBR Green PCR Master Mix (Takara)
on a real-time PCR system. Experimental Ct values were normalized to the housekeeping
genes, and relative mRNA expression was calculated using the 2−ΔΔCT method. Each
sample was analyzed in triplicate, and the mean Ct value was used for calculations. The
primer sequences used for RT-qPCR are shown in Table S1.

2.8. Immunohistochemical (IHC) Staining

The tissue samples were prepared by fixing them in 10% buffered formalin for an
overnight period, followed by preservation in 70% ethanol prior to being embedded in
paraffin. They were then sectioned and stained with hematoxylin and eosin (H&E). The
resulting paraffin sections (4 μm in thickness) were subjected to deparaffinization in xylene
and sequentially rehydrated using a descending concentration of ethanol. For optimal
antigen exposure, these sections were immersed in 0.1 M citrate buffer (pH 6.0) and brought
to a boil either via microwave or water bath. Once cooling to room temperature, the sections
underwent washing with phosphate-buffered saline (PBS). Endogenous peroxidase activity
was neutralized using 3% hydrogen peroxide. To block non-specific interactions, sections
were treated with 10% normal goat serum for 30 min at room temperature. The sections
were then incubated with indicated antibodies at 4 ◦C overnight. After PBS washing,
the sections were incubated with biotinylated secondary antibodies. This was followed
by an incubation with streptavidin-horseradish peroxidase (HRP) conjugate using the
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mouse/rabbit two-step assay kit (Mouse/Rabbit Polymer Assay Detection System, ZSGB-
Bio, Beijing, China). The immunoreactivity was visualized using 3,3′-diaminobenzidine
(DAB) as the chromogen, and the sections were counterstained with hematoxylin. All tissue
slides were photographed using a Leica DM2000 upright microscope. The immunostaining
was scored based on the positive percentage and staining intensity of positively staining
cells by a pathologist blinded to the experimental conditions.

2.9. Animal Experiments

All animal experiments were designed and conducted following the protocol ap-
proved by the Medical Experimental Animal Care Commission of Zhejiang University
(#ZJU20220217). Six- to eight-week-old male C57BL/6 mice (purchased from Shanghai
Slack Laboratory Animal Co., Ltd., Shanghai, China) were used for this study. Mice were
housed in a controlled environment under a 12 h dark/12 h light cycle, with food and
water provided ad libitum.

Before the injection, YUMM1.7 cells were detached using 0.5 mM EDTA in PBS and
washed with 1× PBS. A total of 1 × 105 YUMM1.7 melanoma cells with vector control or
Tcf12 overexpression were injected subcutaneously into the flanks of mice in 0.1 mL of PBS,
and the tumor development was monitored every other day. Tumor volume was calculated
based on the equation V = (width (in mm)2 × length (in mm))/2. For melanoma cells with
Tcf12 knockdown, 2 × 105 cells were used for subcutaneous injection.

For the drug administration experiment, tumor-bearing mice were given 20 mg/kg
PLX4032 (in 10% NMP and 90% PEG) or vehicle via oral administration every other day
after subcutaneous tumors could be detected.

To establish a tumor lung metastasis model, a total of 1 or 2 × 105 YUMM1.7 melanoma
cells with Tcf12 overexpression or knockdown were injected into the tail veins of C57BL/
6 mice in 0.2 mL of PBS. Lung tissues were harvested 3–4 weeks after injection. The survival
time of the mice was recorded to generate the survival curve.

For histological analysis, subcutaneous tumors and lungs from mice were collected,
fixed, paraffin-embedded, and sectioned for hematoxylin and eosin (H&E) or immunohis-
tochemical (IHC) staining.

2.10. RNA-Sequencing Analysis

RNA was harvested from YUMM1.7 cells of both the stable negative control (shScr)
and Tcf12 knockdown (shTcf12-1) utilizing the TRIzol reagent (Life Technologies). The total
RNA concentration and purity were validated by a NanoDrop™ One Microvolume UV–vis
spectrophotometer (Thermo Scientific, Waltham, MA, USA).

Novogene Co., Ltd. (Beijing, China) conducted the RNA-seq analysis. Briefly, the RNA
quality was verified by an Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA). Oligo-dT magnetic beads facilitated the purification of mRNA with poly-A
tails, which were subsequently fragmented into small pieces through divalent cations at a
heightened temperature. These fragments then underwent first-strand cDNA synthesis
with the aid of random hexamer primers and reverse transcriptase. This was followed
by a second-strand cDNA synthesis using DNA polymerase I and RNase H. The double-
stranded cDNA fragments were subjected to end repair, A-tailing, adapter ligation, and
PCR amplification. The final library quantification was carried out with the Qubit 2.0
fluorometer (Life Technologies), and an Agilent 2100 bioanalyzer (Agilent Technologies)
verified the insert size and calculated the library concentration.

The resulting cDNA library was sequenced by an Illumina NovaSeq 6000 platform,
producing 150 bp paired-end reads. Raw read processing eliminated low-quality reads and
adapter sequence contaminants. The refined, high-quality clean reads were then mapped
to the reference genome via HISAT2. Transcript abundance estimation and differential
expression evaluations were conducted utilizing StringTie and DESeq2, respectively. Dif-
ferentially expressed genes (DEGs) were identified based on criteria: a false discovery rate
(FDR) < 0.05 and an absolute fold change ≥ 2.
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The DEGs underwent a functional enrichment analysis utilizing the Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway databases. The
significance of enrichment was determined using a corrected p-value < 0.05.

2.11. Chromatin Immunoprecipitation (ChIP)

YUMM1.7 melanoma cells with Tcf12 overexpression or Tcf12 knockdown were
crosslinked by 1% paraformaldehyde, and then 10% glycine was added to quench un-
treated paraformaldehyde. Cells from each dish were scraped into PBS and centrifuged at
800 rpm for 5 min. The pellets were resuspended in swelling buffer for 10 min of rotation at
4 ◦C, centrifuged at 1000 rpm for 15 min at 4 ◦C, and resuspended in SDS lysis buffer. Fol-
lowing sonication, equal amounts of lysates were incubated with IgG or TCF12 antibodies
overnight at 4 ◦C.

The lysates were then incubated with protein A/G-magnetic beads (Thermo Scientific)
for 2 h to precipitate the antibody-bound chromatin. The beads were washed sequentially
with low-salt buffer, high-salt buffer, LiCl buffer, and TE buffer to remove any nonspecific
interactions. The immunoprecipitated chromatin was then eluted from the beads and
reverse crosslinked at 65 ◦C overnight to obtain the DNA.

After treatment with RNase A and Proteinase K to degrade RNA and protein contami-
nants, DNA was purified using a PCR purification kit (Qiagen, Venlo, The Netherlands)
according to the manufacturer’s instructions. The purified DNA was then subjected to
quantitative real-time PCR (qPCR) using SYBR Green PCR Master Mix (Takara) to analyze
the enrichment of specific genomic regions. The primer sequences used for qPCR are
shown in Table S2.

2.12. Luciferase Reporter Assay

The fragment of the Tgfb2 promoter was inserted into the pGL3 luciferase reporter
vector, which was synthesized by Miaoling Biotechnology, Heze, China. The fragments
containing mutated binding sites were constructed using the Fast Mutagenesis System Kit
(TransGene Biotech, Beijing, China). YUMM1.7 cells were seeded in 24-well plates and co-
transfected with pGL3 vectors containing either the wild-type or mutated Tgfb2 promoter,
pRL-TK Renilla luciferase vector (for normalization), and either the Tcf12 overexpression or
Tcf12 knockdown plasmid using Lipofectamine 3000 (Invitrogen) according to the manu-
facturer’s instructions. Forty-eight hours after transfection, cells were harvested and lysed
using a passive lysis buffer. The luciferase activity of both firefly and Renilla luciferases
was analyzed using a dual-luciferase reporter assay system (Promega, Madison, WI, USA)
according to the manufacturer’s instructions. The total light intensity was measured using
a VarioskanTM LUX microplate reader (Thermo Scientific). The firefly luciferase activity
was normalized to Renilla luciferase activity to account for any differences in transfection
efficiency. The relative luciferase activity was calculated by comparing the normalized
luciferase activity of cells transfected with the Tcf12 overexpression plasmid to that of cells
transfected with the control vector.

2.13. Statistical Analysis

No statistical methods were used to predetermine sample size for in vivo and in vitro
experiments, but at least three biologically independent samples were used per experi-
mental group and condition. The data were presented as mean ± standard deviation (SD).
Statistical analysis was conducted employing the GraphPad Prism 9.5 software. Compar-
isons involving two sets were made through a two-tailed unpaired Student’s t-test. In
assessing survival, we utilized the Kaplan–Meier approach to generate survival curves,
and differences were calculated by a p-value below 0.05, which was deemed to indicate
statistical significance.
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3. Results

3.1. TCF12 Expression Is Positively Correlated with Poor Prognosis in Melanoma Patients

To examine the expression of TCF12 in melanoma patients, we utilized the GEPIA
(Gene Expression Profiling Interactive Analysis) online platform to profile TCF12 mRNA
levels in melanoma patients and normal tissues [26]. The results revealed that melanoma
tissues had a notably elevated expression of TCF12 compared to adjacent normal skins
(Figure 1a). Moreover, patients with an increased TCF12 expression level showed reduced
overall survival (Figure 1b), suggesting a role for TCF12 in melanoma progression. Indeed,
we confirmed that the expression of TCF12 increases as disease progresses, as evidenced by
higher levels in metastatic tissues than in primary melanomas (Figure 1c,d). Interestingly,
we also found that even within the primary melanomas, the vertical growth phase (VGP)
tumors, which have penetrated deeper into the skin layers, showed a higher level of TCF12
compared to tumors in the radial growth phase (RGP), which represent the very early
stage of melanoma (Figure 1e). To further validate the findings from the public dataset,
we performed TCF12 immunohistochemistry (IHC) on a melanoma tissue array. In line
with the bioinformatic analyses, our results demonstrated that the TCF12 protein was
upregulated in melanoma and elevated progressively as the tumor advanced (Figure 1f,g).
These findings suggest a potential functional role for TCF12 in melanoma progression
and metastasis.

Figure 1. TCF12 expression correlates with melanoma progression and poor patient prognosis:
(a) Boxplot illustrating the expression of TCF12 in melanoma tissues compared with normal skin
samples, data derived from The Cancer Genome Atlas (TCGA) database; (b) Kaplan−Meier survival
analysis comparing overall survival in melanoma patients grouped by low and high TCF12 expression
levels; (c,d) analysis of relative TCF12 expression in primary melanomas compared to metastatic
tissues (Met) using TCGA database (c) and the GSE65904 dataset (d); (e) comparative analysis of
TCF12 expression levels across different stages of melanoma: radial growth phase (RGP), vertical
growth phase (VGP), and metastatic phase (Met). Statistical significance is based on comparison with
the RGP group; (f,g) representative images of immunohistochemistry (IHC) staining for TCF12 in
melanoma tissue samples (red square, 200×; black square, 400×) (f), and corresponding histological
analysis quantifying TCF12 protein levels (g). Scale bar: 100 μm. Statistical significance is based on
comparison indicated in the graphs.
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3.2. TCF12 Enhances Melanoma Cell Proliferation In Vitro and Tumorigenicity In Vivo

To explore the biological function of TCF12 in melanoma, we first generated sta-
ble TCF12 knockdown in both human and mouse melanoma cells (A375 and YUMM1.7)
(Figures 2a,b and S1a,b). Proliferation and colony formation assays revealed that TCF12
knockdown led to the inhibition of cell growth and reduced colony formation capacity
(Figures 2c,d and S1c,d). Subsequently, we carried out ectopic TCF12 expression experi-
ments (Figures S2a,b and S1e,f) and found that TCF12 overexpression promoted melanoma
cell proliferation and colony formation (Figures S2c,d and S1g,h). Next, we tested whether
TCF12 affected the tumorigenesis of melanoma in vivo in an immunocompetent back-
ground. Knockdown of TCF12 significantly impaired the growth of YUMM1.7 tumors,
as evidenced by slower tumor growth kinetics (Figure 2e) and smaller tumor size at the
endpoint (Figure 2f,g), in line with a lower proliferation index by Ki67 IHC (Figure 2h,i).
On the other hand, overexpression of TCF12 greatly accelerated YUMM1.7 tumor progres-
sion (Figure S2e–g), consistent with more Ki67+ cells in the tumor tissues (Figure 2h,i).
Collectively, these results indicate that TCF12 has an oncogenic function and promotes
melanoma tumorigenesis both in vitro and in vivo.

Figure 2. TCF12 enhances melanoma cell proliferation in vitro and tumorigenicity in vivo: (a,b) qPCR
(a) and immunoblot (b) analysis of TCF12 level in YUMM1.7 cell lines after TCF12 knockdown. shScr:
control shRNA, shTcf12-1/2: mouse TCF12-specific shRNA; (c,d) cell proliferation (c) and colony
formation capability (d) in the TCF12 knockdown cells as compared to control cells; (e) tumor growth
curves in mice injected with YUMM1.7 cells with TCF12 knockdown, n = 6 mice per group; (f) rep-
resentative tumor image from control (shScr) and TCF12-knockdown (shTcf12-1) mice; (g) tumor
weights comparison between control and TCF12 knockdown groups; (h,i) Ki67 immunohistochem-
istry staining representative images (red square, 200×; black square, 400×) (h) and subsequent
analysis (i) in tumor tissues. Scale bar: 50 μm. Statistical significance is based on comparison with
shScr group. * p < 0.05, ** p < 0.01.
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3.3. TCF12 Promotes Melanoma Cell Migration, Invasion In Vitro and Metastasis In Vivo

We continued to investigate whether TCF12 in melanoma affected cell migration and
metastasis. In vitro transwell migration and Matrigel invasion assays showed that TCF12
knockdown reduced the migration and invasion of melanoma cells (Figures 3a,b and S3a,b),
whereas TCF12 overexpression greatly enhanced their migratory and invasive capacities
(Figures 3c,d and S3c,d). Similarly, knockdown of TCF12 significantly compromised the
metastatic outgrowth of melanoma cells in mice after tail-vein injection, as revealed by
improved animal survival (Figure 3e) and fewer macroscopic and microscopic tumor nod-
ules in the lung (Figure 3f–h). In contrast, overexpression of TCF12 in melanoma enabled
the cells to establish larger and larger tumor nodules in the lung upon tail-vein injection
(Figure 3i–k). Taken together, these findings indicate that TCF12 promotes melanoma
metastasis in vitro and in vivo.

3.4. TGFB2 Is a Direct Downstream Target Gene of TCF12

To elucidate the key molecules involved in TCF12-induced proliferation and metasta-
sis in melanoma, we performed RNA-seq analysis on YUMM1.7 cells with scramble control
or TCF12 knockdown. The volcano plot showed that 372 and 109 genes were significantly
downregulated and upregulated upon TCF12 depletion in melanoma cells, respectively
(Figure 4a). Gene ontology enrichment analysis found that the upregulated genes were
enriched in muscle developmental and functional programs, while the downregulated
genes were enriched in cell mobility, extracellular matrix organization, and prolifera-
tion (Figure 4b). Consistently, KEGG pathway analysis also revealed similar enrichment
(Figure 4c). Particularly, the detection of ECM–receptor interaction, focal adhesion, cGMP,
cAMP, and PI3K-AKT signaling pathways among the top lists for downregulated genes
was consistent with our observation that knockdown of TCF12 impaired melanoma prolif-
eration and metastasis. Subsequently, we screened a set of melanoma-related target genes
with TCF12 binding sites by RT-qPCR (Figure S4 and Table S3) and verified that TCF12
knockdown significantly decreased Tgfb2 transcription (Figure 4d), leading to reduced
protein expression (Figure 4e). The uncropped Western blots are shown in Figure S5. We
further employed IHC on the matched mouse melanoma tissues to validate that TCF12
depletion decreased TGFB2 protein while TCF12 overexpression boosted TGFB2 levels
(Figure 4f,g).

To determine whether TCF12 can directly modulate the transcription of TGFB2, chro-
matin immunoprecipitation (ChIP) coupled with qPCR was performed in melanoma cells.
The results showed that TCF12 can occupy the Tgfb2 promoter, which was significantly
decreased upon TCF12 depletion (Figure 5a) but largely enhanced by TCF12 overexpression
(Figure 5b). To further test whether the TCF12 binding is active, we constructed Tgfb2
promoter-driven luciferase reporters with either wild-type or E-box-deficient sequences
(Figure 5c). Luciferase assays showed that knockdown of TCF12 significantly impaired the
reporter activity, while overexpression of TCF12 boosted the signal; however, depletion
of the E-box, which mediates TCF12 binding, completely abolished the reporter activity
(Figure 5c). In summary, we identified that TCF12 can directly bind to the Tgfb2 promoter
and activate its expression in melanoma.
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Figure 3. TCF12 promotes melanoma cell migration, invasion in vitro and metastasis in vivo:
(a,b) The representative images (red square, 200×; black square, 400×) (a) and cell count analy-
sis (b) of transwell migration and Matrigel invasion assays of YUMM1.7 cells after TCF12 knockdown.
shScr: control shRNA, shTcf12-1/2: mouse TCF12-specific shRNA; (c,d) the representative images
(red square, 200×; black square, 400×) (c) and cell count analysis (d) of transwell migration and
Matrigel invasion assays of YUMM1.7 cells following TCF12 overexpression. EV: empty vector
expression; Tcf12: mouse TCF12 overexpression; (e) Kaplan–Meier survival curves of mice after
tail-vein injection of TCF12 knockdown YUMM1.7 cells, n = 6 per group; (f–h) representative images
of lung metastasis (f), hematoxylin and eosin (H&E) staining of lung sections (h), and the number of
tumor nodules (g) in mice injected via tail vein with control (shScr) and TCF12 knockdown (shTcf12)
YUMM1.7 cells. Scale bar: 100 μm. Representative images of lung metastasis in mice tail-vein injected
with control (shScr) and TCF12 knockdown (shTcf12) YUMM1.7 cells; (i–k) representative images of
lung metastasis (i), H&E staining of lung sections (k), and the number of tumor nodules (j) in mice
tail-vein injected with control (EV) and TCF12 overexpression (Tcf12) YUMM1.7 cells, n = 6 mice per
group. Scale bar: 100 μm in H&E staining. Statistical significance is based on comparison with shScr
group or EV group. * p < 0.05, ** p < 0.01.
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Figure 4. TGFB2 is a downstream target of TCF12: (a) Volcano plot of differentially expressed genes
in YUMM1.7 cells with TCF12 knockdown (shTcf12-1) compared to control (shScr), analyzed by RNA-
seq (blue, genes down-regulated; red, genes up-regulated); (b,c) gene ontology (GO) enrichment (b)
and KEGG pathway (c) analysis for biological processes of the differentially expressed genes upon
TCF12 knockdown; (d,e) qPCR (d) and immunoblot (e) analysis of TGFB2 expression in YUMM1.7
cells upon TCF12 knockdown; (f,g) representative images of TGFB2 IHC staining in mouse melanoma
tissues with TCF12 knockdown (g) or TCF12 overexpression (f) (red square, 200×; black square,
400×). Scale bar: 50 μm. Statistical significance is based on comparison with shScr group. ** p < 0.01.
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Figure 5. TCF12 directly binds to and activates the Tgfb2 promoter: (a) Chromatin immunoprecipi-
tation (ChIP) coupled with qPCR analysis showing the binding of TCF12 to the Tgfb2 promoter in
YUMM1.7 cells, which is decreased upon TCF12 knockdown; (b) ChIP−qPCR analysis showing
the increased binding of TCF12 to the Tgfb2 promoter in YUMM1.7 cells upon TCF12 overexpres-
sion; (c) the schematic diagrams show the Tgfb2 promoter−driven luciferase reporters with either
wild-type (WT) or E-box deficient sequences. Luciferase activity was measured and displayed as
fold change. Statistical significance is based on comparison with the control group (shScr or EV).
** p < 0.01.

3.5. TGFB2 Is Essential for TCF12-Induced Cell Proliferation, Migration and Invasion In Vitro

Given the critical functions of the TGF-β pathway in cancer biology [27–30], we spec-
ulated whether TGFB2 mediates the tumorigenic activity of TCF12 in melanoma. We
found that, despite the fact that depletion of TGFB2 on its own did not alter melanoma
proliferation, it was able to block the growth advantage conferred by TCF12 overexpression
(Figure 6a,b). Similarly, TGFB2 knockdown significantly suppressed the migratory and
invasive capabilities induced by TCF12 overexpression (Figure 6c,d). Together, we con-
firmed that TGFB2 was essential for TCF12 to induce melanoma proliferation, migration,
and invasion.
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Figure 6. TGFB2 is essential for TCF12−induced cell proliferation, migration, and invasion in vitro:
(a) qPCR analysis of TGFB2 level in YUMM1.7 cell lines after TGFB2 knockdown. siScr: control
siRNA, siTgfb2-1/2: TGFB2 knockdown siRNA; (b) cell proliferation analysis of YUMM1.7 cells
with TGFB2 knockdown, TCF12 overexpression, or their combination; (c,d) representative images
(red square, 200×; black square, 400×) (c) and cell count analysis (d) of transwell migration and
Matrigel invasion assays in YUMM1.7 cells with TGFB2 knockdown, TCF12 overexpression, or
their combination. EV: empty vector expression, Tcf12: TCF12 overexpression, siScr: control siRNA,
siTgfb2: TGFB2−specific siRNA. Scale bar: 100 μm. Statistical significance is based on comparison
with control (Tcf12 + siScr) group. ** p < 0.01.

3.6. Depletion of TCF12 Sensitizes Melanoma to BRAF Inhibition

BRAF mutations represent the most prevalent oncogenic event in melanoma, resulting
in constitutive activation of the BRAF-MEK-ERK MAPK pathway [31–33]. To test whether
there is any correlation between BRAF signaling and TCF12, we treated BRAF-mutant
A375 cells with the BRAF(V600E) inhibitor PLX4032 or the MEK inhibitor trametinib.
We found that inhibition of the MAPK pathway did not alter the transcript of TCF12
(Figure 7a), but reduced the expression level of TCF12 protein (Figure 7b), suggesting a post-
transcriptional regulation. We then measured the TCF12 protein stability in melanoma cells
with or without BRAF inhibition and found that suppression of the BRAF pathway greatly
reduced TCF12 protein stability (Figure 7c,d). We further found that the BRAF inhibition-
facilitated TCF12 degradation was mediated by the proteosome, as the concurrent addition
of the proteosome inhibitor MG132 markedly prevented the reduction of TCF12 protein by
PLX4032 (Figure 7e).
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Figure 7. MAPK pathway inhibition reduces TCF12 protein stability: (a) qPCR analysis of TCF12
transcript in A375 cells treated with PLX4032 or trametinib for 24 h; (b) immunoblot analysis of
TCF12 protein in A375 cells treated with PLX4032 or trametinib for 24 h. α-Tub: α-tubulin as internal
control; (c,d) TCF12 protein stability analysis in A375 cells treated with PLX4032 for different time
points. CHX: cycloheximide; (e) immunoblot analysis of TCF12 protein in A375 cells treated with
PLX4032 alone or in combination with proteasome inhibitor MG132.

Given that the BRAF pathway regulates TCF12 stability, we speculated whether TCF12
is involved in the sensitivity to BRAF-targeted therapy. We found that depletion of TCF12
substantially reduced melanoma proliferation in response to PLX4032, as measured by the
cell growth curve (Figure 8a) and colony formation (Figure 8b). Consistently, the tumors
with TCF12 deletion treated with PLX4032 showed the slowest growth kinetics (Figure 8c–e)
and contained the smallest percentage of Ki67+ proliferating cells (Figure 8f,g). These data
support the hypothesis that depletion of TCF12 sensitizes mutant melanoma to BRAF
inhibitor therapy.
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Figure 8. Depletion of TCF12 sensitizes melanoma to BRAF inhibition: (a,b) Cell proliferation
(a) and colony formation (b) analysis of cells with TCF12 knockdown, PLX4032 treatment, or their
combination; (c) tumor growth curves in mice injected cells with TCF12 knockdown and treated
with PLX4032, n = 6 mice per group; (c,g) tumor growth curves (c), representative tumor image (d),
tumor weights (e), representative images of Ki67 IHC (red square, 200×; black square, 400×) (f) and
subsequent analysis (g) from control (shScr + vehicle), PLX4032 treatment (shScr + PLX4032), TCF12
knockdown (shTcf12-1 + vehicle), and their combination (shTcf12-1 + PLX4032) groups. Scale bar: 50
μm. Statistical significance is based on comparison with control group. ** p < 0.01.

4. Discussion

Our findings shed light on a novel aspect of melanoma pathogenesis, uncovering the
oncogenic functions of TCF12 and its regulatory mechanism within the disease (Figure 9).
We found that TCF12 is upregulated in melanoma, and high expression is correlated with
disease progression and a poorer prognosis. TCF12 enhances melanoma cell proliferation,
metastasis, and sensitivity to BRAF(V600E)-targeted therapy. Importantly, we discovered
that TCF12 exerts its oncogenic effects partly through transcriptional activation of TGFB2.
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Figure 9. Schematic summary of TCF12 functions in melanoma pathogenesis.

Melanoma exhibits a significant burden of genetic alterations that can regulate a myr-
iad of biological processes, including cell proliferation, survival, differentiation, migration,
and metastasis [34,35]. Mutations in BRAF, specifically the V600E variant, are the most
common genetic alterations in melanoma, occurring in approximately 50% of cases [36].
Our study suggests that TCF12 is a new player in this intricate network of genetic inter-
actions that contribute to melanoma progression. Moreover, our results indicate that the
interaction between TCF12 and the BRAF pathway is crucial in mediating the tumor’s
response to BRAF-targeted therapy.

The TGF-β signaling pathway has well-documented roles in tumor progression, pro-
moting epithelial-to-mesenchymal transition, invasion, and metastasis in several can-
cers [37,38]. In melanoma, previous studies have reported a paradoxical role of TGF-β
signaling [39]. On one hand, TGF-β has been shown to inhibit melanoma initiation by
suppressing cell proliferation [40]. On the other hand, it promotes later stages of tumor pro-
gression by enhancing invasion and metastasis [41]. TGF-β protein is predominantly found
in active melanocytes, whereas quiescent melanocytes exhibit minimal to non-existent TGF-
β levels [42]. Typical melanocytes predominantly express TGFB1 and TGFB3. However,
TGFB2 expression incrementally rises from initial to metastatic melanoma phases, suggest-
ing its potential role in melanoma’s malignant evolution [43]. Notably, only a fraction of
melanoma patients displays signs of TGFB2 reduction, hinting that its presence is not a
primary event in melanoma development but rather associated with tumor progression [44].
Our finding that TGFB2 is a direct transcriptional target of TCF12 suggests a mechanism by
which TCF12 contributes to melanoma progression. However, further studies are needed
to fully elucidate the functional roles of TGFB2 in this context and whether its effects are
context dependent.

Interestingly, we observed that TCF12 protein expression is regulated post-transcriptionally
by the BRAF/MEK/ERK pathway. This observation implies a potential feedback loop wherein
BRAF mutations upregulate TCF12, which in turn promotes tumor progression. Furthermore,
we found that TCF12 depletion sensitizes melanoma cells to BRAF inhibition, suggesting that
TCF12 may represent a potential therapeutic target for enhancing the efficacy of current BRAF-
targeted therapies. This is of great clinical significance given the emergence of drug resistance as
a significant problem in the treatment of BRAF-mutated melanomas.

We believe our findings offer promising avenues for future research and add to the
growing body of knowledge that will hopefully lead to improved melanoma patient
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outcomes. However, the translation of these findings into clinical applications will require
further investigations, including preclinical studies and potentially clinical trials, to validate
the efficacy and safety of targeting TCF12 in the treatment of melanoma.

5. Conclusions

Our study provides new insights into the molecular mechanisms underlying melanoma
progression and reveals a potential therapeutic target for melanoma treatment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers15184505/s1, Figure S1: TCF12 enhances melanoma A375 cell
proliferation in vitro; Figure S2: Overexpression of TCF12 enhances melanoma cell proliferation in vitro
and tumorigenicity in vivo; Figure S3: Overexpression of TCF12 promotes melanoma cell migration and
invasion in vitro; Figure S4: Analysis of potential melanoma-related target genes of TCF12; Figure S5: The
original western blot figures; Table S1: The primer sequences used for RT-qPCR; Table S2: The primer
sequence used for ChIP-qPCR; Table S3: Differentially expressed gene after TCF12 knockdown.

Author Contributions: Conceptualization, J.S. and C.L.; data curation, Y.T., X.C., Z.P., X.X. and J.S.;
formal analysis, Y.T., J.Z. and X.X.; funding acquisition, J.S. and C.L.; investigation, Y.T.; methodology,
Y.T., J.S. and C.L.; project administration, J.S.; resources, Y.T.; supervision, J.S. and C.L.; validation,
Y.T., X.C., Y.Z. and J.S.; visualization, Y.T.; writing—original draft, Y.T., J.S. and C.L.; writing—review
and editing, J.S. and C.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from National Natural Science Foundation of China
(32071289, 32200960 and 91957105); Zhejiang Provincial Natural Science Foundation (LR20H160004);
Fundamental Research Funds for the Central Universities (No. 2021QNA7009); Leading Innovative
and Entrepreneur Team Introduction Program of Zhejiang (No. 2021R01012); Leading Innovation
and Entrepreneur Team of Hangzhou (No. TD2020006).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Medical Experimental Animal Care Commission of Zhejiang
University (#ZJU20220217).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the paper and/or the
supplementary materials. Additional data related to this paper are available on request from the
corresponding author.

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

References

1. Centeno, P.P.; Pavet, V.; Marais, R. The journey from melanocytes to melanoma. Nat. Rev. Cancer 2023, 23, 372–390. [CrossRef]
2. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics. CA A Cancer J. Clin. 2022, 72, 7–33. [CrossRef] [PubMed]
3. Nascentes Melo, L.M.; Kumar, S.; Riess, V.; Szylo, K.J.; Eisenburger, R.; Schadendorf, D.; Ubellacker, J.M.; Tasdogan, A.

Advancements in melanoma cancer metastasis models. Pigment Cell Melanoma Res. 2023, 36, 206–223. [CrossRef] [PubMed]
4. Poulikakos, P.I.; Sullivan, R.J.; Yaeger, R. Molecular Pathways and Mechanisms of BRAF in Cancer Therapy. Clin. Cancer Res. Off.

J. Am. Assoc. Cancer Res. 2022, 28, 4618–4628. [CrossRef]
5. Ziogas, D.C.; Theocharopoulos, C.; Koutouratsas, T.; Haanen, J.; Gogas, H. Mechanisms of resistance to immune checkpoint

inhibitors in melanoma: What we have to overcome? Cancer Treat. Rev. 2023, 113, 102499. [CrossRef] [PubMed]
6. Merlino, G.; Herlyn, M.; Fisher, D.E.; Bastian, B.C.; Flaherty, K.T.; Davies, M.A.; Wargo, J.A.; Curiel-Lewandrowski, C.;

Weber, M.J.; Leachman, S.A.; et al. The state of melanoma: Challenges and opportunities. Pigment Cell Melanoma Res. 2016, 29,
404–416. [CrossRef] [PubMed]

7. Bashash, D.; Zandi, Z.; Kashani, B.; Pourbagheri-Sigaroodi, A.; Salari, S.; Ghaffari, S.H. Resistance to immunotherapy in human
malignancies: Mechanisms, research progresses, challenges, and opportunities. J. Cell. Physiol. 2022, 237, 346–372. [CrossRef]

8. Ganesh, K.; Massagué, J. Targeting metastatic cancer. Nat. Med. 2021, 27, 34–44. [CrossRef]
9. Ascierto, P.A.; Kirkwood, J.M.; Grob, J.J.; Simeone, E.; Grimaldi, A.M.; Maio, M.; Palmieri, G.; Testori, A.; Marincola, F.M.;

Mozzillo, N.; et al. The role of BRAF V600 mutation in melanoma. J. Transl. Med. 2012, 10, 85. [CrossRef]
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Simple Summary: New insights into the foundation of cellular and molecular cancer immunology
have revealed that immune cells play crucial roles in the development and growth of breast cancer
(BC). T-cells are one of the most important cells in the tumor microenvironment and are divided into
several subtypes including helper, cytotoxic, and regulatory subsets according to their transcription
factors, markers, and functions. This article provides a comprehensive review of contradictory
functions of various T-cell subsets in the prognosis and treatment of patients with BC, and crosstalk
between tumor cells and T-cells. The literature shows that the role of T-cells in BC immunity depends
on a variety of factors, including the tumor type or subtype, the stage of the disease, the localization
of the cells in the tumor tissue and the presence of different cells or cytokines.

Abstract: Breast cancer (BC) is the most common cancer type in women and the second leading cause
of death. Despite recent advances, the mortality rate of BC is still high, highlighting a need to develop
new treatment strategies including the modulation of the immune system and immunotherapies. In
this regard, understanding the complex function of the involved immune cells and their crosstalk
with tumor cells is of great importance. T-cells are recognized as the most important cells in the tumor
microenvironment and are divided into several subtypes including helper, cytotoxic, and regulatory
T-cells according to their transcription factors, markers, and functions. This article attempts to
provide a comprehensive review of the role of T-cell subsets in the prognosis and treatment of
patients with BC, and crosstalk between tumor cells and T-cells. The literature overwhelmingly
contains controversial findings mainly due to the plasticity of T-cell subsets within the inflammatory
conditions and the use of different panels for their phenotyping. However, investigating the role of
T-cells in BC immunity depends on a variety of factors including tumor types or subtypes, the stage
of the disease, the localization of the cells in the tumor tissue and the presence of different cells or
cytokines.

Keywords: breast cancer; immune system; T lymphocyte; helper subset; cytotoxic subset; regulatory
subset

1. Introduction

Breast cancer (BC) is a clinically and histologically heterogeneous disease, consisting
of different subtypes with various prognoses [1]. Its incidence, mortality, and survival rates
vary among different ethnicities and populations and depend on genetic and environmental
factors, lifestyle, and population structure [2]. Despite recent advances in BC treatment, its
mortality rates continue to rise especially in developing countries, highlighting the need for
developing new treatment strategies including targeting driver mutations and modulation
of the immune system [3].
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New insights into the cellular and molecular mechanisms involved in cancer develop-
ment have revealed that immune cells play crucial roles in the development and growth
of BC as well. With their dual functions, immune cells can produce a pro-tumorigenic
inflammatory environment on one hand, and cause tumor rejection on the other. Since
the effect of an immune response is largely determined by the type of stimulated immune
response, understanding the crosstalk between tumor cells and the cells of the immune
system is of great importance. In this regard, analyses of the total BC tumor tissue have
detected a broad spectrum of genes related to immune responses, reflecting both innate and
adaptive immunity including T-cell metagene (a set of related or co-regulated genes with
similar expression patterns, functions, and regulatory elements) [4], B-cell metagene [5,6],
or related signaling pathways [7]. Consistent with genetic studies, phenotyping inves-
tigations have also indicated an increase in leukocyte infiltration along with the tumor
growth [8]. The composition of infiltrating lymphocytes is very heterogeneous and includes
T-cells, both CD4+ and CD8+ subtypes, and to a lower extent, B-cells, macrophages, and
NK cells [8,9]. Although there is no agreement on the specific immune cell subset, generally,
an immune-enriched signature is considered an indicator of an active anti-tumor immune
response and better clinical outcomes [10]. However, some studies reported the association
of higher numbers of tumor-infiltrating lymphocytes (TILs) subpopulations with aggressive
phenotypes of the disease [11,12]. However, this could be a primary consequence of the
immune response to the tumor growth; it also indicates that the role of immune cells in
the BC prognosis, progress, and/or response to treatment is still controversial. Besides
different molecular subtypes of BC which have different behaviors [13], one of the most
important reasons for the discrepancy and lack of coordination among the studies is that
only one or a few major cell types (i.e., CD3+) have been investigated regardless of their
functional (stimulatory or inhibitory) subgroups.

The specific influences of individual immune subsets in the breast tumor microenviron-
ment have been addressed in several studies. Their results generally indicate a mixture of
activation and suppression in TILs and suggest that their position and prevalence within the
tumor dictate responsiveness. In many of these studies, CD3+ T-cells, as critical regulators
of adaptive immune responses, were reported as the major leukocyte population detected
in the breast tumor tissue. Among various T-cell subsets, CD4+ T-cells (in some cases
CD8+ lymphocytes) are more prevalent in the tumor microenvironment and peripheral
blood [14–16]. In most cases, T-cells (both CD4+ and CD8+) in the tumor microenviron-
ment display an activated phenotype represented by an increased expression of activation
markers (i.e., CD69, CD25, CD95, CD44, and HLA-DR) and concomitant decrease in naive
T-cells markers (CD45RA and CCR7). The activation markers, however, do not neces-
sarily mean that intratumoral T-cells are fully functional [17,18]. In line with this, recent
molecular profiling studies demonstrate that infiltrating CD4+ T-cells are effector memory
cells, containing all helper subpopulations including Th1, Th2, Th17, Tfh, and regulatory
T-cells (Tregs) [19]. However, they represent a restricted repertoire of receptors [20], helper
cytokines and chemokines, implying suboptimal activation levels [19]. The complexity
of CD4+ T lymphocytes (presumably Th2 or Tregs or both) in conjunction with CD8+ T
lymphocytes and CD68+ tumor-associated macrophages (TAMs) were also reported that
could be predictive of overall survival (OS) and relapse-free survival (RFS) in node-positive
human BC [19,21]. These results, in addition to our observations, indicated that although
there are no significant differences in the major populations of lymphocytes (CD3+ T-cell,
and its main subgroups, CD4+ helper and CD8+ cytotoxic, or B-cells), with the progress of
the disease, functional subgroups of CD4+ and CD8+ T lymphocytes show significant vari-
ations [22,23]. This confirms that the investigation of general markers, like CD4 and CD8,
alone does not fully represent their functional status. Therefore, a comprehensive effort
is needed to investigate the main components of the adaptive immune system involved
in tumor growth, both effectors and regulators, in BC patients with different pathological
properties. In what follows, we reviewed the available literature and highlighted significant
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recent discoveries demonstrating the contradictory functions of various T-cell subsets as
key regulators of immune responses during BC growth and progression (Figures 1 and 2).

Figure 1. Anti-tumor functions of T-cell subsets in breast cancer. Through the secretion of inflam-
matory mediators, i.e., IFNγ and TNFα, Th1 arrests the cell cycle in G1/G0 and induces apoptosis
and senescence in the breast tumor cells. Besides direct effects, Th1 increases antigen presentation,
proliferation and cytolytic function of CTLs, activates M1-macrophages and leads to maturation of
DCs. Intriguingly, there are some reports that TSLP-stimulated Th2 could reprogram tumor cells
to terminal differentiation, and directly block carcinogenesis and EMT through secreting cytokines,
i.e., IL-3, IL-5, and GM-CSF. It could also inhibit basal and estrogen-induced cell proliferation. Th17

produces anti-tumor chemokines, attracts and stimulates NK and DCs, induces MHC-I and II expres-
sion, decreases proliferation and induces apoptosis in MDSCs. It also enhances CTL activity and
crosstalk with Th1 but reciprocally regulates Tregs. Th22 reduces tumor growth and promotes cell
cycle arrest via the reduction of ERK1/2 and AKT phosphorylation. Th25 induces apoptosis in tumor
cells. Besides the direct inhibitory effect on tumor cells, IL-9 and IL-9-producing T-cells promote
tumor-specific T-cell responses, particularly CTLs, through the activation, survival and secretion of
granzyme B, perforin and IFN-γ from T-cells. In addition, they recruit leukocytes including DCs
into tumor tissues, increase their survival, and enhance antigen-presentation in the tumor draining
lymph nodes. ThGM inhibits tumor progression and metastasis through its effects on monocytes
and secretion of soluble VEGFR-1, which in turn inactivates the VEGF and blocks angiogenesis.
In addition, GM-CSF overexpressing cells exert more sensitivity to anti-cancer drugs. Tfh is the
main source of CXCL13 in breast tumors, directing B-cells and promoting lymphoid structure and
GCs formation. It constitutes one of the important components of GCs in both draining lymph
nodes and tertiary lymphoid structures (TLS) in tumor bed, where it provides help for production
of immunoglobulins, and induces effector memory B-cells and plasma cells. It also regulates the
activation and recruitment of CTLs. On the other side, B-cells could present or cross-present antigens
to CD4+ and CD8+ T-cells. Engagement of CTLs with bystander B-cells through CD27/CD70 contact
also leads to the proliferation and survival of CD8+ T-cells. Abbreviations: APC: antigen-presenting
cell, CTL: cytotoxic T-cells, DC: dendritic cells, EMT: epithelial–mesenchymal transition, GC: germinal
center, NK: natural killer, MDSC: myeloid-derived suppressor cells, Th: T helper, Tfh: T follicular
helper, Treg: regulatory T-cells, TSLP: thymic stromal lymphopoietin, VEGF-R: vascular endothelial
growth factor receptor.
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2. Th1/Th2 Paradigm in Breast Carcinoma

In tumor immunology, it is generally believed that Th1 cells are often critical com-
ponents in anti-tumor immune responses due to their ability to produce IFN-γ, activate
macrophages, and boost the killer CD8+ T-cells, whereas type 2 helper responses can
promote cancer development or metastasis [24]. Clinical evaluation of human BCs also
showed the presence of Th2 lymphocytes accompanied by an increase in the frequency
of Tregs during cancer development. In this regard, the ratio of Th2/Th1 cells in primary
tumors as well as sentinel lymph nodes (SLNs), where Th2 cells are more frequent than Th1
cells, has been shown to be positively correlated with tumor stage, metastatic lymph nodes,
larger tumor size, and reduced OS [17,25–27]. In addition, it was shown that the cellular
immune responses, from dendritic cell (DC) maturation to Th1 responses, were also less
active in SLNs than in non-SLNs in these patients before metastasis. It has been suggested
that as the tumor grows, immunosuppressive secretions from the tumor are drained into
the SLNs and change the immune responses in both the tumor site and draining LNs
in favor of a reduced Th1/Th2 ratio. These results support the idea that changes in the
immune profile of SLNs can provide a niche for tumor LN metastases, which in turn
accelerates further tumor growth and spreading. After metastasis, DC maturation was
found to be triggered and followed by the upregulation of Th1 responses, which could
be a reflection of antigen-specific priming in SLNs; however, Th2 and Tregs responses
upregulated in parallel [28]. Immunophenotyping analysis of the intracellular IFN-γ and
IL-4 also indicated a shift toward the Th2 phenotype in whole blood. The secretion of IFN-γ
was strongly impaired in BC, whereas the levels of TNF-α and IL-1β were comparable with
those obtained from normal subjects [29]. In line with these findings, our results confirmed
an increased accumulation of Th2 and Tregs in the breast tumor-draining lymph nodes
(TDLNs) of patients with at least one involved lymph node (LN+ patients). Conversely, a
decrease in IFN-γ production was observed with tumor progression from stage I to stage III.
The expression intensity of IFN-γ also showed a strong correlation with the frequency of
IFN-γ-producing Th1 cells, indicating that the activity of the Th1 cells decreases along with
the decline in their numbers [22]. Overall, these findings indicate that metastasis might
be accelerated by inflammatory Th2 responses along with the reduction in Th1 responses.
Similarly, Fracol et al. showed a reduction in anti-HER-3 IFN-γ immunity during breast
tumorigenesis, highlighting the important role of the Th1 cells in surveilling tissues against
overexpressed antigens. Tumor recurrence and incomplete response to neoadjuvant ther-
apy also correlated with the suppression of Th1 immune responses, and accordingly, Th1
status could be introduced as a prognostic factor in patients with invasive BC [30].

Gene expression analysis further confirmed the results of the clinical studies. While a
decrease in Th1-related genes in tumor tissues compared with the controls was observed
in BC [31], unsupervised profiling of BC stroma demonstrated that a gene signature func-
tionally enriched in Th1-type immune response elements is associated with favorable
prognosis (>98%, 5-year survival) [32]. Consistently, an IFN-based gene signature has also
been detected in triple-negative patients who are more likely to remain metastasis-free
and independently predicted improved RFS and OS [33,34]. Similarly, the gene expres-
sion profiling of purified CD4+ T-cells from primary tumors, axillary LNs, and peripheral
blood of BC patients suggested that a Th1 signature including 12 genes, e.g., chemokine
(C-X-C motif) ligand 9 (CXCL9) and IFN-γ, predicts better survival in the human epider-
mal growth factor receptor 2 (HER2+) BC subtype [19]. These observations imply that
a tumor environment enriched in type 1 cytokines would result in an increased antigen
presentation, proliferation, and cytolytic function of cytotoxic T-cells (CTLs) on one hand,
and PD-L1 expression, growth arrest in G1/G0, HER2 oncogene inactivation, on the other
hand, and consequently the apoptosis and senescence of the breast tumor [19,35–38]. Con-
sistently, the response to HER2-targeted therapies has been correlated with the presence
of Th1 immunity, which increases MHC-I expression and promotes tumor cell recogni-
tion by CTLs and cytolysis [36,39]. Additionally, it has been shown that the presence of
Th1-mediated immunity increases the efficiency of BC treatments [36]. Accordingly, the
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majority of immunotherapies aim to restore Th1 immunity and shift Th2 toward Th1 cell
response [25,40].

In line with these findings from human tumors, studies on transgenic mouse models
of aggressive mammary adenocarcinoma demonstrated that the elimination of endoge-
nous T-cells significantly reduced pulmonary metastases with no effects on developing
primary tumors. Further studies demonstrated that metastasis specifically depended on
CD4+ T-cells, as their absence reduced the metastasis rate. They found that CD4+ T-cells
expressing high levels of IL-10, IL-4, and IL-13 compared with those expressing IFNγ or
IL-17 enhanced pulmonary metastasis indirectly through the induction of M2-macrophages.
M2 macrophages increase the invasive behavior of malignant mammary epithelial cells
by promoting intracellular signaling cascades such as the epidermal growth factor (EGF)
pathway. This phenomenon was independent of cytotoxic T-cells, indicating that pro-tumor
activity of CD4+ T-cells did not involve the suppression of CTLs [41]. Spontaneous breast
carcinomas also developed more quickly in HER2/neu transgenic mice when T-cells were
depleted. However, it could be considered as evidence for slowing tumor growth through
T-cell-mediated immunosurveillance; yet, the blockade of IL-13 further enhanced this effect,
which confirmed a role for the type 2 immune response in promoting tumor growth [42].
Assessing the anti-tumor and biological activities of endogenous type 1 and type 2 effector
T-cell subpopulations at the primary site of the mammary tumor also revealed differential
infiltration kinetics of effector T-cell subpopulations at the tumor site along with a general
delay in CD3+ T-cells infiltration. Cytokine profiling showed elevated IL-4-producing Th2
cells earlier than IFN-γ-producing Th1 cells, which remained noticeably higher and was
linked with tumor growth and metastases. It suggested that this initial increase in IL-4-
producing Th2 cells might antagonize and/or postpone the emergence of a more favorable
Th1 immune response in untreated animals. As a result, infiltrating lymphocytes would
experience immunological ignorance and/or anergy, which would ultimately encourage
the development and proliferation of the tumor [18]. As revealed by in vitro studies, tumor
growth could be directly enhanced by IL-4 and IL-13 through the activation of their recep-
tors on epithelial cells [43]. Consistently, intense IL-13 staining in breast TILs was observed
in tumor cells which, along with the expression of phosphorylated signal transducer and
activator of transcription-6 (pSTAT6), suggested that IL-13, in fact, delivers growth signals
to cancer cells. It seems that BC educates DC cells in a manner to induce IL-13 secretion
by Th2 lymphocytes, and facilitates their development [44]. IL-4 also promoted tumor cell
survival by making them resistant to apoptosis [45]. It was also shown that BC cell-derived
thymic stromal lymphopoietin (TSLP) fosters an inflammatory Th2 microenvironment by
prompting OX40L expression on DCs. Antibodies neutralizing TSLP or OX40L inhibited IL-
13 production and tumor growth in a xenograft model [46]. However, Boieri et al. proposed
an opposite role for Th2 cells in BC, as they showed that Th2 cells stimulated by TSLP
could reprogram tumor cells and induce their terminal differentiation. They could also
directly block carcinogenesis and Epithelial-to-Mesenchymal Transition (EMT) through the
secretion of cytokines such as IL-3, IL-5, and GM-CSF [47]. There are also reports on human
breast carcinoma cell lines, particularly estrogen receptor (ER) α-expressing lines, showing
that IL-4 and IL-13 could inhibit basal and estrogen-induced cell proliferation in vitro, and
in xenograft models [48,49]. In addition, it was also shown that baseline IL-4/13 signaling
is implicated in normal mammary gland development [50]. Epidemiological studies also
implied less susceptibility to BC in patients with allergic diseases, a phenomenon believed
to be mediated by inflammatory Th2 cells [51,52]. These findings suggest a more com-
plicated role for Th2 cells in BC influenced by the threshold of activation, along with the
complexity, plasticity, or the involvement of new subsets sharing effector molecules, i.e.,
ThGM or Th25 (discussed later), as well.

3. Th17 in Breast Carcinoma

Th17 cells constitute the third subset of effector T helper cells with a potent inflam-
matory nature, characterized by their distinctive cytokine, IL-17A [53]. Although the
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contribution of Th17 and its related molecules in infection and autoimmunity is well-
documented, its role in tumor immunity remains elusive. The tumor-infiltrating Th17 cells
are reported in various cancers such as BC with both pro- and anti-tumor properties. In
most of these studies, IL17-producing T-cells have been associated with disease progres-
sion, worse prognosis, triple-negative molecular subtypes, shorter disease-free survival
(DFS), and genes related to the tumors’ proliferation and survival [54–56]. The pro-tumor
properties of Th17 cells in BC (Figure 2) are attributed to multiple mechanisms, including
the regulation of angiogenesis, induction of pro-invasive factors (i.e., IL-17, IL-22, and
IL-23), metalloproteinases (MMPs) that promote proliferation, survival, and the invasion of
malignant cells, interfering with CD8+ T-cell migration through the activation of STAT3
signaling and subsequent reduction of CXCR3 expression [57–60]. The role of IL-17 in
angiogenesis is enhanced through the induction of angiogenic factors such as MMP-2,
MMP-9, vascular endothelial growth factor (VEGF), and CXCL8 [61]. IL-17 also supports
inflammation in the tumor microenvironment indirectly by inducing tumor progression
locus 2 (TPL2) [62].

The data also indicate that tumor cells, tumor-associated fibroblasts, and myeloid-
derived suppressor cells (MDSCs) not only produce the chemokines mediating Th17
recruitment but also create a pro-inflammatory milieu and a cell–cell contact framework
that enhance Th17 cell differentiation and expansion in the breast tumor microenvironment.
Accordingly, its neutralization could lead to the reduction of tumor growth and migration
of tumor cells to the secondary tumor site [54,61,63–65]. Direct interaction of CD40 on
MDA-MB231 cells with CD40L on T-cells was shown to upregulate Transforming Growth
Factor-beta (TGF-β), induce Th17 differentiation, and increase the proliferation of tumor
cells via STAT-3 signaling [66]. It was also shown that tumor cells through secretion of
some mediators, i.e., Prostaglandin E2 (PGE2) and CXCL1/5, led to Th17 expansion and
CXCL1 production, and subsequently BC growth and development [63,64]. On the other
hand, the IL-17 response was found to promote recruitment, suppressive functions, and
the release of anti-apoptotic factors from MDSCs [61,67]. In contrast, an anti-tumor role
for Th17 cells and their related molecules has been suggested by independent groups,
including us, through the observation of negative correlations of the frequency of Th17 cells
with the size and stage of BC [22,68] or longer survival [69]. In this regard, we observed
that the mean expression of IL-17 in Th17 cells declined significantly in node-positive
patients, and in those in higher stages [22]. Yang et al. also demonstrated an association
between the frequency of Th17 lymphocytes and a more favorable prognosis in BC. Nearly
all cancerous tissue specimens showed an increased infiltration of Th17 cells compared
with the normal breast tissues. A negative association was also observed between the
prevalence of Th17 cells and TNM-stage, the invasion of the blood vessel, and higher
numbers of metastatic LNs [68]. A bioinformatics analysis also indicated an association
between the Th17 metagene and good prognosis and longer survival in Triple-negative
BC (TNBC) patients [69]. In another study, it was shown that the accumulation of both
Th17 and Tregs in the breast tumor microenvironment occurred at the early stage of the
disease; however, with tumor progression, Th17 infiltration gradually decreased, while
Treg infiltration increased and resulted in Treg dominance in advanced stages of BC [70]. In
addition, the frequency of Th17 in peripheral blood was lower in HER2+ patients compared
with the healthy ones, while it increased following a treatment with Trastuzumab. It
also had an inverse correlation with Tregs in metastatic patients [71]. The anti-tumor
activities of Th17 could be attributed to multiple mechanisms (Figure 1), indirectly through
fighting bacterial and viral infections, known to play a significant role in the pathogenesis
of many cancers, or directly through the regulation of Tregs in a reciprocal manner, the
induction of MHC-I and II expression, the enhancement of CTL activity, and crosstalk
with Th1 [57,72]. IL-17 produced by Th17 cells was shown to synergize with IFN-γ in the
induction of anti-tumor chemokines CXCL9 and CXCL10 that attract and stimulate NK,
DC, and T-cell responses [73]. It was also revealed that a low level of IL-17 could lead
to MDSC differentiation in vitro, yet, IL-17 could decrease cell proliferation and induce
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apoptosis in MDSCs [74]. In summary, Th17 cells play a complex role in BC as well, with
both pro-tumor and anti-tumor effects. While their pro-tumor properties are primarily
associated with the upregulation of angiogenic factors or the secretion of mediators by the
other cells leading to Th17 expansion, the anti-tumor properties could result from Th17
interactions with effector immune cells such as Th1 and CTLs.

Figure 2. Pro-tumor functions of T-cell subsets in breast cancer. Th2 increases the frequency
of Tregs and induces M2-macrophage differentiation and subsequently promotes tumor survival,
growth, and metastases. Th17 regulates angiogenesis, induces pro-invasive factors (i.e., IL-17, IL-22,
and IL-23, MMPs) and promotes the proliferation, survival, and invasion of malignant cells. It
could also interfere with CTLs migration through the activation of STAT3 signaling, and reduction
of CXCR3 expression. IL-17 supports inflammation in the tumor microenvironment indirectly by
inducing TPL2, and promotes the recruitment, suppressive functions, and release of anti-apoptotic
factors from MDSCs. Th22 enhances tumor cells migration by activating the STAT3/MAPKs/AKT
pathway. It also stimulates S1P production in MSCs and promotes the chemotactic migration of breast
tumor cells and their metastasis to bone marrow. IL-22 accelerates this process by increasing MCP-1
and MMP-9 in MSCs. In addition, following the upregulation of IL-22, the PI3K-AKT-mTOR pathway
is activated and increases the growth, migration, and invasion of the tumor cells. It also renders
them resistant to anti-mitotic and anti-EGFR therapeutic agents. Th25 promotes immunosuppression
through the recruitment and activation of type 2 immune cells (Th2 and M2-macrophages). ThGM

increases the expression of PD-L1 on TAMs via an IFN-γ/STAT3-dependent pathway and induces an
EMT/stemness-like invasive phenotype or accumulates Arginase 1 expressing myeloid cells. It also
induces pDC, which in turn deviates naive CD4+ T-cells and macrophages into a pro-tumorgenic
Th2 and pro-invasive TAM-like phenotype, respectively. Th9 enhances the immunosuppressive
function of Tregs, prevents immunological memory formation, and promotes the development of
hematological malignancies. Tfh plays a role in the regulation of EMT during lymph node metastasis.
TFR controls Tfh and GC responses and prevents antibody production. It also increases IL-10 directly
or indirectly via the differentiation of IL-10-producing B-cells. CD8+ T-cells might differentiate
into pro-tumor and regulatory cells (CD39highCD8+ Tregs, CD8+CD28− T-cells, Tc2, and Tc17 cells)
and promote tumor growth. Abbreviations: Arg1: arginase 1, APC: antigen-presenting cell, CTL:
cytotoxic T-cells, DC: dendritic cells, EGF: epidermal growth factor, EGFR: epidermal growth factor
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receptor EMT: epithelial–mesenchymal transition, iNOS: inducible nitric oxide synthase, GC: germinal
center, NK: natural killer, MDSC: myeloid-derived suppressor cells, MMP: matrix metalloproteinases,
MCP: monocyte chemoattractant protein, pDC: plasmacytoid dendritic cells, PGE2: prostaglandin E2,
S1P: sphingosine-1-phosphate, Th: T helper, Tfh: T follicular helper, TFR: T follicular regulatory, Treg:
regulatory T-cells, TPL2: tumor progression locus 2, TSLP: thymic stromal lymphopoietin, TAMs:
tumor-associated macrophages, TNBC: triple-negative breast cancer, VEGF-R: vascular endothelial
growth factor receptor.

4. IL-25-Producing T-Cells

IL-25-producing cells were recently proposed as a potentiate subset of helper T-cells,
Th25, identified by the production of Act1, IL-4, IL-13, and IL-25 (also known as IL-17E).
This subset and its main cytokine, IL-25, is commonly involved in response to extracellular
pathogens and plays a major role in autoimmune diseases and allergic inflammation [75–77].
It is also suggested that Th25 is involved in the processes promoting immunosuppression
or tissue repair along with Th2 and M2-macrophages [78]. Nevertheless, defining the
role of Th25 cells in cancer is still in the early stages, but some studies have suggested
that IL-25, its key cytokine, plays a role in modulating the immune responses to tumors,
including BC [79]. IL-25 is a member of the IL-17 family with a unique structure and
function. In this connection, it was demonstrated that IL-25, similar to IL-17A, could
accelerate the proliferation and survival of tumor cells through the same oncogenic signal-
ing pathways [80]. IL-25 was also shown to have a shared pathway with the epidermal
growth factor receptor (EGFR) and rendered TNBC resistant to anti-mitotic and anti-EGFR
therapeutic agents [69,80,81]. Bioinformatics analyses also showed similar results in the
luminal subtype where high expression of ER was associated with higher expression of
IL-25, which in turn suppressed IL-17 signaling and recruited Th17 cells [82]. Similarly,
in a transgenic mouse model of spontaneous BC, it was shown that IL-25 promoted the
recruitment of type 2 immune cells and facilitated lung metastasis, whereas blocking IL-25
remarkably decreased the type 2 response (Th2, M2-macrophages, and IL-10) in the tumor
microenvironment but significantly increased the expression of IL-12 and the activity of
CTLs to kill tumor cells [83]. However, it should be noted that in this study and other
similar investigations, the function of Th25 cells might be mistakenly misinterpreted as that
of Th2 cells due their shared transcription factors, cytokine requirements for development,
and similar functions. Reduced tumorigenicity was also observed when the IL-25 receptor,
and IL-25RB, were deleted in the drug-resistant BCs [84]. Concordantly, the expression of
IL-25 and its receptor was significantly higher in breast tumors compared with the normal
samples while it was undetectable in most normal breast tissues [80,83]. However, some
studies reported this expression just on tumor-infiltrating CD4+ T-cells, and infrequently
on tumor cells [83], or could not find IL-25 in the T-cells isolated from the tumoral and
adjacent tissues of the patients with different molecular subtypes [69]. Differential ex-
pression of IL-25R was also observed in peripheral blood where it was highly expressed
in malignant patients and showed direct associations with poor prognoses, i.e., higher
grade/stage tumors, and decreased survival [84,85]; however, the serum level as well as
mRNA expression of IL-25 in peripheral blood mononuclear cells was remarkably higher
in the healthy controls than in the malignant cases [85].

On the other hand, there are some studies introducing IL-25 as one of the endogenous
factors secreted by non-malignant mammary epithelial cells or tumor-associated fibroblasts
conferring high cytotoxic activity on BC cells without affecting non-malignant mammary
cells [86–88]. It was proposed that IL-25 differentially induces caspase-mediated apoptosis
through the differential expression of its receptor, IL-25R, on poor prognoses tumors rather
than on non-malignant cells [84,86–88]. In line with these findings, a combination of
rIL-25 and IL-17B silencing (siIL-17B) or a single chain against IL-25R could provide a
strong inhibition in cancer progression along with decreased VEGF expression, reduced cell
viability, and stimulated apoptosis in BC cells [88,89]. Collectively, Th25 seems to be mostly
involved in tumor progression through the secretion of IL-25, which leads to the promotion
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of type 2 immune responses. However, limited studies also suggest an anti-turmeric role
for IL-25 by induction of apoptosis in tumors which requires further investigations.

5. IL-22-Producing T-Cells

A subset of T-cells, namely Th22, was introduced which mainly produces IL-22 but not
any of the other subsets’ related-cytokines, i.e., IFN-γ (Th1), IL-4 (Th2), and IL-17 (Th17)
cytokines. These cells produce multiple cytokines including IL-22, IL-26, IL-33, and TNF-α;
however, they exert their function mainly through the secretion of IL-22. IL-22 is a member
of the IL-10 family, and its expression is stimulated by inflammatory cytokines, i.e., IL-1β,
IL-6, IL-21, and IL-23. It binds to IL-22R (a heterodimer of IL-22R1 and IL-10R2) which
is selectively expressed by non-immune cells. Besides the production of anti-microbial
peptides (β-defensin-2 and β-defensin-3, and peptides of the S100 family), this cytokine
induces the proliferation and differentiation of epithelial cells, which contributes to the
pathogenesis of some autoimmune diseases and cancers [90–92]. Th22 and IL-22 were
studied more in gastro-intestinal cancers in which, besides higher frequency of Th22 and
IL-22 expression, IL-22 directly promotes the proliferation of colonic epithelial cells and
increases their production of nitric oxide synthase and subsequently increases colonic
inflammation and carcinogenesis [93]. In BC, however, there are limited studies; Wang
et al. demonstrated that the frequency of Th22 increases in tumor tissues compared
with para-tumoral and normal breast tissues. Furthermore, in vitro analysis on TNBC
cell lines (MDA-MB-231 and MDA-MB-468) also showed that through the activation of
STAT3/MAPKs/AKT pathway, IL-22 enhances tumor cell migration and their resistance to
paclitaxel chemotherapy in a dose-dependent manner [94]. Our observation also revealed,
on average, more than 2% of CD4+ lymphocytes in TDLNs of patients with BC produced
IL-22; however, the majority of them simultaneously expressed IFN-γ and to a lesser
extent, IL-17. The percentage of the Th22 subset (CD4+IL-22+IFN-γ−IL-17−) was extremely
low (about 0.6%). We observed that the mean percentage of IL-22-producing CD4+ cells
significantly increased in patients with higher stages and in those with higher numbers
of involved nodes. A non-significant increase in the frequency of Th22 lymphocytes was
also found in patients with late stages and higher involved nodes [95]. An increased
level of IL-22 was also observed in the sera of patients with BC [96]. In tumor tissue,
it was observed that IL-22 and IL-22R1 were mostly expressed in tumor cells and to a
lesser extent in stromal cells. The IL-22 expression in tumors was a poor prognostic factor
for OS, and along with tumor-IL-22R1, was positively associated with the infiltration of
CD68-positive TAM, which together displayed the worst prognosis outcomes regarding
both OS and RFS [97]. These findings collectively suggest a pro-tumorigenic function for
IL-22-producing cells in patients with BC, a concept further supported by in vitro and
animal model studies.

Similarly, in the 4T1 mouse model (a model similar to metastatic triple-negative BCs),
the level of IL-22 mRNA showed an increase in tumor tissues compared with normal
mammary tissues. In addition, exogenous IL-22 increased the proliferation of BC cells in
a STAT3/IL-1β/IL-23-dependent manner. Thus, blocking IL-22 activity may lessen the
progression of tumors induced by IL-1 and IL-23 [98]. Consistently, Rasé et al. demonstrated
that Th22 along with Th17 were detectable very early in the mass and remained until the
final day. In the peripherals, when the tumors were well-established, the frequency of
Th22 significantly increased over time. Addressing the mechanism underlying Th22 cell
recruitment, using 4T1-IL-6-KO mouse mammary carcinoma, they observed that in the
absence of IL-6, total CD4+ helper cells including Th17 significantly expanded in the
tumors, whereas Th22 and MDSC frequencies reduced in all tissues. Accordingly, they
concluded that IL-6 might facilitate tumor growth and confer immunotherapy resistance
through tumor cell polarization and expansion of the Th22 cell population [99]. Another
investigation revealed an increased IL-22 level in the higher stage of breast carcinoma,
and its depletion limited tumor invasion and progression and decreased tumor burden.
IL-22 deletion was associated with the reduced expression of the transcription factors

34



Cancers 2023, 15, 4771

involved in the EMT [100]. IL-22 also stimulates sphingosine-1-phosphate (S1P) production
in mesenchymal stem cells (MSCs) and promotes the chemotactic migration of breast
tumor cells toward MSCs, thereby enhancing BC metastasis to bone marrow. Furthermore,
IL-22 accelerates this process by increasing the expression of monocyte chemoattractant
protein 1 (MCP-1) and MMP-9 activity in MSCs [101]. In addition, it was observed that
following the upregulation of IL-22 and HOXB-AS5 (a long non-coding RNA located in
HOX gene clusters), the PI3K-AKT-mTOR pathway was activated and increased the growth,
migration, and invasion of the MDA-MB-231 BC cell-line [102]. Voigt et al. proposed
another mechanism in which breast tumor cells induce IL-22 production by memory CD4+

T-cells in an IL-1-dependent manner. The IL-1 (β in humans, α in mice) activated the NLRP3
Inflammasome in the tumor microenvironment and induced IL-22 production in various
CD4+ T-cells including Th22, Th17, and Th1 cells [103]. However, Weber et al. reported
a protective role for IL-22 in the BC mouse model as they observed that the treatment
of EMT6 cells with IL-22 not only did not induce angiogenesis and apoptosis but also
reduced tumor growth and promoted cell cycle arrest through the reduction of ERK1/2
and AKT phosphorylation [104]. Despite this, most studies, including ours, suggest a
pro-tumorigenic role for Th22/IL-22 in BC (Figure 2).

6. IL-9-Producing T-Cells

IL-9 and IL-9-producing T-cells (termed Th/Tc9), are mainly introduced as pro-
inflammatory mediators involved in the pathogenesis of a variety of autoimmune diseases
and allergic inflammations. However, it has also been reported that IL-9 can provide a
tolerogenic environment, highlighting IL-9 as a pleiotropic cytokine with both positive
and negative effects on immune responses [105]. Nevertheless, how IL-9 and Th/Tc9 cells
contribute to the immune responses to cancer remains to be elucidated.

Controversial data were reported about the role of Th9/Tc9 in various types of can-
cer. On the one hand, IL-9 enhances the immunosuppressive function of Tregs, prevents
immunological memory formation, and promotes the development of hematological malig-
nancies via its effect as a growth factor [105–107]. On the other hand, some studies support
the protective role of Th9/Tc9, even superior to Th1/Tc1 subsets, especially in solid tumors
like BC [105]. Besides the direct inhibitory effect of IL-9 on tumor cells [108,109], it was
shown that IL-9 and IL-9-producing T-cells provide a unique inflammatory environment
in tumor tissues, which promotes tumor-specific T-cell responses, particularly CTLs. In
addition, it recruits leukocytes, i.e., DCs, into tumor tissues, increases their survival, and
enhances antigen-presentation in draining lymph nodes [105,110].

Limited controversial data are available in BC, as well. Through a longitudinal inves-
tigation of soluble factors in the sera of BC patients, Carlsson et al. found that patients
with metastatic lesions had higher amounts of IL-9 in their serum over time. This finding
suggested a relationship between IL-9 and tumor progression, or tumor load [111]. A
higher IL-9 level was also observed in both patients’ sera and in the circulating CD4+

T-cells than in those of the healthy ones. IL-9-expressing Th9 cells were more abundant
in the CCR4−CCR6−CXCR3− subset and produced an elevated level of IL-10 and IL-21
following activation. These Th9 cells could mediate higher cytotoxicity in CD8+ T-cells
via IL-9 and IL-21 expression, and IL-9 blocking led to a significant decrease in CD8+

T-cells’ cytotoxicity. Accordingly, it could be concluded that Th9 exerts anti-tumor activity
in BC at least indirectly by promoting CD8+ T-cell inflammation [112]. In another study,
IL-9-producing CD8+ T-cells were present in some resected BC tumors while IL-9R was
almost present on CD8+ T-cells in all patients, yet in different degrees. Although there
was no association between the expression of IL-9 and its receptor, IL-9R, and the clinical
characteristics, IL-9 production in CD8+ T-cells from patients with BC was higher than in
the healthy controls with more expression in IL-9RHiCD8+ T-cells. The IL-9RHiCD8+ T-cell
subset also exhibited lower expression of inhibitory molecules, i.e., KLRG-1, PD-1, and Tim-
3, on one hand, but higher inflammatory mediators, i.e., IL-2 and IL-17, and lower IFN-γ
following the activation compared with the IL-9RLow subset. Together, these data indicated
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an inflammatory response for IL-9-producing CD8+ T-cells in BC, and the low expression of
PD-1 on IL-9RHi CD8 + T-cells may indicate that these cells are more resistant to inhibitory
mechanisms in the tumor microenvironment, enabling them to perform effector functions
more effectively [113]. Evaluating the role of IL-9 on cancer development in a mouse model
of BC (HER2+ and TN models) also demonstrated that IL-9 deficiency through neutralizing
antibodies or deleting endogenous IL-9 led to priming host tumor-specific T-cells, acquiring
immunologic memory, and the early rejection of BC [114]. These results represent IL-9 as
an inhibitor of adaptive responses, so blocking IL-9 could be proposed as a therapy that
limits tumor growth; however, the exact role of these cells in immune responses to breast
tumors and their trafficking pattern need further in vivo and in vitro studies (Figure 2).

7. GM-CSF-Producing T-Cells

Another distinct subset of T-cells, named ThGM, has been introduced, which mainly
produces GM-CSF but not IFNγ and IL-4 [115]. However, not limited to helper cells, this
subset consists of up to 2% of all helper T-cells and is characterized by the expression
of various chemokines and chemokine receptors such as CCR10+, CCR4+, CCR6+, and
CXCR3 [116]. It has been shown that GM-CSF-producing T-cells play a role in the patho-
genesis of various inflammatory and autoimmune diseases [116,117], yet the frequency and
function of GM-CSF-producing lymphocytes have not been widely studied in cancers [118].
Nevertheless, GM-CSF is well-known for its immune-modulatory functions as it can exert
both suppressive and stimulatory effects on tumor cells [119]. Limited studies on BC also
show both pro- and anti-tumorigenic roles for this cytokine or its corresponding T-cell
subsets (Figures 1 and 2) [118,120,121]. Accordingly, we observed lower GM-CSF plasma
levels in the patients with higher stages of BC than in those with a lower stage of the
disease, which could be attributed to GM-CSF suppression following tumor growth and
progression [122]. Concordantly, it was shown that in the murine model of BC, GM-CSF
inhibited tumor progression and metastasis through their effects on monocytes and the
secretion of soluble VEGFR-1, which in turn inactivates the VEGF and blocks angiogen-
esis [121]. In addition, GM-CSF overexpressing MCF-7 cells exerted more sensitivity to
anti-cancer drugs in Chaubey’s study [120].

On the other hand, it is also proposed that higher GM-CSF in the serum is related to
the BC metastasis and increased production of GM-CSF in cancer patients (probably due
to inflammatory milieu, i.e., in response to TNF-α and LPS), supports angiogenesis, and
promotes tumor growth and progression [123,124]. GM-CSF from activated lymphocytes
was also observed to increase the expression of PD-L1 on TAMs via an IFN-γ/STAT3
dependent pathway, and provided an immunosuppression [125]. Multiple reports also
showed that primary breast tumor cells or mesenchymal-like BCs could aberrantly produce
GM-CSF [126,127]. This BC-derived GM-CSF seems to play a pro-tumorigenic role and as
an endogenous signal, develops an immunosuppressive microenvironment by inducing
plasmacytoid DCs (pDCs)’s activation, which in turn deviates naive CD4+ T-cells and
macrophages into a regulatory Th2 response and pro-invasive TAM-like phenotype, respec-
tively [128], inducing an EMT/stemness-like invasive phenotype [129] or accumulating
Arginase 1 expressing myeloid cells [127]. These conditions were also associated with the
more aggressive BC subtypes, metastasis, and reduced survival [126,127,129,130]. In line
with these, GM-CSF neutralization significantly reduced tumor growth and metastases
probably in part due to the modulation of the tumor microenvironment, the reduction of an-
giogenesis, and the immunosuppressive cells within the tumor [119]. These discrepancies
propose that GM-CSF effects might be source-, dose-, and context-dependent, and further
studies are required to clarify the mechanisms by which GM-CSF affects breast tumors.
Despite these studies, most observations, in addition to the immunostimulatory effects
of GM-CSF in immunotherapies alone or in combination with chemotherapy [131,132],
suggest a protective role for this cytokine in the BC tumor setting or its therapeutic potential
in the treatment of BC (Figure 1).
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8. Helper and Regulatory Follicular T-Cells in Breast Carcinoma

Follicular helper T-cells (Tfh) are one of the most prevalent and significant populations
of effector T-cells with specialized functions in lymphoid tissues. The expression of CXCR5
enables them to localize within B-cell follicles, where they provide help to B-cells. They also
produce IL-21, a potent stimulator of the B-cell differentiation into antibody-forming cells.
Tfh cells also express several markers, including the CXCL13 chemokine, the PD-1 and
inducible co-stimulator (ICOS) co-stimulatory/inhibitory molecules, and the Bcl6 transcrip-
tion factor [133,134]. The dysregulated function of Tfh or its related molecules, i.e., ICOS or
IL-21, has been reported in certain autoimmune diseases or immunodeficiencies [133]. Few
studies have considered the role of these cells in cancer as the origin of follicular lymphoma
or other hematologic cancers, as well [135]. However, except for a few recent investigations
studying Tfh cells in breast carcinoma, the role of these cells in the immunity against solid
tumors has been poorly demonstrated.

In a comprehensive study on infiltrating CD4+ T-cells in untreated invasive primary
breast tumors, the Gallo group reported, for the first time, the presence of Tfh cells among
infiltrating lymphocytes in BC. Most of these CXCL13-producing Tfh cells were in the ger-
minal centers (GCs) of tertiary lymphoid structures (TLS), predominantly located adjacent
to the tumor bed, and constituted one of the important components of these structures in
the breast tumors [19]. However, through ex vivo functional studies, they later showed
signals initiating from ICOS/ICOSL interactions led to Tfh differentiation and migration to
the B-cell follicle. It was observed that just a subset of Th1-oriented Tfh with the activated
phenotype (PD-1hiICOSint) was functional, could produce IFN-γ, provided help for the
production of immunoglobulin, induced effector memory B-cells, and was correlated with
better disease outcomes [136]. A similar subset was also observed in TDLNs of patients
with BC in our previous study with the mean frequency of 2.19 ± 1.59, which showed a
positive relationship with both B-cells and Th2 cells, highlighting the collaboration of Tfh
cells in configuring antibody responses [22].

Further analysis revealed the association of a Tfh-related gene signature composed
of eight genes including CXCL13 with a greater chance of responding to preoperative
chemotherapy and improved survival in patients who have not received treatment [19]. Im-
munohistochemistry staining also confirmed a correlation between CXCL13 expression and
the degree of immune infiltration [19]. The activation of the CXCL13–CXCR5 chemokine
axis was previously shown in BC [137]. Although CXCL13 overexpression in BC tissues
and increased serum level of this chemokine in patients with metastatic disease suggested
a role for CXCL13 in the BC progression [138], the activation of this axis was negatively
associated with determinants of a poor prognosis, including axillary node involvement
and high histological grade and improved outcome in HER2 overexpressing BC [137].
In addition, the positive correlation of CXCL13 with mesenchymal markers (Vimentin,
N-cadherin, Snail, Slug, and MMP9) and negative correlation with E-cadherin implied that
the CXCL13–CXCR5 axis could have a role in the regulation of EMT during lymph node
metastasis [138,139].

In a complementary study, it has been further demonstrated that the main source of
CXCL13 in human BC was CD4+ TILs (and to a lesser degree, CD8+ TILs), but not follicular
DCs. It was proposed that after consuming IL-2 by Tregs and their proliferation at the tumor
site, the IL-2 level for effector TILs decreased. Under this condition, some activated CD4+

TILs upregulated CXCL13 and were differentiated to CXCL13-producing CXCR5– Tfh
(TfhX13). It has been shown that suppressive cytokines (e.g., TGF-β) of Tregs had no effects
on the accumulation of these cells. Thus, the frequency of TfhX13 gradually increased
at the tumor site, which in turn, directed B-TILs’ migration and subsequently promoted
lymphoid structure and GCs’ formation. These cells also regulated the activation and
recruitment of CD8+ lymphocytes. Since long-lived B-cells and plasma cells are generated
in the GCs and play a crucial role in the elimination of tumor residues, the balance between
TfhX13 and Treg-TILs seems to be an important issue. In fact, TfhX13 differentiation might
be a feedback response that participates in the second round of humoral and cell-mediated

37



Cancers 2023, 15, 4771

immune responses to overcome Treg-mediated immune suppression. However, TfhX13
cells intriguingly expressed considerable levels of PD-1, ICOS, and an intermediate level
of intracellular cytotoxic T-lymphocyte-associated protein 4 (iCTLA-4), and accordingly
can be considered as an important target for the modulation of the immune system by
checkpoint inhibition in BC [136,140]. The higher expression of PD-1 and TIM-3 on Tfh
cells was also observed in the peripheral blood of patients with BC. It has been shown
that TIM-3+ Tfh cells expressed higher levels of PD-1 and were considered to possess an
exhausted phenotype as they had lower proliferation, and CXCL13 and IL-21 production.
Moreover, B-cells cocultured with these TIM-3+ Tfh cells produced less IgM, IgG, and
IgA [141].

Collectively, it can be concluded that a combined activated/suppressed TILs profile
with higher TLS and GC along with increased Tfh cells in extensively infiltrated BCs
suggests that patients with an organized immune response to their tumors, specifically
those with detectable Tfh signature, are more likely to respond better to preoperative
chemotherapy or have improved postoperative DFS [19].

Besides the specialized T subset with helper function in the follicles, a novel sub-
group of Foxp3+ regulatory T-cells has been reported recently, which similar to Tfh cells,
expresses Bcl6 and enters the follicles by upregulating CXCR5. These cells, designated
as follicular regulatory T-cells or TFRs, along with other regulatory cells, seem to play a
crucial role in regulating Tfh cells and GC responses and preventing auto-antibody pro-
duction [142]. The presence and role of this subset in tumor immunity, especially humoral
immune responses, have been rarely studied [143,144]. We previously reported a subgroup
of CD4+Bcl6+CXCR5int/hi, which were positive for the Foxp3 marker, in TDLNs of patients
with BC. This subgroup comprises about one percent of helper cells; however, no significant
changes were observed in the frequency of these cells following tumor cells’ infiltration
to lymph nodes or progression of the disease [22]. No study has been done on the origin
and differentiation of TFR cells in BC, though in a study on human follicular lymphoma,
it has been suggested that mesenchymal stromal cells support the viability of TFRs and
also mediate differentiation of Tfh to TFR cells through the upregulation of Foxp3 in Tfh
cells [145]. These cells with a demethylated FOXP3 gene could suppress Tfh function-
ality in a glycoprotein A repetitions predominant (GARP)-associated TGF-β-dependent
manner [136]. These cells also showed increased frequency in the peripheral blood of BC
patients and functionally increased IL-10 by directly producing IL-10 and indirectly by
stimulating the differentiation of IL-10-producing B-cells [146]. A study on Bcl6FC mice,
which has a specified deletion in the BCL6 gene in Foxp3+ T-cells and is commonly used
as a mouse model for studying TFR, concordantly revealed that TFR cells promote B-cell
growth and entry into the dark zone of the GCs through IL-10 production [147]. These
findings, collectively, suggest an essential role for TFR cells and their relative balance with
Tfh in regulating GC-dependent antibody responses.

9. Cytotoxic T-Cells and Their Effector Subsets

Classically, CTLs have been considered the key component of effective anti-tumor
immunity [148]. In BC, according to the reports, CD8+ lymphocytes are among the most
frequent infiltrating subpopulations in the tumor, and those tumors with high infiltration
of CD8+ T-cells had a better prognosis and survival [148,149]. The gene expression profile
of BC stroma also showed that the gene signatures related to CTLs and NK cell activities
are predictive of a good outcome with a 5-year survival rate of more than 98% [32]. Concor-
dantly, the frequency of tumor-infiltrating CD8+ T-cells showed a negative association with
advanced stages and metastasis but a positive correlation with RFS and OS [149,150].

It was also shown that the majority of infiltrating CTLs in tumor beds exhibited effector
(CD8+CD28+), memory (CD45RO+), or activated phenotype (CD25+, CD69+, HLA-DR+)
and the naive subset (expressing CD45RA and CCR7) compromised the least propor-
tion [148,151,152]. The frequency of CD8+CD28+CD25+ effector cells was found to be
negatively correlated with the prevalence of distant metastasis in infiltrative ductal carci-
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noma of the breast [148]. However, there are also some reports showing the association
of CD8+ T-cells with survival rate just in some tumor subtypes [153,154], or indicating no
obvious association [155] or even an association with poor outcome [26,156].

The discrepancies in the results may be due to the activation status as well as the
heterogeneity in the expression profiles of these cells in differential states of anti-tumor
immune responses, since similar to CD4+ helper lymphocytes, CTLs are also classified
into different subsets based on their transcription factors, cytokine profiles, and effector
functions, which could dramatically affect the outcome of the host–tumor interaction [157].
In this regard, we observed that the mean expression of IFN-γ in Tc1 lymphocytes in TDLNs
was lower in patients with positive nodes and late stages, whereas the frequencies of Tc2
and Tc17 were higher in advanced stages of BC. These differences were more pronounced
in patients whose tumor type was infiltrative ductal carcinoma. Higher frequencies of
Tc2 and Tc17 were also observed in patients with more involved nodes (N3) compared
with the node-negative ones [23]. In this regard, it was shown that in the breast tumor
microenvironment, CD8+ T-cells are induced to produce IL-17 (Tc17) by TGF-β, which in
turn enhances tumor growth directly in tumor-bearing mice and suppresses apoptosis.
Consistently, knocking down the receptor of IL-17 increased apoptosis and reduced tumor
growth [158]. Albeit later, Tc2 effector subpopulation was also demonstrated to be localized
in the tumor site along with Th2 with higher IL-4 and IL-10 production which seemed to
be correlated to tumor growth and metastasis in untreated mice [18].

Although there are many reports that CTLs in the tumor microenvironment had an
activated phenotype, there is no guarantee that intratumoral T-cells are fully functional [17].
In this connection, the proliferation capacity and IFN-γ production of intratumoral CD8+

T-cells were observed to be reduced in response to T-cell receptor stimulation in higher
stages [159]. The anti-tumor activity of CTLs was also found to be impaired because
of the significant loss of the CD3ζ chain and the CD3-complex dysfunction in the early
stage of BC [160]. In addition, T-cell exhaustion could occur due to repetitive and chronic
exposure of CTLs to the antigens in the tumor microenvironment, which represents the
loss of cytokine production, proliferation, and/or cytolytic activity [161]. In this regard, we
observed the higher frequency of TIM-3+CD8+ cells in TDLNs of patients with high-grade
BC. The expression level of TIM-3 in CD8+ and CD4+ T-cells was also higher in patients
with more involved lymph nodes [162]. Similarly, the co-expression of PD-1 and LAG-3 was
demonstrated to be associated with exhaustion in CD8+ T-cells in patients with TNBC [163].
However, cytokine production, degranulation, and cytotoxic capacity of PD1-expressing
CD8+ T-cells were reported to be maintained in BC, whereas the same population showed
reduced function and exhaustion in melanoma [151,164]. In addition, it was revealed that
the tumor microenvironment changes the anti-tumor function of CD8+ T-cells through the
induction of the CD39 expression (an immunosuppressive ATP ectonucleotidase) and the
reduction of effector markers. These CD39highCD8+ Tregs were only detected in tumor
tissues and metastatic lymph nodes but not in the peripheral blood. Upregulation of
CD39 was accompanied by the expression of inhibitory receptors and reduced IL-2 and
TNF secretion, and tumor growth, indicating CTLs’ exhaustion [165]. Controversially,
Tallón de Lara et al. introduced CD39+PD-1+CD8+ T-cells, but not all CD8+ T-cells, as a
protective population that correlated with DFS [166]. In addition, a population of CD8+

T-cells with the suppressive phenotype (CD8+CD28−) was also detected in the tumor
microenvironment [148]. These senescent cells may exert an immunosuppressive function
partly through the induction of tolerogenic antigen-presenting cells (APC) [167]. These
findings further confirm the considerable heterogeneity of CD8+ T-cells in the breast tumor
microenvironment and emphasize that several parameters should be considered in the
study of CD8+ T-cells, including the type and even subtype of cancers, and the expression
of immune checkpoint inhibitors or activation markers.
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10. Memory T-Cells

Memory T-cells are crucial players in the immunity against tumors due to their
potential for providing a quick and sustained immune response to the tumors [168]. Hence,
several studies showed the importance of CD45RO+ memory T-cells in BC prognosis
as well. Immunohistochemical evaluations revealed that CD45RO+ lymphocytes were
the most frequent immune subset in both the periphery and invasive margin of breast
tumors indicating previous antigen priming in tumor tissues, while their infiltrations in
normal-like tissues adjacent to the tumors were remarkably low [169–171]. The frequency
of these cells in invasive margins was observed to be strongly higher than in the center of
tumors [11]. However, Schnellhardt et al. reported relatively low density for CD45RO+

lymphocytes in BC tissues along with poor epithelial infiltration [172]. Nevertheless,
the findings collectively showed that higher infiltrations of CD45RO+ lymphocytes were
significantly associated with smaller tumor size, fewer metastatic lymph nodes and fewer
peri-tumoral lymphatic invasions, lower histological grade, and TNM-stage [173,174],
although we conversely observed this association with node metastasis, higher histological
grade and stages [11]. The older patients (over 50) also had a higher frequency of CD45RO+

lymphocytes, consistent with the research on immune system development suggesting
an increase in the CD45RO+ memory population with age [175]. Immunophenotyping
the CD45RO-expressing lymphocytes infiltrating breast tumor tissues revealed that the
majority of CD45RO+ lymphocytes displayed the CD3 pan T-cells marker (more than 90%),
followed by CD8+, CD4+, and CD16+/CD56+ NK cells. We also observed that the majority
of the NK cells in BC had NKT phenotype expressing CD3 (more than 90%). CD45RO
was also rarely expressed on CD14+ monocytes and CD11c+ DCs (less than 10%), with no
expression on CD19+ B-cells [unpublished data].

Studies mostly look into the patients generally without considering differences caused
by the patients’ molecular subtypes or heterogenicity that exists among memory T-cells.
Accordingly, based on the expression of ER, PR, and HER2, we classified the patients
into different subgroups: luminal and non-luminal (including HER2-enriched and TNBC)
subtypes. Our findings indicated remarkably more infiltrations of CD45RO+ lymphocytes
in the non-luminal subtypes, with the highest frequency in HER2-enriched tumors, than
the luminal type [11]. However, limited studies have investigated CD45RO+ lymphocytes
in BC with different molecular subtypes [11,176,177]; these observations are in accordance
with studies reporting more infiltration of immune cells in non-luminal tumors [178,179].
One of the possible causes of the difference in lymphocytic infiltration among different
molecular subtypes was proposed to be the modulatory effect of hormone receptors on
immune responses to the tumor and lymphocytic composition in the TME [180–182].

In addition to tumor heterogeneity, it is now well-documented that there is a broad
diversity among memory T-cells with unique properties within key functional features
such as trafficking, localization, effector functions, and durability [183]. In this regard,
CD103+CD8+ T-cells, recognized as tissue-resident memory T-cells (TRM), were observed
to be a common effector subset in breast tumors with high expression of effector markers
and immunological checkpoint molecules and were linked to improved survival [152].
Immunohistochemical analysis showed a correlation between CD103 positivity and tumor
grade, tumor size, and ER/PR status. Additionally, co-expression of CD103+/CD8+ demon-
strated a stronger predictive value and was associated with higher RFS and OS. Therefore,
it was suggested that CD103-CD8 co-expression would be a more valuable prognostic
marker than CD8 alone [184]. Another independent investigation demonstrated TRM
enrichment (defined by CD39, CD69, and CD103 expression) in TNBC samples and its
relationship to survival. However, in this study, TRM exhibited an exhausted phenotype,
which could be reinvigorated to active form with the addition of immune checkpoint
inhibitors [185]. Accordingly, the TRM cell is introduced as a prognostic factor that plays an
essential role in BC surveillance and is a key mediator in immunotherapy success. We also
assessed memory subsets in draining lymph nodes of patients with BC. We observed that
most lymphocytes (both CD4+ and CD8+ subsets) in draining lymph nodes from patients
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with BC exhibited a memory phenotype, with the highest frequency for central memory
T-cells (TCM) and the lowest for T memory stem cells (TSCM) subsets. Statistical analysis
indicated that tumor-positive lymph nodes had higher frequencies of CD4+ TSCM and
TCM than lymph nodes without tumors. In addition, the frequency of TCM with low
expression of CD45RO increased in the advanced stages, while TEM cells decreased [186].
Thus, we hypothesized that in an attempt to provide a pool of memory and effector T-cells,
TSCM cells proliferate following long-term exposure to tumor antigens; however, the tumor
microenvironment prevents TCM from differentiating into effector cells [186,187]. To check
the inhibitory state of lymph nodes, in another study, we assessed the expression of PD-1
and its ligands, as immune checkpoint inhibitors on different memory subsets and found
that while PD-1 expression was very low on TSCM, it was highly expressed on TEM and
TCM (unpublished data). Although PD-1 was generally considered a hallmark of T-cells’
exhaustion, it was shown that the expression levels of this inhibitory molecule change
depending on the stage of the T-cell differentiation [188], suggesting that PD-1 expression
on memory T-cells is related to the activation and differentiation status of the subsets
rather than their exhaustion. However, more functional studies are needed to elucidate the
regulatory role of the PD-1 molecule in memory cell development and function in BC.

11. Immune Suppression in Breast Carcinoma: A Role for Regulatory T-Cells

Substantial evidence from functional studies demonstrated that the microenvironment
of breast tumors contains a large number of infiltrating leukocytes that do not expand or
function normally [17,189]. It is now well-documented that the growth of most invasive
carcinomas including BC not only depends on regulatory factors derived from malignant
cells but is also affected by those from nearby stromal cells [9,190,191]. In this regard, a
large number of studies have indicated that the frequency of regulatory cells increases in
the peripheral blood, TDLNs, and more greatly in different tumor tissues including breast
adenocarcinomas [22,70,192]. However, Foxp3+ regulatory T-cells have low frequency in
BC tissues, and their densities and localizations in a large series of patients with primary
BC showed a significant association with higher tumor grade, HER2 positivity, ER nega-
tivity, and poor prognosis [11,193–195]. Infiltration of Foxp3+ cells also predicted lymph
node metastasis and was associated with a shorter RFS independent of other prognostic
factors [193,194,196,197]. The higher frequency of Tregs was also observed in TDLNs of
the patients with at least one involved node compared with those with the tumor-free
nodes [22]. Interestingly, the proliferation potential of Tregs was shown to be enhanced
during disease [159], while we observed that regulatory populations contained a lower
percentage of IL-2 and IFNγ-producing cells compared with effector cells [198]. Many
studies extend these findings in the animal models and show that Tregs increased in BC
and their specific depletion markedly suppresses tumor growth and provokes strong and
persistent anti-tumor immune responses [199,200]. The suppressive role of Tregs was
further confirmed by their adoptive transfer into the depleted mice that abrogated the
immune response [199,200].

Some other studies, however, did not find any significant predictive role for Tregs
in BC [11,148] or intriguingly reported that Foxp3 expression in tumor tissue is an in-
dependent predictor of better outcomes in HER2+ patients [201] or those who received
chemotherapy [202]. Besides intrinsic differences among different patients, this discrep-
ancy might be also attributed to the heterogeneity of Foxp3+ cells, their functional status,
and the expression of different immunosuppressive molecules used to phenotype Tregs.
Consistently, phenotypic and transcriptional profiling of the tumor and normal-tissue
Tregs exhibited that these cells were Foxp3+Helios+ cells with high levels of inhibitory
molecules (PD-1 and CTLA-4) and were associated with poor prognosis [203]. It is also
reported that CCR8 was upregulated in tumor-tissue Tregs and these CCR8+ Tregs have
high activity and proliferation potential [204]. Controversial reports could also be found
regarding CCL22. While there are several studies indicating that CCL22 contributes to
the recruitment of Tregs to BC tissues and worse clinical outcomes [205,206], Freier et al.
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reported that this phenotype correlated with good prognosis. They intriguingly proposed
that Tregs confine inflammation and tumor spreading, thereby attenuating nodal involve-
ment [207]. In another study, immunochemistry analysis showed a positive relationship
between CCL1 expression, but not CCL22, with Tregs frequency and improved survival in
breast tumors [208]. In addition, finding a new subset of Foxp3-expressing CD4+ cells with
no expression of CD25 increases the Tregs’ complexity. CD25 (IL-2 receptor alpha chain) is
commonly considered an indicative marker for both murine and human CD4+ Tregs. The
presence of this subset has been introduced in different settings including cancer [209]. To
the best of our knowledge, it was for the first time that we reported the presence of this
subset in draining lymph nodes of patients with BC. This subset showed elevated frequency
in node-positive patients with the invasive ductal carcinoma subtype of BC implying an
inhibitory role for these cells in breast tumor immunity [22]. However, further evaluations
of these cells revealed lower Foxp3 expression compared with the CD25+ Tregs [192,198]
and lower inflammatory and inhibitory cytokines, i.e., IFNγ, IL-2, IL-17, IL-22, and IL-10,
compared with the effectors. We concluded that due to lacking the CD25, these cells proba-
bly do not respond to IL-2, and accordingly do not expand and produce effector cytokines.
Our results introduced these cells as a heterogeneous exhausted population containing
both effector and regulatory cells and/or a subset in the intermediate state [198]. Overall, to
clarify the precise role of Tregs in BC, several factors including the heterogeneity of Foxp3+

cells and the expression of various immunosuppressive molecules should be considered
during studying these cells.

12. T-Cell and B-Cell Crosstalk

While the most of focuses are on T-cells in cancer, immunosurveillance is not just
limited to T lymphocytes [210]. In fact, the crosstalk of T-cells with other innate and
acquired immune cells finally determines the outcome. The interaction of B-cells, the
humoral arm of the adaptive immune response, and T-cells becomes more pronounced in
GCs where T-cells provide help for B-cells to produce more efficient antibodies [211]. In
this regard, Gu-Trantien et al. showed that in BC tumors, inflammatory milieu including
Tfh cells directed B-cell migration and subsequently induced lymphoid structure and GCs
formation, and finally led to the generation of long-lived B-cells and plasma cells and
the elimination of tumor residues [140]. Besides this traditional belief, the crosstalk of
B-cells and T-cells is not limited to antibody production but it is a dual and more complex
interaction [212].

B-cells constitute up to 40% of TILs in BC tissues and draining nodes [210,213], with
dominant memory phenotype (CD24hiCD27+) in TDLNs [213]. Recent studies showed
a strong association between B-cells and different helper and cytotoxic subsets of T-cells.
Infiltrated B-cells or a higher ratio of CD20/Foxp3+ were also associated with improved
clinical prognosis and longer OS [214,215]. B-cells could facilitate tumor regression by
presenting antigens to T-cells via MHC I/II, and the recruitment of other immune cells
including T-cells to effector sites, secondary and tertiary lymphoid organs [210]. In addition,
antibodies bind to tumor antigens and help macrophages and DCs to uptake, process, and
present or cross-present them to CD4+ and CD8+ T-cells, respectively [210]. However,
Deola et al. introduced a novel interaction between CTLs and B-cells independent of
common antigen presentation, recommending a helper role for B-cells. They showed that
engagement of CTLs with bystander B-lymphocytes through CD27/CD70 contact led to
the increased proliferation and improved survival of CD8+ T-cells [216]. Additionally,
B-cells express TNF-α which can provide the co-stimulatory signal for either T effector or
Tregs [217]. However, we observed that the frequency of B-cells expressing high levels of
TNF-α negatively correlated with the frequency of Foxp3+ Tregs in BC draining LNs [217].

On the dark side, it has been shown that B-cells could suppress the anti-tumor function
of T-cells through different mechanisms. A subset of B-cells with CD27hiCD25+ phenotype
has been shown to help Treg cell expansion [218]. Consistently, we showed that this subset
had a higher frequency in non-metastatic nodes of LN+ patients with BC [213]. Another
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subset of B-cells, IgA+PD-L1+IL10+, impairs the maturation of DCs and the activation of
T-cells. In addition, antibodies could bind to FC receptors on myeloid cells and induce
their differentiation to MDSCs, and indirectly suppress CD4+ and CD8+ T-cell responses.
B-cells also secret TGF-β and IL-10 that deviate T-cells toward Tregs and suppress T-cell
function [210,219]. Based on above, while B-cells are generally known for their anti-tumor
effects, primarily through producing antibodies and their interactions with T-cells, specific
B-cell subtypes are also able to promote tumor progression.

13. Conclusions

Clinical and experimental studies have demonstrated that T-cells play a crucial, yet
dual, role in breast tumor development and progression. On the one hand, they suppress
breast tumor by destroying tumor cells or inhibiting their growth (Figure 1), and on the
other hand, they can facilitate the progression of those tumors that evolved to evade im-
mune surveillance, by inducing the expression of growth factors and regulatory molecules
(Figure 2). Despite the presence of many investigations, it is not possible to reach a clear
and uniform conclusion about the role of each T-cell subset in the breast tumor microenvi-
ronment or its association with BC outcome. In this connection, however, the data were not
confirmed by all the investigations; the majority of reports have shown a link between CTLs
and Th1 cells and good prognosis, whereas Th2 cells, Tregs, and their related cytokines or
molecules correlate with tumor growth and poor prognosis. Information about the exact
role of new T-cell subsets such as Th22, Th9, Th25, and ThGM in tumor immunity is still
limited and controversial. One of the main reasons for the observed controversies is the use
of different markers for the study of one immune cell type. In addition, the classification of
T-cells into definite and committed subsets is not simple since it is recently well-appreciated
that committed T-cell subsets can be differentiated from other subsets in the inflammatory
condition of the tumor microenvironment. Therefore, it is too difficult to divide T-cell
subsets into black and white categories in terms of their role in anti-tumor immunity or
their association with cancer outcomes. Besides this, the role of T-cells in BC immunity
depends on a variety of extrinsic factors, including tumor type or subtype, the stage of the
disease, tumor immunogenicity, localization of cells in the tumor tissue and crosstalk with
other cells or cytokines.
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Simple Summary: Skin cancer, such as melanoma, is often treatable but becomes deadly when
it expands to other places in the body, a process called metastasis. While many current drugs
target melanoma tumor growth, no drugs yet exist to specifically prevent metastasis. Improving
treatment outcomes, therefore, will require an understanding of the molecular mechanisms leading
to metastasis. The AKT family of proteins are important regulators of cellular growth and signaling,
which play differing roles in cancer. This work sought to study each of the AKT isoforms and their
contributions to melanoma cell migration and metastasis. We found that AKT2 specifically regulates
melanoma cell metastasis through effects on metabolism and melanoma cell properties, while AKT1
is involved in cellular proliferation and growth. This study suggests that specifically targeting AKT2
and AKT1 represents novel therapeutic strategies for different-stage melanoma patients.

Abstract: Despite recent advances in treatment, melanoma remains the deadliest form of skin cancer
due to its highly metastatic nature. Melanomas harboring oncogenic BRAFV600E mutations combined
with PTEN loss exhibit unrestrained PI3K/AKT signaling and increased invasiveness. However,
the contribution of different AKT isoforms to melanoma initiation, progression, and metastasis has
not been comprehensively explored, and questions remain about whether individual isoforms play
distinct or redundant roles in each step. We investigate the contribution of individual AKT isoforms to
melanoma initiation using a novel mouse model of AKT isoform-specific loss in a murine melanoma
model, and we investigate tumor progression, maintenance, and metastasis among a panel of human
metastatic melanoma cell lines using AKT isoform-specific knockdown studies. We elucidate that
AKT2 is dispensable for primary tumor formation but promotes migration and invasion in vitro
and metastatic seeding in vivo, whereas AKT1 is uniquely important for melanoma initiation and
cell proliferation. We propose a mechanism whereby the inhibition of AKT2 impairs glycolysis and
reduces an EMT-related gene expression signature in PTEN-null BRAF-mutant human melanoma
cells to limit metastatic spread. Our data suggest that the elucidation of AKT2-specific functions in
metastasis might inform therapeutic strategies to improve treatment options for melanoma patients.

Keywords: melanoma; metastasis; cancer; AKT; signaling

1. Introduction

Metastasis is responsible for the vast majority of all cancer deaths, yet no therapies
preferentially target the metastatic process. A key hallmark of cutaneous melanoma is its
rapid and efficient metastasis, facilitated, in part, by the PI3K/AKT pathway [1]. PI3K/AKT
signaling is hyperactivated in late-stage melanomas [2], often through the loss of its neg-
ative regulator, PTEN. PTEN inactivation leads to unrestrained activity regarding the
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PI3K effector kinase, AKT, which co-operates with pre-existing oncogenic BRAF mutations
to promote metastasis [3]. Indeed, while the BRAF mutation V600E hyperactivates the
MAPK signaling pathway and is a very common early mutation, it alone is insufficient
for tumorigenesis, and subsequent genetic and/or epigenetic alterations are required [4,5].
Alterations in PTEN, including inactivating mutations, epigenetic silencing, protein desta-
bilization, or genetic loss, occur in as many as 50% of all melanomas and correlate with
advanced disease, including brain metastasis [6,7]. Accordingly, AKT is hyperactivated in
melanoma brain metastases [8], and the inhibition of the PI3K pathway effectively reduces
metastasis in murine melanoma models [9]. Despite this, pan-PI3K inhibitors have not
yet demonstrated clinical efficacy [10,11]. While six PI3K inhibitors have been approved
for clinical use against breast cancer, hematologic cancers, and other diseases, only one
exhibits pan-PI3K inhibition, whereas others are isoform-specific. [12] A similar spectrum
of clinical efficacy is likely from the AKT inhibitors currently being used in clinical trials,
with isoform-specific inhibition better tolerated compared to pan-inhibition. This suggests
that the additional isoform-specific PI3K/AKT inhibitors under development might be
more therapeutically effective than pan-inhibition strategies. [13,14].

The AKT kinase family comprises three highly homologous yet functionally distinct
isoforms (AKT1, AKT2, and AKT3) [15–18]. They differentially contribute to tumorige-
nesis in the breast, colon, and prostate [19,20], among other tissues, but isoform-specific
inhibition has yet to be exploited as a therapeutic strategy. AKT isoforms achieve their
specificity through differential activation, preferential substrate phosphorylation, and tissue
distribution [19], but how these differential properties contribute to distinct cell transforma-
tion events is still being elucidated. While the isoform-specific effects of AKTs have been
demonstrated in numerous other cancers [21–23] and in melanoma [24–27], many questions
remain regarding the contribution of individual AKT isoforms to melanoma progression or
metastasis, and few studies have interrogated the contribution of individual AKT isoforms
to melanoma initiation. Large genomic datasets have provided some insights as to the
relative frequency of AKT-isoform-specific alterations; the activation of mutations or gene
amplification of AKT1 and AKT2 are more common in BRAFV600E mutant and PTEN-null
melanomas [28,29], whereas AKT3 amplification is more common in BRAFWTPTENWT tu-
mors [26], although AKT3 has also demonstrated co-operativity with BRAFV600E to induce
murine melanoma development [30]. With regard to melanoma metastasis, multiple and
differing roles for AKT isoforms have been described in both mouse and human models.
For example, upon the loss of PTEN, the invasiveness of human melanoma cell lines was
enhanced through the preferential phosphorylation of AKT2, whereas AKT3 phospho-
rylation reduced the invasive potential of PTEN-null melanoma cells [31]. Similarly, it
has been shown that the PHLPP1 phosphatase suppressed melanoma metastasis through
the dephosphorylation of AKT2 or AKT3 but not AKT1 in human melanoma cells [25].
In BrafV600E-driven murine melanomas lacking Cdkn2a, AKT1 activation was shown to
enhance brain metastasis, whereas AKT2 and AKT3 had a less pronounced effect [27,32].
While the totality of data is suggestive of AKT isoforms playing differing roles in melanoma
initiation, progression, and metastasis, further clarification through additional studies is
needed, especially given the importance of metastasis to melanoma outcomes.

Here, we employ inducible AKT-isoform-specific shRNAs and CRISPR/Cas9-mediated
gene editing in human melanoma cell lines to outline the role of AKT2 in the metastatic
cell seeding of oncogenic BRAF-driven PTEN-null melanoma through the enhancement of
cell migration and invasiveness. As such, AKT2 depletion impairs and prevents metastasis,
improving overall survival in mice. We further investigate AKT isoform phosphorylation
in primary spontaneous murine melanomas and human metastatic melanoma cell lines,
finding that AKT2 phosphorylation specifically increases in metastatic lesions. We fur-
ther show that while AKT2 is dispensable for melanoma initiation, AKT1 contributes to
BRAF-driven murine melanoma initiation and cell proliferation, which is in line with our
previous results [33]. Mechanistically, we find AKT2 promotes metastasis and regulates
glycolysis through a PDHK1-PDHE1α axis. This work supports the continued investigation
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of targeted AKT inhibition as an anti-melanoma therapy and presents a novel potential
target for preventing metastatic spread.

2. Materials and Methods

2.1. Mouse Strains

All mice were maintained in a heat- and humidity-controlled AAALAC-accredited
vivarium operating under a standard light-dark cycle. All protocols have been approved
by the Institutional Animal Care and Use Committee (IACUC) at Tufts University School of
Medicine, where the mice were housed and the experiments were conducted. BRAFV600E;
Arf−/− mice were bred in-house, whereas the AKT isoform knockout mice have been
described previously [23]. NOD/SCID and C57Bl6/J mice were purchased from the
Jackson Laboratory (Bar Harbor, ME, USA).

2.2. Xenografts

Male NOD/SCID mice (Jackson Laboratory, 6–10 weeks old) were injected subcu-
taneously with 2 × 106 human melanoma cells, according to approved protocols. Once
palpable (after roughly 3–4 weeks, and ~200 mm3), by using light touch compared to
non-inoculated flank, the tumors were measured 3× weekly using calipers, and tumor
volume was calculated using the formula [(π/6) × L × W2]. Tumors were allowed to grow
until a limit of 1500 mm3 or 2 cm in any single direction or until mice became moribund.
Doxycycline chow (200 mg/kg, Teklad, Chicago, IL, USA) was introduced when tumors
were palpable when indicated.

2.3. Luciferase Imaging

Mice were anesthetized with isofluorane and injected intraperitoneally with 10 μL/g
of body weight of Luciferin (Thermofisher, Waltham, MA, USA) 5 min prior to imaging.
Imaging was performed using an IVIS SpectrumCT in vivo imaging system and analyzed
using Living Image® Software, version 4.7.

2.4. Metastasis Assays

Human (1 × 106) or mouse melanoma cells (0.5 × 106) were injected into a lateral
tail vein of NOD/SCID or C57Bl6/J mice, respectively. Mice were maintained on regular
or doxycycline chow (200 mg/kg, Teklad), imaged at 2 weeks post-injection and weekly
thereafter. Mice were euthanized when moribund.

2.5. Tumor Cell Isolation and Tissue Preparation

Tumors were minced and digested with 3 mg/mL collagenase and 250 U/mL hyaluronidase
for 2–4 h at 37 ◦C. The contaminating red blood cells were lysed with RBC Lysis Buffer
(Sigma), and the organoids were triturated using an 18 G syringe needle, incubated in
0.05% Trypsin/0.53 mM EDTA, passed through a 40 μM cell strainer, and cultured in
RPMI1640/10% FBS/1% penicillin/streptomycin/fungizone.

2.6. Cell Lines/Tissue Culture

SM1 cells were a generous gift from Antoni Ribas (UCLA, Los Angeles, CA, USA),
and the TUMM cell lines were generated as described above. Human melanoma cell lines
were generous gifts from Frank Haluska (Tufts Medical Center, Boston, MA, USA) and
were routinely validated for melanocytic identity by the RNA or protein expression of
MITF-M and pigment enzymes TYR and DCT and tested for mycoplasma contamina-
tion. Human cells were maintained in DMEM (Invitrogen, Cambridge, MA, USA) with
10% FBS (Atlanta Biologicals, Flowery Branch, GA, USA) and 1% penicillin/streptomycin
(Invitrogen). The SM1 and TUMM murine cell lines were cultured in RPMI1640/10%
FBS/1%penicillin/streptomycin/fungizone. Knockdown experiments utilized doxycycline
(Sigma, St. Oouis, MO, USA) at concentrations of 0.5–1 μg/mL. Doxycycline-inducible
shAKT plasmids were generous gifts from Drs. Alex Toker and Rebecca Chin (Beth Is-
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rael Deaconess Medical Center, Boston, MA, USA) [34]. A nontargeting hairpin scramble
sequence (Sigma) was cloned into the Tet-pLKO-puro backbone, a gift from Dmitri Wieder-
schain (Addgene plasmid #21915). The 293T cells were transfected with shRNA constructs
and packaging plasmids (psPAX2 and VSV-G) using PEI (polyethylenimine MW25,000,
Polysciences, Warrington, PA, USA). Viral supernatants were collected at 48 h and 72 h
post-transfection and mixed. Stably transduced cell lines were generated by infection
overnight in the presence of 8 μg/mL polybrene, and 48 h after infection, they were se-
lected with 1 μg/mL Puromycin (Gibco, Cambridge, MA, USA) for three days. Cells
infected with pLENTI-Luciferase-expressing virus (generous gift of Charlotte Kuperwasser,
Tufts University) were selected with neomycin (G418, 500 μg/mL, Gibco) for 2–3 weeks.
CRISPR knockout WM1799 cells were previously generated and cultured, as described [33].

2.7. Immunoblot and Immunoprecipitation Analysis

Cells were lysed in RIPA buffer containing protease and phosphatase inhibitors (Roche,
Basel Switzerland) and cleared by centrifugation. Protein concentration was determined
by DC Protein Assay (BioRad, Hercules, CA, USA), and equivalent masses of protein
were resolved using SDS-PAGE and transferred to 0.2 μm PVDF membranes (BioRad) for
immunoblotting with indicated antibodies (see Supplementary Table S1). Membranes were
incubated with horseradish peroxidase-conjugated secondary antibodies and visualized
using enhanced chemiluminescence (Pierce, Waltham, MA, USA). For immunoprecipitation,
samples were lysed in RIPA or CST lysis buffer (Cell Signaling Technologies, Danvers,
MA, USA), and protein concentrations were normalized to 1 mg/mL and precleared with
Protein A magnetic beads (Pierce). The antibody or equivalent control IgG was incubated
overnight at 4 ◦C, then with Protein A beads for 60–90 min. Antibody/bead complexes
were washed extensively in lysis buffer, eluted by boiling in Laemmli buffer, and resolved
by immunoblotting, as described.

2.8. Wound Healing Assay

Cells were pre-incubated with doxycycline (DOX, 1 μg/mL) or DMSO for 24 h; then,
a wound was made vertically across the growth area using a P1000 pipette tip. The cells
were then washed with PBS, and the media was replaced with DOX or DMSO, as indicated.
The cells were immediately imaged using an inverted scope at 4× magnification, aligned
to a horizontally drawn guide perpendicular to the wound to ensure consistent imaging.
After 16 h, the plates were imaged again using the same guide. Scratch distances were
quantified using ImageJ and expressed as a percentage of wound closure relative to the
DMSO-treated cells.

2.9. Migration/Invasion Assays

Cells were pre-incubated with doxycycline (DOX, 1 μg/mL) or DMSO for 24 h, and
then seeded (25,000 cells) in the upper chamber of trans-wells (8 μm pores, Corning,
Corning, NY, USA) in serum-free DMEM with DOX or DMSO, using 10% FBS as a chemoat-
tractant and incubated overnight. Inserts were washed with PBS, scrubbed, fixed in ice-cold
methanol, and stained with DAPI. Invasion assays utilized growth factor-reduced (GFR)
Matrigel-coated trans-wells (Corning) and a 36 h incubation time.

2.10. Anchorage-Independent Growth (Soft Agar) Assay

Sterile low melting agarose (SeaPlaque, Lonza, Basel Switzerland) was prepared at a
5% stock concentration, with a 1% final concentration (bottom layer) prepared by dilution
in an appropriate cell culture medium; this was allowed to solidify at room temperature for
30 min and was overlaid with 10,000 cells per 6 wells in 0.5% agarose. After solidifying for
30 min, the wells were overlaid with 0.5 mL of media containing 0.5 μg/mL of DMSO or
doxycycline and allowed to incubate at 37 ◦C for 2–3 weeks or until macroscopic colonies
were visible. The media was refreshed every 2–3 days. The plates were then fixed with
10% neutral buffered formalin, washed 1× with PBS, stained with 0.05% crystal violet
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overnight, and washed with PBS until clear. Images were taken at 10× magnification and
quantified using ImageJ.

2.11. Seahorse Glycolytic Rate Assay

The WM1799 cells were pre-incubated with DMSO/DOX for 48 h, and 21,000 cells
were seeded into microtiter plates (Agilent, Santa Clara, CA, USA) 1 day prior to the assay.
One hour prior to the assay, the cells were washed and incubated with RPMI at pH 7.4
(Agilent) and placed in a non-CO2 incubator. The assays were performed using a Seahorse
XFe96 Analyzer and Wave Software 2.4.0.

2.12. Quantitative RT-PCR

The cells were lysed in TRIzol (Invitrogen), and the RNA was isolated by phenol-
chloroform extraction according to the manufacturer’s instructions, followed by lithium
chloride/isopropanol precipitation. cDNA synthesis was performed using SMARTScribe™
Reverse Transcriptase (Takara, Inc., Kusatsu, Japan), and qPCR was performed on a CFX96
real-time thermal cycler (Bio-Rad). See Supplementary Table S1 for the primer sequences.

2.13. Cell Cycle Analysis

The cells were cultured in DMSO or DOX, as indicated, collected and washed with cold
PBS, and then fixed in ice-cold 70% EtOH for 30 min at 4 ◦C. The cell pellets were washed in
staining buffer (PBS no Ca/Mg, 3% FBS, +1 mM EDTA), then incubated in staining buffer
with 80 μg/mL Propidium Iodide and 0.125 mg/mL RNAse A (Thermofisher) for 40 min
at 30 ◦C. The samples were run on a BD LSRII (BD Biosciences) and analyzed using FlowJo
software (version 10.8.2).

2.14. Statistical Analysis

Statistics were performed using GraphPad Prism 5.02, utilizing the Student’s unpaired
t-test for two means, one-way ANOVA with Tukey post-test for multiple means, or Kaplan–
Meyer survival analysis with Mantel–Cox tests, as indicated. The significant p-values are
listed or noted as * p < 0.05, ** p < 0.01, or *** p < 0.001. Error bars represent standard
error means.

3. Results

3.1. AKT2 Depletion Impairs Cell Migration and Invasion in Human Melanoma Cells

It is well-known that AKT phosphorylation, a surrogate marker for active AKT, in-
creases with disease stage in clinical samples [35], but there is a paucity of information
regarding the relative contributions of individual isoforms to disease progression. In order
to investigate this, we first characterized total AKT phosphorylation (Ser473 and Thr308)
across a panel of human melanoma cell lines. Immunoblotting revealed a wide range of
AKT phosphorylation levels and several cell lines that showed significant AKT2 phos-
phorylation (Supplementary Figure S1A). Furthermore, as expected, there was an inverse
correlation between PTEN expression and total AKT phosphorylation (Supplementary
Figure S1B).

In order to investigate the possible contribution of AKT isoforms to metastatic po-
tential in human cell lines, we generated luciferized doxycycline-inducible shRNA hair-
pins to AKT1, AKT2, and AKT3 [34], as well as a nontargeting hairpin (shNT) that effi-
ciently reduced protein expression in the majority of melanoma cell lines from our panel,
(Figures 1A,B and S1C–E) without affecting viability (Figure 1C). We focused on cell lines
in which there was significant AKT2 phosphorylation and robust knockdown efficiency
(WM1799, UACC903, and WM455) and then sought to test the individual functions con-
tributing to metastasis in these cells. By using a conventional in vitro wound healing assay,
it was found that only AKT2 depletion and not AKT1 or AKT3 depletion inhibited cell
migration in three different human melanoma cell lines (Figures 1D,E and S2A–D). Next,
we utilized a complementary trans-well assay and observed that AKT2 depletion reduced
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cell migration in response to a serum gradient in multiple cell lines (Supplementary Figure
S2E,G). Further, invasion through Matrigel was impaired by AKT2 depletion in the same
human melanoma cell lines (Figures 1F,G and S2F,H). This reduction was not due to defects
in cellular proliferation, as AKT2 did not impair cell proliferation in any cell line, as as-
sessed by cell counting with trypan blue exclusion (Supplementary Figure S5). When taken
together, these data suggest that AKT2 depletion in vitro impairs the functions required for
melanoma metastasis, such as migration and invasion.

Figure 1. AKT2 depletion impairs migration and invasion in WM1799 human melanoma cell lines.
(A) A representative immunoblot of WM1799 human melanoma cells after stable cell line generation.
Dox-inducible AKT-isoform knockdown (shAKT1/2/3) or nontargeting hairpin (shNT) expressing
cell lines are shown after 72 h of treatment with 0.5 ug/mL doxycycline. (B) Quantitation of KD
efficiency from three independent experiments using ImageJ to quantify the intensity of the bands
normalized to percent of DMSO-treated total protein and loading control. (C) The cell lines from (A)
were grown in the presence of DOX or DMSO and collected at indicated times for cell counting with
trypan blue exclusion to assess cell viability from two independent experiments. (D) Quantitation
of wound closure in shWM1799 cells at 0 h and 16 h post-wounding, comparing DMSO- and DOX-
treated cells from three independent experiments, with representative images at 4× magnification
(E) of shNT or shAKT2 WM1799 cells treated with DOX relative to DMSO vehicle-treated cells.
(F) Quantitation of invasion ability of control (NT) or AKT2 KD (shAKT2) cells with or without
DOX treatment, as indicated from three independent experiments. (G) Representative images of
DAPI-stained AKT2 KD cells on the underside of a Matrigel-coated membrane (20× magnification)
following treatment with DMSO or DOX (left) from n = 3 total experiments. ns: no significant
difference, *: p < 0.05, ***: p < 0.001.

3.2. AKT2 Depletion Restricts Anchorage-Independent Growth In Vitro and In Vivo

Anchorage-independent growth is required for the growth of metastatic cells; therefore,
we interrogated the role of AKT2 in this process. By focusing our efforts on WM1799 cells,
we seeded shAKT2 transduced WM1799 cells in soft agar, overlaid with either DMSO- or
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doxycycline-containing media to knock down AKT2. We observed that AKT2 depletion
reduced the colony number (Figure 2A,B), with only a minor trend in decreased colony
size (Figure 2C), indicating that AKT2 depletion limits the ability of cells to grow in a
3D culture. Next, we assessed the effect of AKT2 depletion on the growth of WM1799
cells as subcutaneous tumors in vivo, which similarly requires anchorage-independent
growth in early tumorigenesis. We injected WM1799 shAKT2 cells subcutaneously into
immunodeficient NOD/SCID mice (to exclude changes in melanoma cell growth due to
an adaptive immune response) and allowed palpable tumors to form before transitioning
a subset of these mice to doxycycline chow (Figure 2D). AKT2 knockdown significantly
slowed tumor growth relative to the control mice fed with regular chow (Figure 2E), but
tumors eventually grew in both groups despite persistent AKT2 knockdown (Figure 2F)
in the majority of tumors. Further, we observed no change in total AKT phosphorylation
across those tumors in which AKT2 was depleted, suggesting AKT1 or AKT3 activity may
compensate over time to promote tumor growth.

Figure 2. AKT2 depletion restricts anchorage-independent growth. (A) Anchorage-independent
growth was assessed by seeding WM1799 AKT2 KD cells in soft agar and culturing in DMSO- or
DOX-containing media for three weeks, after which the cells were fixed and stained with crystal violet
(left; representative image at 4× magnification). (B,C) Colonies greater than 50 μM were counted
and quantified using ImageJ from three independent experiments. (D) Schematic of experimental
design to assess tumor growth potential. WM1799 shAKT2 cells were injected subcutaneously into
NOD/SCID mice and allowed to form palpable tumors; then, the mice were randomized into groups
receiving either regular or DOX-containing chow to induce AKT2 KD (n = 3–4 mice per group).
(E) Tumor volumes were determined using calipers at the indicated times, and the mice were
sacrificed when tumors reached 1500 m3 in size. (F) The tumors isolated from individual mice receiving
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either DMSO or DOX chow were subjected to immunoblotting for AKT2 protein and phosphorylation
using beta-actin as a loading control. ns: no significant difference, **: p < 0.01.

3.3. AKT2 Depletion Delays Metastatic Onset and Extends the Survival of Melanoma-Bearing Mice

In order to determine whether AKT2 is important for the process of metastatic seed-
ing and metastatic nodule growth, we performed a tail vein metastasis assay in which
WM1799 shAKT2-Luc melanoma cells were allowed to seed the lungs. This was followed
by initiating AKT2 depletion 24 h later by switching some mice to doxycycline-containing
chow compared to mice fed with regular chow (Figure 3A). By performing immunoblot
analysis using lysate derived from isolated pulmonary metastases, we confirmed that
stable and robust AKT2 depletion occurred only in the doxycycline-fed mice (Figure 3B).
By using weekly imaging, we found that the control mice fed regular chow displayed
advanced metastatic disease at 6 weeks, with tumors observed at multiple sites; however,
the mice fed doxycycline chow displayed only occasional tumor nodules at 6 weeks, albeit
with significantly reduced size and frequency compared to the control mice (Figure 3C,D).
While AKT2 depletion after metastatic seeding significantly improved overall survival in
the doxycycline chow-fed mice versus regular chow mice, the doxycycline-fed mice did
succumb to eventual metastatic disease, suggesting that AKT2 reduction only delayed the
growth of the metastatic lesions, and other AKT activity might compensate over the long
term (Figure 3E).

×
×
×

×

×

×

×

Figure 3. AKT2 depletion delays metastatic onset and extends the overall survival of melanoma-
bearing mice. (A) Schematic representation of experimental design. Luciferized WM1799 cells
expressing DOX-inducible shAKT2 hairpins were injected into the tail vein of NOD/SCID mice. The
mice were started on DOX chow 1 d post-injection, and were maintained on regular chow or DOX
chow and monitored weekly using IVIS SpectrumCT imaging. (B) Immunoblot analysis of total and
phospho-S474 AKT2 (P-AKT2) levels in the metastatic tumors isolated from the mice fed regular
or doxycycline chow at the time of death. (C) Quantification of mice bearing metastases at 6 weeks
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post-injection, and the representative images (D) of luminescence 6 weeks after cell injection in the
mice fed doxycycline chow compared to regular chow (N = 3–4 mice per group). (E) Percent survival
of mice bearing metastases. (F) SM1 and SM1-750 cell lines were established from spontaneous
primary murine melanomas expressing BRAFV600E and passaged in the C57Bl6/J mice; this was then
analyzed by immunoblotting. (G) Schematic of experimental design of in vivo metastasis assays.
SM1-750 cells expressing luciferase were injected into the tail vein of C57Bl6/J mice, and the tissues
were analyzed using IVIS SpectrumCT imaging at 4 weeks post-injection. (H) The lungs, liver, and
brains collected from the mice were imaged ex vivo, and the representative images from n = 4 mice
are shown. (I) The lung metastases were excised from four individual mice (at least 3–4 nodules
per mouse were combined) and homogenized to generate protein lysates; this was analyzed by
immunoblotting. *: p < 0.05.

3.4. AKT2 Phosphorylation Occurs in Metastatic Mouse Melanoma Lesions

In order to study AKT2 in the context of metastatic murine melanoma, we generated
an aggressive murine melanoma cell line, SM1-750, which exhibits high metastatic potential.
The SM1 cell line was previously derived from melanomas arising in a BRAFV600E mouse
and is tumorigenic in syngeneic mice [36]. In our hands, the subcutaneous tumor formation
by SM1 cells in the C57BL6/J strain occurred in only a small subset of injected mice. In
order to increase the tumor “take rate”, we passaged the SM1 cell line in tumor-forming
C57BL6/J mice through several rounds of injection and tumor formation, resulting in the
isolation of the SM1-750 line, which displays a nearly 100% take rate. Subsequently, the
SM1-750 line was engineered to express luciferase, and the maintenance of the ability of
these cells to form tumors was confirmed (Figures 3F and S3).

The SM1 cells exhibited significant AKT1 and AKT3 phosphorylation but nearly un-
detectable AKT2 phosphorylation and the newly derived SM1-750 cells showed further
elevated phosphorylation in terms of only AKT1 and AKT3. The SM1-750 cells were
injected into the tail vein of syngeneic mice, and the injected mice were imaged after lu-
ciferin injection to visualize metastatic progression (Figure 3G). The mice readily developed
metastatic lesions, which could be visualized in the lungs, brain, and liver (Figure 3H).
Spontaneous brain metastases are relatively rare in murine melanomas and have previously
been linked to AKT1 activation [27]. Interestingly, the immunoblotting of AKT isoform
phosphorylation in discrete lung tumor metastases from individual mice revealed that
AKT2 activation (indicated by S474 phosphorylation) dramatically increased when com-
pared to that of primary tumors (Figure 3I). We further found that AKT2 upregulation
in metastatic lesions was not due to adaptive immunity-dependent selection, as we also
observed this in the SM1-750 metastases isolated from immune-deficient Rag2−/− mice
(Supplementary Figure S3A).

We then sought to characterize AKT isoform phosphorylation in spontaneously arising
primary melanomas relative to murine melanomas with metastatic potential. We previously
developed a mouse model of BRAFV600E-driven spontaneous melanoma, in which both
melanocyte-targeted human BRAFV600E co-operates with tumor suppressor p19ARF loss
(hereafter referred to as Arf−/−) to facilitate melanoma formation and AKT phosphoryla-
tion is observed in tumors but not normal skin [37]. The tumor suppressor Arf is commonly
lost in human melanomas, and melanoma penetrance in our model increased on an Arf−/−
background [38]. We isolated the cell lines from the spontaneously arising primary tu-
mors in these mice and investigated their isoform-specific phosphorylation patterns (Tufts
University Mouse Melanoma, TUMM, see Supplementary Figure S3B,C). This analysis
revealed ubiquitous total AKT phosphorylation on the activating residue serine 473 in the
TUMM cell lines, as expected, as well as readily detectable AKT1 phosphorylation, with
rare AKT3 phosphorylation and almost no AKT2 phosphorylation, which is in line with
our observations of SM1-750 cells (Supplementary Figure S3C). Further, neither the TUMM
nor SM1-750 cells showed AKT2 phosphorylation in low-attachment cell culture plates
or in the primary tumors produced following subcutaneous injection into NOD/SCID
mice (Supplementary Figure S3D,E), indicating that while AKT1 or AKT3 phosphorylation

61



Cancers 2023, 15, 4958

can drive melanoma cell growth and primary tumor formation, the activation of AKT2
correlates strongly with an ability to grow in the metastatic niche.

3.5. Prophylactic AKT2 Depletion Prevents Metastatic Cell Seeding

In order to determine if AKT2 plays a role in cellular migration and invasion, as
well as in metastatic progression that is further extended to initial metastatic seeding, we
pre-treated the WM1799 shAKT2 cells with doxycycline-containing media (compared to
DMSO-containing media alone) for 72 h prior to tail vein injection into the NOD/SCID
mice; we then maintained the mice on doxycycline-containing food or regular chow for 6
weeks. Metastatic progression was then monitored by using luminescence (Figure 4A). The
mice maintained on regular chow displayed luminescent tumor nodules within 3 weeks,
which progressed to advanced metastatic disease by 6 weeks, including multiple distant
metastases under the forelimbs, the head, neck, and mesenteric lining (determined at
autopsy, not shown), which is consistent with lymphatic dissemination (Figure 4B,C).
Contrary to the control mice, those mice that received the shAKT2 cells and doxycycline
chow remained healthy, with no detectable tumors after 6 weeks (Figure 4B,C). Addition-
ally, when maintained on doxycycline chow, these mice were protected from detectable
metastasis, even for up to 12 weeks (Figure 4D,E). These findings suggest that AKT2 is
either required for metastatic seeding or the growth of seeded cells but do not distinguish
whether AKT2 KD cells were eliminated from circulation or were simply latent in the mice
fed with the doxycycline chow. In order to address this question, we asked if tumors would
emerge after the removal of doxycycline chow. A subset of mice injected with WM1799
shAKT2 Luc cells and fed doxycycline chow were switched to regular chow after the
first 6 weeks, at which time they still did not have detectable metastases. The mice were
monitored weekly, and after an additional 6 weeks, none of the mice that were removed
from doxycycline chow developed metastases (Figure 4F,G). These results suggest that the
prophylactic targeting of AKT2 impairs the seeding of invasive cells in the metastatic niche,
fully preventing metastatic formation rather than restraining the growth of dormant but
intact metastatic tumor cells.

3.6. AKT2 Deletion Impairs Melanoma Migration, Invasion, and Metastasis

In order to confirm these findings with a more robust depletion of AKT2, we uti-
lized isoform-specific CRISPR/Cas9 knockout in WM1799 cells for which we previously
confirmed stable isoform-specific knockout (Figures 5A and S4A) [33]. We first char-
acterized the properties of AKT2 knockout (KO) WM1799 cells compared to nontar-
geting (NT) cells in vitro, as was carried out for the inducible knockdown cell lines
(Figures 1 and 2). As expected, and in line with our results using inducible knockdown,
we found that the AKT2 KO cells had impaired wound healing (scratch assay), migra-
tion (trans-wells), and Matrigel invasion when compared to the NT cells (Figure 5B,D),
which are all indicative of impaired metastatic properties. In order to test this, we further
engineered NT and AKT2 cells to express luciferase and injected them into the tail veins
of NOD SCID mice (Figure 5E). At 8 weeks post-inoculation, the NOD SCID mice that
received AKT2 KO cells had significantly lower metastatic burden than those injected with
NT cells (Figure 5F,G). Further, the mice injected with AKT2 KO cells showed a survival
benefit relative to NT-injected mice (Figure 5H), which is consistent with the previous
results, indicating that AKT2 depletion delays the onset of metastatic disease and overall
survival.
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Figure 4. Prophylactic AKT2 depletion prevents metastatic cell seeding. (A) Schematic representation
of experimental design. AKT2-depleted (3 days of DOX treatment) or control (DMSO treated)
WM1799 shAKT2 Luc cells were injected into the tail vein of the NOD/SCID mice fed DOX chow or
regular chow, respectively, for 3 days prior to injection (N = 3–5 mice per group). Mice were provided
with regular or DOX chow and monitored weekly by IVIS SpectrumCT imaging. (B) Image of mice
6 weeks post-injection for DOX-treated versus regular chow mice. (C) Quantification of luminescence
from mice in (B) using LivingImage software at indicated times. (D) Survival of regular-chow-fed
(control) and DOX-fed mice injected with DMSO- or DOX-treated shAKT2 Luc cells, respectively
(n = 3–5 mice per group). Mice were sacrificed when moribund. (E) Luminescence assayed at
12 weeks for mice injected with AKT2 KD cells and fed Dox chow. (F,G) A subset of mice treated as
per D and E that were switched to regular chow after 6 weeks on DOX chow; these were assessed for
the presence of metastases by IVIS SpectrumCT imaging after an additional 6 weeks and showed no
evidence of progressing metastatic lesions (n = 3–5 mice per group). **: p < 0.01, ***: p < 0.001.
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Figure 5. AKT2 Knockout impairs human melanoma cell migration, invasion, and metastasis.
(A) Representative immunoblot of KO WM1799 cells for AKT2. (B–D) Ability of WT or AKT2 KO
WM1799 cells in wound closure using scratch assay (B), cell migration using trans-well assay (C),
or cell invasion through a Matrigel-coated membrane (D), all from n = 3 independent experiments.
(E) Experimental schematic, in which AKT2 KO WM1799 cells were engineered to express lu-
ciferase and were injected into the tail veins of NOD/SCID mice; metastasis was monitored using
IVIS SpectrumCT imaging; representative mice at 8 weeks are shown (F) with quantification (G).
(H) Overall percent survival of mice injected with WM1799 AKT2 KO cells compared to NT cells.
*: p < 0.05, **: p < 0.01.

3.7. AKT1 Deletion Impairs Primary Tumor Formation

We next sought to test if AKT2 knockout impaired tumor initiation when compared to
AKT1 and AKT3 deletion, as our CRISPR-edited WM1799 cells exhibited more robust AKT2
deletion compared to the inducible knockdown lines, which did not impact tumor initiation.
We injected each isoform-specific knockout into the flanks of the NOD/SCID mice and
monitored tumor formation and growth using caliper measurements (Supplementary
Figure S4A,B). Interestingly, we found that while the AKT2 and AKT3 KO WM1799 cells
developed tumors similarly to NT cells, only the AKT1 KO cells had significantly delayed
tumor growth (Supplementary Figure S4C).
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In order to further investigate the impact of the genetic loss of each AKT isoform on
melanoma progression, we crossed melanoma-prone BRAFV600E; Arf−/− mice with AKT
isoform knockout mice [23] to generate a BRAFV600E; Arf−/−; AKT−/− compound mutant
mouse (Breeding scheme; Supplementary Figure S4D). As the BRAFV600E; Arf−/− mice
demonstrate significant tumor formation and overall reduced survival [38], we analyzed
the contribution of each AKT to long-term survival. Again, AKT1 loss in the context of
oncogenic BRAF and Arf loss provided a survival benefit for these melanoma-prone mice,
which was not observed for AKT2 or AKT3 loss (Supplementary Figure S4E,F). This is in
line with our data showing only strong AKT1 phosphorylation in primary mouse tumors,
distinguishing the role of AKT2 in metastatic seeding from the role of AKT1 in primary
murine melanoma formation.

3.8. AKT1 Knockdown Impairs Cellular Proliferation and Anchorage-Independent Growth

In order to investigate why AKT1 but not AKT2 impaired primary tumor growth, we
analyzed cellular proliferation in our inducible AKT1 and AKT2 knockdown melanoma
cell lines. We found that in the WM1799, UACC903, and WM1158 cells, only AKT1
but not AKT2 knockdown impaired cellular proliferation after 4 days in culture with
doxycycline-containing media (Supplementary Figure S5A). We went on to perform cell
cycle analysis on the shWM1799 cells and discovered that doxycycline-treated AKT1 knock-
down cells exhibited increased G1 arrested cells and fewer G2/M phase cells, whereas the
NT and AKT2 knockdown cells showed no cell cycle defects in the presence of doxycycline
(Supplementary Figure S5B,C). The AKT1 knockdown cells further showed significantly
reduced BrdU incorporation in the presence of doxycycline when compared to the NT and
AKT2 cells (Supplementary Figure S5D), confirming a role for AKT1 in cellular prolifera-
tion that is in line with the existing literature [17] and one mechanism of delayed primary
tumor formation.

We further tested whether AKT1 played a role in anchorage-independent growth,
as the AKT1 KO WM1799 cells showed not only delayed tumor formation but also a
reduction in tumor growth. Indeed, the knockdown of AKT1 reduced colony forma-
tion in soft agar with a trend in decreased colony size (Supplementary Figure S6A,C).
We went on to test this observation in vivo by implanting shAKT1 WM1799 cells into
NOD/SCID mice and switching the mice to doxycycline-containing chow compared to
regular chow (Supplementary Figure S6D). The mice on the doxycycline chow had signifi-
cantly reduced tumor growth compared to the regular chow-fed mice, together showing
that AKT1 drives tumor cell proliferation, whereas AKT1 and AKT2 both contribute to
anchorage-independent growth.

3.9. AKT2 Depletion Inhibits EMT and Impairs Glycolysis through PDHK1 Activity in Melanoma Cells

In order to investigate the possible mechanisms whereby AKT2 could support metastatic
growth and survival, we first interrogated the impact of AKT2 depletion on the epithelial-
mesenchymal transition (EMT), an early step in the acquisition of invasive and metastatic
capability [39]. Only AKT2 knockdown but not AKT1 or AKT3 knockdown in WM1799
cells reduced the expression of pro-metastatic transcription factors ZEB1 and Snail and
the matrix-remodeling enzyme MMP2, which is concomitant with a trend in increased
E-cadherin expression (Figure 6A). Additionally, only AKT2 knockdown decreased the
expression of TEA domain (TEAD) genes (Figure 6A), which are invasion-associated genes
previously implicated in melanoma metastasis [40]. These data are consistent with an
isoform-specific role for AKT2 in programming melanoma cells for EMT transition and
subsequent metastasis.
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Figure 6. AKT2 depletion alters EMT and impairs glycolysis in melanoma cells. (A) RT-qPCR analysis
of EMT and invasion-associated transcripts in WM1799 shNT, AKT1 KD, AKT2 KD, or AKT3 KD cells
after 48 h of DOX treatment from three independent experiments. Expression levels were normalized
to shNT cells. (B) Representative GRA plot shows the proton efflux rate (PER) of WM1799 shAKT2
cells cultured in DMSO- or DOX-containing media for 48 or 72 h, which was used to quantify basal
glycolysis (C) and compensatory glycolysis (D) in DOX-treated WM1799 shNT cells from three
independent experiments. (E) PDHK1 immunoprecipitation was performed after 24 h of MK-2206
treatment, and then immunoblotting was performed for AKT consensus site phosphorylation, with
the input immunoblot for PDHK1 shown in the lower panel. (F) PDHK1 immunoprecipitation was
performed on isoform-specific CRISPR KO WM1799 cells, then immunoblotting was performed for
AKT consensus site phosphorylation. (G) Immunoblot analysis of PDHK1 expression or PDHE1a
expression and phosphorylation in WM1799 shNT or AKT2 KD after treatment with DOX for
indicated time points. ns: no significant difference. **: p < 0.01, ***: p < 0.001.

It has long been appreciated that tumor cells undergo metabolic reprogramming
during tumor progression and especially during metastasis, with an increased reliance on
glycolysis over oxidative phosphorylation, a phenomenon known as the Warburg effect [41].
In order to determine whether AKT2 knockdown directly disrupts glycolysis, we employed
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a Seahorse glycolytic rate assay (GRA), which quantitatively measures the proton efflux
rate (PER) in real time under standard conditions disruptive to mitochondrial metabolism.
Using shNT or shAKT2 WM1799 cells, we performed the glycolytic rate assay after 48 or
72 h of incubation with DMSO- or DOX-containing media (Figure 6B). A comparison of
basal glycolytic metabolism in shNT and shAKT2 cells revealed that AKT2 knockdown
suppressed basal glycolytic metabolism (Figure 6B,C). After 72 h of AKT2 knockdown,
glycolysis that was independent of mitochondrial respiration was also suppressed since
Rot/AA injection was unable to increase PER (Figure 6B). Compensatory glycolysis was
also significantly reduced in the AKT2 knockdown cells compared to the DOX-treated
WM1799 shNT cells (Figure 6C). Together, these results strongly suggest that selective
AKT2 knockdown inhibits glycolysis in WM1799 human melanoma cells.

In order to explore the potential mechanisms underlying the observed AKT2-dependent
glycolytic defect, we evaluated the impact of AKT2 suppression on key enzymatic reg-
ulators of glycolysis. Pyruvate dehydrogenase kinases (PDKs) are critical regulators of
the pyruvate dehydrogenase complex (PDC) through inactivating phosphorylation events,
with subsequent decreases in TCA cycle activity shifting towards anaerobic respiration [42].
Of the four PDK isoforms (PDHK1-4), PDHK1 is the most frequently studied in the context
of tumorigenesis and has previously been shown to be a direct target of AKT2 in prostate
adenocarcinoma cells [42]. We first confirmed that PDHK1 was an AKT target in WM1799
cells by performing the immunoprecipitation of PDHK1 in the presence or absence of the
AKT inhibitor MK2206 and probing for the phosphorylation of the AKT consensus site,
showing AKT-specific phosphorylation on isolated PDHK1 that was significantly decreased
by MK2206 treatment (Figure 6E). In order to confirm the isoform specificity of PDHK1
phosphorylation, we performed PDHK1 immunoprecipitation in our CRISPR KO WM1799
cell lines and found that only AKT2 KO cells showed decreased PDHK1 phosphorylation
when compared to NT, AKT1, or AKT3 KO cells (Figure 6F). Further, we found that the
majority of the immunoprecipitated PDHK1 was in the dimerized state, which occurs when
PDHK1 is dephosphorylated and, therefore, inactive [43], supporting that the activity of
AKT2 is specifically required for PDHK1-induced glycolytic activity.

We further tested the effect of AKT2 knockdown on PDHK1 levels and found that
while shAKT2 cells treated with doxycycline resulted in similar levels of PDHK1 (Fig-
ure 6G), a major target of PDHK1 kinase activity, pyruvate dehydrogenase E1 component
subunit alpha (PDEH1α), had significantly lower PDEH1α phosphorylation in only those
shAKT2 cells treated with doxycycline for 72 h. Decreased PDEH1α phosphorylation as
a result of impaired PDK1 activity would be expected to shift metabolic flux away from
glycolysis back to the TCA cycle, which is one mechanistic explanation for the loss of
glycolytic activity in shAKT2 cells. Overall, our findings are consistent with a role for AKT2
in the regulation of not just EMT but also glycolytic versus aerobic respiration, promoting
melanoma invasiveness and metastatic activity.

4. Discussion

Despite clear evidence that the PI3K/AKT pathway is important for tumor progression
and metastasis in melanomas, the effective therapeutic inhibition of the AKT pathway
has been challenging [10]. A potential pitfall in targeting the AKT pathway may be the
strategy of pan-inhibition despite strong evidence of AKT isoform specificity in cancer.
This study sought to investigate the contribution of AKT isoforms to melanoma initiation
and metastasis, utilizing both murine and human melanoma models.

Although it is well-known that AKT activation drives tumor progression and metas-
tasis in melanoma [44–47], the contributing AKT isoform(s) were not determined. Our
data support an isoform-specific role for AKT2 in melanoma metastasis, with a shared
role for AKT1 and AKT2 in tumorigenesis. Initially, we crossed mice with BRAF-driven
murine melanoma previously developed in our lab [38] with mice lacking different AKT iso-
forms [23] and monitored the mice derived from these crosses for melanoma development.
We observed that AKT1 loss extended overall survival in melanoma-prone mice, while
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AKT2 and AKT3 loss did not (Figure 1C). This suggests that AKT1 promotes melanoma
initiation and growth, which is consistent with a well-described role for AKT1 in tumor
promotion [15,21] and cell proliferation and survival [17]. This is also consistent with our
observation that tumor-derived cell lines consistently show robust phosphorylation of
AKT1 when compared with other AKT isoforms (Figures 3F and S3), suggesting that AKT1
but not AKT2 or AKT3 plays a critical role in melanoma initiation. One caveat to these
findings is that 20% of BRAFV600E/Arf−/− mice die for reasons unrelated to melanoma [38],
and determining the exact cause of death was not technically feasible in our initial studies.
Additionally, while the effect of AKT1 on survival implies PI3K-AKT activation in this
model, we did not explicitly test the extent of this within the resulting murine tumors. As
such, melanoma-free survival or the exclusion of animals that both lacked melanoma and
also died for reasons unrelated to melanoma would more accurately reflect the relative
contributions of AKT isoforms to melanoma initiation and tumor promotion. However,
because early primary melanomas pose a relatively low clinical risk, we focused our contin-
uing studies on metastatic disease progression, which still presents the greatest treatment
challenge for patients.

In order to address the potential involvement of AKT isoforms in metastasis, we chose
to examine how the loss of AKT isoforms affects the metastatic potential of a melanoma cell
line we established from a BRAFV600E/Arf−/− mouse melanoma. The cell line was engi-
neered to express luciferase, and following IV inoculation in syngeneic immunocompetent
mice, it could be monitored by bioluminescence. By using this approach, we discovered
that increased phosphorylation of AKT2 was present in metastatic lesions despite the lack
of such phosphorylation in primary tumors and parental cell lines, suggesting that AKT2
activation may facilitate the metastatic seeding, survival, and/or growth of the cells seeded
in metastatic sites. We have previously reported a low but significant rate of spontaneous
lung metastasis in the BRAFV600E/Arf−/− melanoma model [38]. Based on this observation,
future studies could use this model to determine whether the AKT isoforms differentially
control the rate of metastatic melanomas. This could be addressed by monitoring the
metastatic burden of BRAFV600E/Arf−/−/AKT−/− mice lacking individual AKT isoforms.

The preceding data suggest that AKT2 differentially promotes the metastatic potential
of melanomas, but to address the mechanism, we utilized a set of human melanoma cell
lines driven by mutation in BRAF, as well as by PTEN loss. The functional loss of the tumor
suppressor PTEN leading to AKT activation occurs in a large proportion of melanomas [7],
and frequently co-occurs with oncogenic BRAF mutations [26]. However, the isoform
specificity of AKT in the context of PTEN loss has remained largely unexplored. Therefore,
using several BRAFV600E metastatic human melanoma cell lines with PTEN loss and robust
AKT phosphorylation, we investigated the consequence of isoform-specific knockdown on
cell migration and invasion. Our results show that AKT2 depletion consistently inhibits
invasive and migratory behaviors, while AKT1 depletion reduces cellular proliferation and
tumor growth. We postulated that AKT2-dependent invasion and migration were regulated
through the AKT2-specific transcriptional changes in EMT-related genes E-cadherin, ZEB1,
and Snail (Figure 6A). These data are consistent with findings in breast cancer, in which
AKT2 but not AKT1 promotes cell migration and EMT [21,22,48,49] and the well-recognized
role of EMT in metastatic promotion [50–52]. While our studies using shRNA-mediated
AKT depletion used only one hairpin per isoform, the similar phenotypes between shRNA
depletion and CRISPR knockout cells support the conclusion that impaired metastatic
capability depends more specifically on AKT2.

While a consistent and explicit role for AKT3 was not identified in our study, this
may be partially explained by AKT3-specific knockdown efficiency, which varied greatly
among the cell lines (Supplementary Figure S1C). AKT3 amplification is known to occur in
melanoma [26] but was not characterized across our panel and could attenuate knockdown
efficiency if present, which is consistent with reports in the literature showing robust AKT3
phosphorylation in melanoma [24]. Nevertheless, our finding that AKT2 knockdown
greatly attenuates the metastatic potential of human melanoma cell lines is consistent with
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previous data, suggesting that PHLPP1 inhibits melanoma metastasis by suppressing the
phosphorylation of AKT2 and AKT3 but not AKT1 [25].

Once cells become migratory and invasive, extravasation and anchorage-independent
growth are two necessary requirements for metastatic colonization [50]. Previous work in
PTEN-deficient prostate tumors demonstrated their dependence on AKT2 for both main-
tenance and survival, but AKT1 in the same tumors was dispensable [53]. Our xenograft
studies suggest that PTEN-deficient melanomas are initially sensitive to AKT2 inhibition
but ultimately do not depend on AKT2 over the long term, given our observation of
delayed tumor outgrowth in the AKT2 knockdown mice, as well as unmitigated tumor
growth of AKT2 KO cells (Supplemental Figure S4C). In PTEN null melanomas and in
the human cell lines in our study, a key difference is significant AKT1 phosphorylation,
which could compensate to drive tumor cell growth and survival, given the cellular sen-
sitivity to AKT1 depletion in cell proliferation and tumor growth that we observed. We
hypothesize that potential compensation by AKT1 might explain why the CRIPSR KO
AKT2 cells did not recapitulate the decreased subcutaneous tumor growth or the full
prophylactic protection observed for the shRNA AKT2 KD cells, although we have not
explicitly tested this hypothesis. Despite the apparent inability of AKT1 to fully support
metastasis in AKT2-depleted human melanoma cells, hyperactive AKT1 contributes to the
metastatic potential of the mouse SM1-750 model. By utilizing an autochthonous mouse
model of melanoma, Kircher and colleagues showed that hyperactive, ectopic AKT1(E17K)
resulted in an enhanced level of brain metastases and reduced overall survival compared
to hyperactivating mutations in AKT2 or AKT3, mediated through a FAK an AKT1-specific
substrate [32]. Indeed, we observed a significant increase in the phosphorylation of both
AKT1 and AKT3 after passage in vivo to generate the brain metastatic-competent SM1-750
cell line (Figure 3F), in addition to increased AKT2 phosphorylation despite the presence
of intact PTEN protein (Supplementary Figure S3A). Whether this increased phospho-
rylation is due to hyperactivating mutations arising in AKT1 remains to be determined.
Interestingly, Kircher and colleagues also showed that mice with hyperactive AKT2 but not
hyperactive AKT3 mutations still developed brain metastases, albeit to a lesser extent than
AKT1. We are currently unable to perform AKT2 overexpression in our model systems due
to the inability to interpret isoform-specific effects in the context of constitutively active
AKT; however, future studies will aim to utilize this approach to test if AKT2 overactivity
increases metastatic capability. These observations, when taken together with our data,
suggest that AKT2 promotes melanoma metastasis in murine model systems, and further
studies may elucidate the mechanistic differences in metastatic promotion between AKT
isoforms in murine melanomas.

In order to understand the potential stages of metastatic dissemination for which
AKT2 may be most critical, we explored extravasation from blood vessels and tumor cell
proliferation at seeded distant sites as two candidate stages for the study of metastasis. The
data presented in this report provide strong evidence that the key limiting event regulated
by AKT2 was tumor cell extravasation. By pre-incubating cells with doxycycline to knock
down AKT2 and then injecting them into the tail vein of mice, we observed the complete
lack of metastatic dissemination despite the presence of phosphorylated AKT1 and AKT3.
We ruled out the possibility that resident cells were dormant at distant metastatic sites by
removing mice from doxycycline chow at 6 weeks. No tumors appeared after an additional
6-week observation period, suggesting that the disseminated cells may have been removed
from circulation. It is also possible that 6 weeks was not sufficient time or that the dormant
cells were too small to observe by our methods, as melanoma cells disseminating to the
brain have been known to exist as single cells or small clusters barely visible by histology
that can then regrow when the conditions are optimal [54]. Nevertheless, when cells
expressing AKT2 were injected into the tail vein, and then mice were fed doxycycline chow
to knock down AKT2 24 h later, there was a partial inhibition of metastasis. However,
these mice were not fully protected from metastatic disease, unlike the mice inoculated
with AKT2-depleted cells, suggesting AKT2 activity may be most impactful at the stage of
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extravasation, and its effect on tumor growth at the metastatic site was moderate. These
results were phenocopied with AKT2 KO cells, in which AKT2 KO provided a survival
benefit, perhaps by partially inhibiting the onset of metastatic disease.

Lastly, we investigated the mechanisms whereby AKT2 might mediate pro-metastatic
behaviors, hypothesizing that AKT2 KD cells might be glycolytically impaired. Further,
the relationship between impaired glycolysis and impaired EMT is well-established in
the literature [55,56]. AKT2-specific roles in maintaining glucose homeostasis are well-
documented [18], and metabolic rewiring in melanoma can facilitate metastatic dissemina-
tion [57]. We observed that AKT2 KD suppressed basal glycolytic metabolism and reduced
compensatory glycolysis. In malignant glioma, the AKT2-specific phosphorylation of
PDHK1 at Thr346 was shown to increase the phosphorylation of PDHE1α. This interferes
with the entry of pyruvate into the TCA cycle, resulting in the stimulation of glycoly-
sis, the maintenance of cell proliferation, and the inhibition of autophagy and apoptosis
during severe hypoxia [42]. Earlier studies have shown that AKT2 selectively promotes
the expression of miR-21 during hypoxia and renders cells resistant to hypoxia-induced
cell death [58] Importantly, recent studies have shown that miR-21 promotes glycolysis
by targeting pyruvate dehydrogenase A1 (PDHA1) [59] Therefore, AKT2 may inhibit the
activity of pyruvate dehydrogenase by increasing the activity of PDHK1 and inhibiting the
expression of PDHA1. In agreement with a significant role for AKT2-mediated regulation
of PDHK1 and subsequent PDHE1α activity, we observed reductions in PDHK1 activity as
well as phosphorylated PDHE1α with AKT2 KD. When taken together, the totality of our
data suggests the AKT2-mediated regulation of PDHK1 and other components of pyruvate
metabolism are important in both normal and hypoxic conditions, although the specific
regulation may differ. Future studies should further define the role of PDHK1 in glycolytic
maintenance that mediates melanoma metastasis.

5. Conclusions

In summary, by using genetically engineered human cell lines and novel syngeneic
mouse models, we reveal multiple roles for AKT2 in melanoma metastasis. Indeed, as AKTs
are central pleiotropic signaling hubs [60], it is not surprising that the AKT2-mediated cel-
lular changes facilitating melanoma metastasis are manifold, including glycolytic changes
and the enhancement of factors promoting epithelial-to-mesenchymal transition. This
study reinforces the need for improved development in terms of clinically relevant small
molecules for the selective targeting of AKT isoforms as a melanoma therapy.
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Simple Summary: Despite the advances in the treatment of pre-B-ALL leukemia in children, adult
pre-B-ALL continues to represent a major challenge. This work focuses on the use of differential
responses to fasting conditions between normal and cancer cells to achieve cancer-free survival. We
show that a fasting-mimicking diet in combination with vincristine causes a synergistic increase in
the toxicity to pre-B-ALL cells resulting in high cancer cell death. While fasting is not sufficient to
promote cancer-free survival, the combination of fasting/FMD and vincristine promotes autophagy
inhibition, which is at the center of the high toxicity phenotype specific to leukemia cells, possibly
through a mechanism involving immune cells.

Abstract: Fasting mimicking diets (FMDs) are effective in the treatment of many solid tumors in
mouse models, but their effect on hematologic malignancies is poorly understood, particularly in
combination with standard therapies. Here we show that cycles of a 3-day FMD given to high-fat-
diet-fed mice once a week increased the efficacy of vincristine to improve survival from BCR-ABL
B acute lymphoblastic leukemia (ALL). In mice fed a standard diet, FMD cycles in combination
with vincristine promoted cancer-free survival. RNA seq and protein assays revealed a vincristine-
dependent decrease in the expression of multiple autophagy markers, which was exacerbated by the
fasting/FMD conditions. The autophagy inhibitor chloroquine could substitute for fasting/FMD
to promote cancer-free survival in combination with vincristine. In vitro, targeted inhibition of
autophagy genes ULK1 and ATG9a strongly potentiated vincristine’s toxicity. Moreover, anti-CD8
antibodies reversed the effects of vincristine plus fasting/FMD in promoting leukemia-free survival
in mice, indicating a central role of the immune system in this response. Thus, the inhibition of
autophagy and enhancement of immune responses appear to be mediators of the fasting/FMD-
dependent cancer-free survival in ALL mice.

Keywords: Leukemia; pre-B-ALL; fasting-mimicking diet; autophagy; cancer treatment
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1. Introduction

Pre-B cell acute lymphoblastic leukemia (ALL) is the most common childhood can-
cer but can also occur in older adults. It is a hematologic malignancy characterized by
impaired differentiation and aggressive proliferation of clonal lymphoblasts in the bone
marrow, spleen and blood [1,2]. The standard of care for B-ALL is chemotherapy, which
includes vincristine, cyclophosphamide, anthracyclines, corticosteroids, L-asparaginase
and other drugs [3]. The overall cure rate is about 90% in children but only 50% in adults,
for whom the relapse occurrence is high due to drug resistance [2]. There is still no con-
sensus regarding the best treatment approach for newly diagnosed adults and especially
older patients.

It is becoming increasingly recognized that weight and nutritional status can impact
cancer survival and that obesity is a risk factor for poor outcomes not only for B-ALL but
also for other cancers [4–6]. Using a murine model of diet-induced obesity, obese mice with
syngeneic BCR-ABL B-ALL were shown to have poorer response to chemotherapy than
control mice [7–9]. Clinical studies have shown similar negative effects of obesity on cancer
mortality [10].

We and other groups have previously demonstrated that periodic fasting or FMDs
reduce chemotherapy side effects, improve cancer treatment efficacy and delay cancer
progression in mice [11–13]. Here, we have investigated the effects of FMD cycles in
combination with or without chemotherapy (vincristine) in both obese and normal weight
syngeneic in vivo mouse models as well as in vitro models for mouse and human B-ALL.

2. Materials and Methods

2.1. Cell Culture and Treatment

BCR-ABL syngeneic leukemia cells (“8093 cells”) were generated using BCR/ABL
transgenic mouse [16] M-ALL were cultured at a density of 2.5 × 105 cells/mL in a standard
condition McCoy’s 5A media supplemented with 10% FBS, murine IL-3, beta-mercapto
ethanol and gentamycin or in the STS condition (same as above but with 0.5 gr/liter of
Glucose; 2% FBS).

Human leukemia cells H-ALL (BV173) were obtained from ATCC and were cultured
in RPMI media supplemented with 10% FBS and gentamycin or in the STS condition.

M-ALL and H-ALL were treated for 24 h or 48 h with or without VC 5nM (Sigma
Aldrich, Saint Louis, MO, USA Cat#V8388).

2.2. Cell Viability

Cells viability was measured by Mini Automated Cell Counter Moxi (Orflo, Ketchum,
ID, USA) or by Trypan Blue exclusion dye (Corning, Glendale, AZ, USA Cat# MT25900CI).

2.3. ULK1 and ATG9a Silencing

Cells were seeded at 60–80% of confluence and then transfected for 48 h with 30 pM
ULK1 and ATG9a siRNA (Life Technologies, Carlsbad, CA, USA ID: 65268, 125425) us-
ing Lipofectamine RNAiMAx Reagent (Thermo Fisher Scientific, Waltham, MA, USA
Cat#13778100) according to the manufacturer’s instructions.

2.4. LDH Assay

Cell cytotoxicity was measured using the colorimetric CytoTox 96® Non-Radioactive
Cytotoxicity Assay (Promega, Madison, WI, USA, Cat# G1780) following the manufac-
turer’s instructions.

2.5. CYTO-ID Staining

Autophagy was measured by the CYTO-ID® Autophagy detection kit (Enzo Life Sciences,
Farmingdale, NY, USA Cat# ENZ-51031-0050) according to the manufacturer’s protocols.
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2.6. FACS Analyses

Flow cytometry analyses of mouse BM and SP GFP+ leukemia cells were performed to
assess the engraftment. Flow cytometry staining of BM, spleen and blood were performed
using APC-CD3 (Thermo Fisher Scientific Cat# 17-0032-82), PerCP-eFluor710-CD8 (Thermo
Fisher Scientific Cat# 46-0081-80), PE-CD4 (Thermo Fisher Scientific Cat# 12-0041-85),
APC-eFluor780-CD25 (Thermo Fisher Scientific Cat# 47-0251-82) and PE-Cy7-PD1 anti-
bodies (Thermo Fisher Scientific Cat# 25-9985-82). FlowJo 10 (Becton Dickinson, Franklin
Lakes, NJ, USA) was used to analyze data and to prepare figures.

2.7. Annexin V Staining

BCR-ABL syngeneic leukemia cells and BV173 were stained with eFLuor780 Fixable
Viability Dye (Thermo Fisher Scientific Cat# 65-0865) and PE-Cy7 Annexin V (Thermo
Fisher Scientific Cat# 88-8103-72) according to the manufacturer’s instructions. Analyses
were performed with BD FACS diva on LSR II (Becton Dickinson, Franklin Lakes, NJ, USA).

2.8. Western Blotting

Total cell lysates were prepared using the RIPA buffer (Thermo Fisher Scientific
Cat# 89900) according to the manufacturer’s instructions. Protein concentration was
measured with the BCA assay (Thermo Fisher Scientific Cat#23227). Equal amounts of
protein (30 μg) were heat-denaturized in a lane marker-reducing sample buffer (Thermo
Fisher Scientific Cat#39000), resolved by SDS-PAGE using Novex 4–20% Tris-Glycine
MiniProtein Gels (Thermo Fisher Scientific) and transferred to PVDF membranes (Millipore,
Darmstadt, Germany). The filters were blocked in 5% BSA for 1 h at room temperature
and then incubated O.N at 4◦ with a primary antibody directed against cleaved caspase 3
(1:1000), phosphorylated p53 (1:1000), beclin1 (1:1000), p62 (1:1000), LC3B (1:1000), ULK1
(1:1000), vinculin (1:2000) (Cell Signaling, Danvers, MA, USA, rabbit mAb #9664, rabbit
mAb #9284, rabbit mAb #3495, rabbit mAb #5114, rabbit mAb #2775, rabbit mAb #8054,
rabbit mAb #18799), ATG9 (1:1000) (GeneTex, Irvine, CA, USA, rabbit mAb # GTX128427)
and tubulin (1:2500) (Millipore, Burlington, MA, USA, #05-661).

Peroxidase-conjugated IgG (Santa Cruz, CA, USA) was used as a secondary antibody.
ImageJ software version 1.52a was used to analyze western blot data.

2.9. RNA-seq Library Preparation and Data Analysis

(Supplementary methods): RNAseq data are deposited in the GEO database GSE212918.

2.10. In Vivo B-ALL Model

All animal protocols were approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of the University of Southern California. All mice were maintained in a
pathogen-free environment and housed in clear shoebox cages in groups of five animals per
cage with a constant temperature and humidity, a 12 h/12 h light/dark cycle and unlimited
access to water.

Obese model: Diet-induced obese C57BL/6J mice (Jackson Laboratories, Bar Harbor,
ME, USA, Cat# 380050) were weaned onto 60% calories from fat diet (Research Diets,
New Brunswick, NJ, USA, D12492) and maintained on the diet until dietary interven-
tion. At 20 weeks of age, mice were injected retro-orbitally with 1 × 104 GFP-expressing
BCR-ABL syngeneic leukemia cancer cells. One week later, mice were divided into 4 groups:
HFD + vehicle (HFD n = 5), HFD + FMD (n = 5) 4 cycles + vehicle, HFD + chemo drugs
(vincristine (HFD + VC n = 5)) I.P. 0.5 mg/kg once a week and HFD + FMD +VC (n = 5)
(VC Sigma Aldrich, St. Louis, MO, USA, Cat#V8388).

Normal diet model: 50 C57BL/6J mice (Jackson Laboratories Cat# 000664) (20 weeks
old) were injected as described above. One week later, the mice were divided into
4 groups: ad lib+ vehicle (AL n = 10), FMD (n = 12) 4 cycles + vehicle, ad lib+ vincristine
(AL + VC n = 14) I.P. 0.5 mg/kg once a week and FMD +VC (n = 14).
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2.11. Mouse FMD Diet

The mouse version of the FMD was a 3-day regimen [14,15] (Table S1 and supplemen-
tary methods).

2.12. Vincristine and Chloroquine in an In Vivo Model of BCR-ABL B-ALL

40 mice C57BL/6J (20 weeks old) were injected with GFP-expressing BCR-ABL syn-
geneic leukemia cancer cells. One week later after tumor injection, they were divided
into 5 groups: ad lib+ vehicle (AL), ad lib+ chloroquine once a week I.P. 50 mg/kg/day
(AL + CQ n = 8), fasting-mimicking diet (FMD + CQ n = 8) 4 cycles + CQ, ad lib+ VC + CQ
once a week (AL + VC + CQ n = 8) and FMD +VC + CQ (n = 8) (CQ Sigma Aldrich
Cat# PHR1258).

2.13. CD8+ Cells In Vivo Depletion

Complete depletion of CD8+ CTL was achieved by intraperitoneal administration of
neutralizing monoclonal antibody (αCD8; clone YTS 169.4 BioXCell Lebanon, NH, USA,
Cat# BP0117) or rat IgG (BioXCell, Cat# BP0090) every 4 days after 1 week of tumor implan-
tation. The depletion of circulating CD8+ CTL over time was confirmed by FACS analysis.

2.14. Statistics and Experimental Design

For statistical significance of the differences between the means of the two groups, we
used two-tailed Student’s t-tests. The statistical significance of differences among multiple
groups (≥3) was calculated by performing ANOVA multiple comparisons of the means for
each group. The survival rates of the two groups were analyzed using a log–rank test and
were considered to be statistically significant if p < 0.05.

No samples or animals were excluded from analysis, and sample size estimates were
not used. Animals were randomly assigned to groups. Studies were not conducted blinded.

3. Results

3.1. FMD Cycles Promote Cancer-Free Survival in Obese Leukemic Mice in Combination
with Vincristine

We investigated whether FMD cycles, in combination with vincristine therapy, could
improve the outcome of BCR-ABL B-ALL in an obese murine model.

C57BL/6J (20 weeks old) obese mice raised on a high-fat (60%) diet were implanted
with GFP-expressing BCR-ABL syngeneic leukemia cancer cells [16]. Seven days post-
implantation, obese mice were randomized into four groups: high-fat diet (HFD), HFD + FMD
(FMD 3–4 days a week for 4 weeks), HFD mice treated with vincristine and HFD mice
treated with FMD plus VC (Figure 1a). Mice were routinely examined for tumor progres-
sion and body weight (Figure 1b). FMD alone did not improve ALL survival but did
improve survival in combination with VC; 40% of HFD+FMD+VC mice showed long-term
cancer-free survival versus 20% in the HFD+VC group and none in the HFD or HFD+FMD
only groups (Figure 1c). In a separate experiment, flow cytometric analyses showed a major
reduction of GFP+ tumor cells in HFD+FMD+VC vs. HFD+VC spleens isolated from obese
mice sacrificed after three weeks of treatment (Figure 1d,e).
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Figure 1. FMD cycles improve obese leukemic C57BL/6J mouse survival after vincristine treatment.
(a) Experimental scheme, (b) body weight (gr) and (c) survival curve of periodical FMD in obese ALL
murine model (n = 20) (p < 0.01 ** vs. HFD, ++ vs. FMD). A total of 20 diet-induced obese C57BL/6J
mice were implanted with 1 × 104 GFP-expressing BCR-ABL syngeneic leukemia cancer cells on day 0.
Mice were randomized into groups of 5 mice with the following conditions: obese mice remaining on
high-fat diet without vincristine (HFD) and with vincristine (HFD + VC) and obese mice receiving
intermittent FMD without vincristine (HFD + FMD) and with vincristine (HFD + FMD + VC). VC
(0.5 mg/kg/wk × 4 wks) was delivered I.P. beginning on day 7 (n = 5/group). (d,e) FACS analyses
and representative histograms of GFP+ ALL cells in spleens taken from obese mice in the third week
of treatment with or without FMD and VC (n = 3/group). Data are expressed as mean ± s.e.m.
* p < 0.05, ** p < 0.01, one-way ANOVA.
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3.2. FMD Cycles in Combination with Vincristine Promote Cancer-Free Survival in a
Normal-Weight Syngeneic Mouse Model of Pre-B-ALL

In a second in vivo model, we investigated the effect of periodic cycles of FMD + VC
to treat ALL in mice maintained on a standard chow diet and of normal weight. C57BL/6J
mice were injected with GFP-expressing BCR-ABL syngeneic leukemia cancer cells and one
week later divided into four groups: regular chow ad libitum (ad lib+ vehicle (AL n = 10)),
FMD (n = 12) + vehicle, ad lib+ vincristine (AL + VC n = 14) and FMD +VC (n = 14)
(Figure 2a). Mice on FMD cycles exhibited acute weight loss each cycle, which was reversed
during refeeding (Figure 2b). FMD alone did not improve median survival compared to
the untreated standard chow group (25 vs. 23 days, p = n.s.) but did result in a significant
improvement in overall survival (Figure 2c). Over half of the FMD + VC group survived
more than 110 days without any leukemia symptoms, indicating a major improvement in
cancer-free survival compared to the AL + VC group (p < 0.05 vs. AL + VC) (Figure 2c). In
agreement with this finding, FMD + VC mice exhibited the smallest spleen size, weight,
and GFP expression by qPCR (Figure 2d–f). Flow cytometry confirmed low numbers of
GFP+ tumor cells in the bone marrow and spleen. On the day of autopsy, a reduction of
ALL cells in both organs and a complete absence of tumor cells in the FMD + VC mice with
long survival was shown (Figure 2g,h; Supplementary Figure S1).

Figure 2. Cont.
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Figure 2. Effect of fasting-mimicking diet (FMD) in combination with vincristine in an in vivo
model of BCR-ABL B-ALL. (a) Experimental scheme, (b) body weight (gr) and (c) survival curve
of periodical FMD and vincristine in ALL in vivo model. Dashed vertical lines denote the FMD
cycle. A total of 50 mice C57BL/6J (20 weeks old) were injected via retro-orbital injection with
1 × 104 GFP-expressing BCR-ABL syngeneic leukemia cancer cells/mice. One week later, the mice
were divided into 4 groups: ad lib+ vehicle (AL n = 10), fasting-mimicking diet (FMD n = 12) 4 cycles
of 3 days + vehicle, ad lib+ chemo drugs (vincristine (AL + VC n = 14)) I.P. 0.5 mg/kg once a week
and FMD +VC (n = 14) (p < 0.01 **, p < 0.001 *** vs. AL: p < 0.05 + p < 0.001 +++ vs. FMD: p < 0.05 $ vs.
AL + VC). (d) Representative spleen picture, (e) spleen weight (gr) and (f) GFP+ RNA expression
data (n = 6/group). (g) Representative histograms and (h) FACS analyses quantification for GFP+
tumor cells in bone marrow and spleen. Data are expressed as mean ± s.e.m. * p < 0.05, ** p < 0.01,
*** p < 0.001, one-way ANOVA.

3.3. In Vitro Short-Term Starvation Reduces Cell Proliferation of Mouse and Human Leukemia
Cells and Inhibits Autophagy

We investigated the in vitro effects of short-term starvation (STS) on mouse (8093,
M-ALL) and human (BV173, H-ALL) ALL cell lines grown under normal culture me-
dia (CTRL) or fasting-mimicking condition (STS medium with 0.5 gr/L glucose and 2%
FBS) [17], with or without VC 5 nM. The STS medium reduced M-ALL and H-ALL prolifer-
ation (Figure 3a). STS in combination with VC decreased the cell number of both M-ALL
and H-ALL cells by 70% by 48 h compared to the control medium. STS + VC also in-
duced cell death as shown by a significant increase in lactate dehydrogenase (LDH) release
(Figure 3b) and AnnexinV/eFluor780 viability dye staining. Compared to VC alone, 48 h
of FMD + VC treatment increased apoptotic and necrotic M-ALL cells from 17.58 ± 2.18%
to 42.32 ± 5.38% and H-ALL cells from 24.60 ± 4.44% to 60.66 ± 5.44% (Figure 3c,d). These
analyses confirmed the effect of STS in enhancing VC-mediated cell death.
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Figure 3. Effects of STS in combination with vincristine on mouse and human ALL cell lines. (a) Cell
count and (b) LDH release of mouse and human ALL tumor cells were cultured in low-glucose
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(0.5 g/L) and 2% serum (in vitro STS) or in a standard glucose and 10% serum (control CTRL)
medium ± vincristine 5 nM for 24 and 48 h. (c) FACS analyses of AnnexinV and eFluor780 viability
dye of M-ALL and H-ALL tumor cell line and (d) percentage data quantification of cells in early
and late apoptosis and necrosis. (e) Heatmap displaying autophagy gene expression in spleen
tissue from AL, FMD, AL + VC and FMD +VC mouse (n = 6/each group) * p < 0.05, ** p < 0.01,
*** p < 0.001 vs. AL and + p < 0.05 vs. VC. (f) Protein analyses of LC3B, beclin1, p62 and tubulin
with or without chloroquine (CQ) 100 μM in M-ALL and H-ALL cell line. (g) Relative protein
quantification performed by densitometric analysis using ImageJ64 software. Data are expressed as
mean ± s.e.m. * p < 0.05, ** p < 0.01, *** p < 0.001, one-way ANOVA (n ≥ 3). (h) Cyto-ID green dye
and Hoechst blue staining of M-ALL and H-ALL cells in normal or in STS media with or without VC
5 nM for 48 h.

To dissect the molecular mechanism responsible for the effect of FMD + VC on cancer-
free survival, we performed RNA-seq analyses on spleen tissue isolated from BCR-ABL
B-ALL mice at the end of the treatment (Figure 3e). Our data revealed in the FMD + VC
group the downregulation of genes involved in the initiation of autophagy, including ULK1,
Atg4, Atg9a and Atg9b, and the up-regulation of autophagy genes such as Sqstm1 (p62)
and FEZ1 in comparison to AL and AL + VC mice. FEZ1 is a negative regulator of LC3
lipidation [18], and when overexpressed, inhibits p62 degradation possibly through se-
questration of ULK1. However, because these gene expression levels might be confounded
by a higher splenic ALL cell burden in the AL and FMD groups than those treated with
VC (Figure 2f), comparison between the first two lanes of Figure 3e have limited value,
whereas the third and fourth lane can be compared.

Consistent with this result, protein expression analyses of autophagic markers in-
dicate downregulation of LC3B and beclin1 in spleen tissue from the FMD + VC group
(Supplementary Figure S2a,b).

Autophagy plays a dual role in cancer pathogenesis: it can either promote or suppress
tumor growth and survival [19–21]. To better understand the effect of STS and VC on
autophagy, we analyzed key autophagic markers by Western blot in mouse and human
ALL cells (Figure 3f,g). In agreement with the RNAseq analysis of spleen cells, STS + VC
reduced expression of LC3B and beclin1 and increased the expression of the autophagy
inhibitor p62. To quantify autophagy flux and LC3B turnover, chloroquine (CQ, 100 μM)
was added to some samples 3–6 h before preparing the lysate. LC3B levels were not
increased by chloroquine under FMD + VC conditions, indicating that autophagic flux
is decreased.

These results were confirmed by Cyto-ID green, which showed strong staining in ALL
cells that was reduced by VC and reduced further by STS + VC (Figure 3h). These results
indicate that autophagy is highly active in ALL cells, but it is inhibited by FMD + VC.

3.4. In Vivo Synergistic Effect of Autophagy Inhibition and FMD Treatment

To investigate whether autophagy inhibition may enhance or mediate the effects of
fasting/FMD and VC against ALL progression in vivo, a syngeneic mouse model of BCR-
ABL was treated with the autophagy inhibitor chloroquine in combination with an ad
lib diet or FMD ± VC (n = 8/groups) (Figure 4a). Body weight was monitored during
the treatment (Figure 4b). Weekly co-treatment with CQ and vincristine resulted in a
dramatic increase of long-term survival in ad lib mice, which was not increased further
by FMD treatment (Figure 4c). The combined VC + CQ treatment reduced the size of the
spleen (Figure 4d), as well as detectible GFP+ tumor cells, irrespective of FMD treatment
(Figure 4e,f). Protein expression of LC3B, beclin1 and p62 in terminal sacrificed mouse
spleen tissue confirmed the effect of either CQ + VC or FMD + VC in inhibiting autophagy
(Figure 4g,h). These findings indicate that ALL cells are protected from VC treatment by an
autophagy-dependent mechanism, which is reversed/blocked by co-treatment with either
FMD or the autophagy inhibitor CQ.
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Figure 4. Effect of FMD in combination with vincristine and chloroquine in an in vivo model of
BCR-ABL B-ALL. (a) Experimental scheme, (b) body weight (gr) and (c) survival curve. Dashed
vertical lines denote the FMD cycle. A total of 40 mice C57BL/6J were injected via retro-orbital
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injection with 1 × 104 GFP-expressing BCR-ABL syngeneic leukemia cancer cells/mice. One week
later, the mice were divided into 5 groups: ad lib+ vehicle (AL), ad lib+ chloroquine once a week I.P.
50 mg/kg/day (AL + CQ n = 8), fasting-mimicking diet (FMD + CQ n = 8) 4 cycles (3–4 days) + CQ,
ad lib+ VC + CQ once a week (AL + VC + CQ n = 8) and FMD +VC + CQ (n = 8) (p < 0.001 *** vs. AL,
+++ vs. AL + CQ, $$$ vs. FMD + CQ). (d) spleen weight (gr). (e) FACS analyses representative his-
tograms and (f) quantification for GFP+ tumor cells in bone marrow and spleen. (g) Protein analyses
of LC3B, beclin1, p62 and vinculin in mouse spleen extract and (h) relative protein quantification
performed by densitometric analysis using ImageJ64 software. Data are expressed as mean ± s.e.m.
* p < 0.05, ** p < 0.01, *** p < 0.001, one-way ANOVA.

3.5. Reduced Expression of Autophagy Genes Enhances VC-Dependent Apoptosis in ALL Cells

To investigate the mechanisms of STS/VC-dependent ALL death, the viability of
M-ALL and H-ALL cells grown in a normal or STS medium with CQ was measured. CQ
treatment caused cytotoxicity of M-ALL and H-ALL cells cultured in either a normal or
STS medium. Rapamycin, an autophagy activator, did not significantly affect cytotoxicity,
though it caused a trend to reduce VC cytotoxicity in H-ALL (Figure 5a). CQ alone induced
maximal toxicity in H-ALL cells, with or without VC, and this was potentiated in STS.

Similar patterns were observed when we inhibited autophagy by gene knockdown.
Autophagy genes ULK1 and ATG9 were knocked down in M-ALL and H-ALL cell lines
with two specific siRNA (ULK1-siRNA and ATG9-siRNA). We confirmed that the ex-
pression of ULK1 and ATG9 proteins was inhibited by siRNA transfection (Figure 5b).
Knockdown of ULK1 and ATG9a inhibited cell proliferation (Figure 5c) and promoted
cell death, resulting in increased LDH release (Figure 5d). These results confirm that the
inhibition of autophagy inhibits the growth and survival of leukemia cells.

To validate the role of STS + VC in activating apoptosis, we measured the effect of
the combined treatment on the phosphorylated form of p53 (Ser15) and the activation of
the pro-apoptotic enzyme caspase-3. Activation of p53 by phosphorylation can lead to
either cell cycle arrest or apoptosis. Protein analyses of phospho-p53 and cleaved caspase-3
showed a potentiating effect of STS on the toxicity of VC, particularly in H-ALL (Figure 5e,f).
Taken together, these data suggest that fasting/FMD plus VC induce apoptosis in murine
and human B-ALL cells in part by an autophagy- and p53-dependent mechanism.

Figure 5. Cont.
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Figure 5. In vitro effects of STS in combination with vincristine on autophagy, cell death, and
apoptosis. (a) LDH release of M-ALL and H-ALL cells cultured in STS or CTRL medium ± VC 5 nM
for 48 h with or without chloroquine CQ 200 mM or rapamycin (RAPA) 20 nM. (b) Protein analyses
of ULK1, ATG9a and tubulin after 48 h of transfection with the specific siRNA (Si) in normal medium.
(c) Cell count and (d) LDH release of M-ALL and H-ALL after transfection with ULK1 siRNA (30 pM)
or ATG9a (30 pM) siRNA with or without VC. (e) Western blot analyses and (f) relative protein
quantification of phosphorylated p53, cleaved caspase 3 and tubulin in M-ALL and H-ALL cells
(n ≥ 3). Data are expressed as mean ± s.e.m. * p < 0.05, ** p < 0.01, *** p < 0.001, + p < 0.05, ++ p < 0.01,
+++ p < 0.001, ++++ p < 0.0001 one-way ANOVA.

3.6. Effect of FMD + VC on Immune Response against BCR-ABL B-ALL Cancer

T cells can play an important role in the anti-tumor immune response. We previously
showed that T cells mediate part of the effects of FMD against melanoma and breast cancer
mouse models [22]. To determine whether FMD + VC may promote immune-dependent
killing of B-ALL cells, we treated ALL mice with a single FMD cycle (n = 24 mice) and
collected bone marrow, spleen and blood for flow cytometry analyses of the following
T cell markers: CD3+CD4+, CD3+CD8+, CD4+CD25+, CD4+PD-1+, CD8+CD25+ and
CD8+PD-1+ (Figure 6a,b). One cycle of FMD + VC shifted T cell populations toward
anti-cancer immunity, increasing the pool of CD3+CD8+ in all three compartments, while
reducing the pool of CD3+CD4+ cells in the bone marrow and spleen. Moreover FMD+VC
significantly reduced the pool of both CD4+PD-1+ and CD8+PD-1+ cells (Figure 6b).
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Figure 6. Effect of FMD in combination with vincristine on the immune response. (a) Experimental
scheme of one cycle of FMD 3 days and vincristine in ALL in vivo model (n = 24). (b) FACS analyses
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quantification for CD3+CD4+, CD3+CD8+, CD3+CD4+PD-1+, CD3+CD4+CD25+, CD3+CD8+PD-1+
and CD3+CD8+CD25+ in bone marrow, spleen and blood. Data are expressed as mean ± s.e.m.
* p < 0.05, ** p < 0.01, *** p < 0.001 vs. CTRL, + p < 0.05, ++ p < 0.01, ++ p< 0.001 vs. FMD, $ p < 0.05 vs.
VC one-way ANOVA. (c) Experimental scheme and (d) survival curve of periodical FMD and VC in
ALL in CD8+ in vivo depletion model. A total of 54 mice C57BL/6J (20 weeks old) were injected via
retro-orbital injection with 1 × 104 GFP-expressing BCR-ABL syngeneic leukemia cancer cells/mice.
One week later, the mice were divided into 6 groups: ad lib+ IgGa (AL + IgGa n = 12), ad lib+ VC once
a week (AL + VC + IgGA n = 6), ad lib+ VC+ CD8a (AL + VC + CD8a n = 12), FMD (3 days) + IgGa
(n = 6), FMD +VC + IgGa (n = 6) and FMD + VC + CD8a (n = 12) (p < 0.001 *** vs. AL + IgGa, +++ vs.
FMD + IgGa, $ p < 0.05 vs. VC + IgGa, p < 0.01 ## vs. VC + CD8a, && vs. FMD + VC + CD8a).
(e) Representative FACS plots for CD3+CD4+ and CD3+CD8+ and histograms for GFP+ cancer cells
in the bone marrow.

To test whether CD3+CD8+ T cells were required for FMD-dependent sensitization of
leukemia cells to VC, we selectively depleted CD8+ T lymphocytes using a neutralizing
monoclonal antibody (αCD8) or an IgGa (control) (Figure 6c,e). FMD + VC + IgGa control
mice displayed the best outcome, with half of the mice showing long-term survival. How-
ever, CD8a treatment reversed this survival benefit (Figure 6d), indicating that the effects
of FMD + VC are mediated at least in part by T cells.

4. Discussion

FMDs have the potential to enhance the efficacy of a wide variety of cancer treat-
ments, weakening cancer cells by a process we termed differential stress sensitization
(DSS) while strengthening normal cells by a response termed differential stress resistance
(DSR) [11,17,23–25]. The effects of fasting/FMD in inducing DSS in both in vitro and
in vivo models were previously shown to be mediated, in part, by the reduction of circu-
lating IGF-1 and glucose levels [11,17,23,24]. In a mouse leukemia model, fasting alone
reversed the progression of both B and T cell ALL but did not affect acute myeloid leukemia
(AML) [26].

Here we show that cycles of FMD induce significant anti-leukemia efficacy and cancer-
free survival when combined with vincristine, in part by activating T-cell-dependent
anti-cancer effects. Fasting/FMD alone causes a trend for increasing autophagy, but when
fasting/FMD is combined with vincristine, a significant and consistent downregulation of
autophagy markers is observed. This role of autophagy in the FMD/VC-dependent toxicity
to ALL cells is confirmed by the effect of the combination of vincristine with the autophagy
inhibitor chloroquine, which also promotes p53 modulation, apoptosis and cancer-free
survival in agreement with the established role of p53 in mediating cell death in AML and
in solid malignancies [27,28].

Emerging data indicate that autophagy is a major contributor to chemotherapy re-
sistance in AML, CLL, multiple myeloma, lymphoma and in nonhematologic cancers.
Inactivation of autophagy by deletion of Atg5 or Atg7 prolonged survival in an AML
mouse model. Furthermore, Atg7-deficient mice showed less chemoresistance to cytarabine
treatment [29]. Pharmacological inhibition of ULK-1 when combined with TKI treatment
reduces growth of a CML cell line and patient-derived xenografted CML cells in mouse
models [30]. Thus, autophagy inhibition may represent an important therapeutic strategy
against many malignancies [19,20,31–35]. The only inhibitors approved by the FDA are
the antimalaria drug chloroquine and its derivative hydroxychloroquine (HCQ), which
suppress autophagy by blocking autophagosome fusion and degradation in the final steps
of autophagy. Both CQ and HCQ have been investigated in preclinical studies and in
clinical trials in combination with chemotherapy, radiation therapy or other targeted ther-
apies, and which have shown evidence of enhanced antitumor activity caused by these
combination [19].
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Notably, CQ alone was able to delay ALL growth but caused only a minor effect on
the survival of mice (Figures 4 and 5). CQ disrupts the lysosomal functions, leading to cell
death, and enhances VC efficacy compared with single-drug administration.

This role of autophagy in acting as an escape pathway in ALL cells treated with
vincristine, which results in cell death when blocked by FMD, is in agreement with our
recent study in which ER+ breast cancer cells treated with estrogen signaling and cdk4/6
inhibitors were killed by the effect of fasting/FMD cycles in blocking an escape based on in-
sulin, leptin and IGF-1 signaling [36]. It is also in agreement with the effect of fasting/FMD
in forcing the activation of PI3K-AKT and mTOR-dependent escape pathways, which
resulted in the death of triple negative breast cancer cells when blocked [37]. Similarly,
here, the toxicity of vincristine was limited by an autophagy-dependent escape mechanism,
which was blocked by either FMD or chloroquine. However, it is important to point out
that autophagy-inhibiting drugs are likely to have a more specific toxic effect on a limited
range of cancer cell line, while fasting/FMD cycles instead appear to render many therapies
more effective not only against a range of blood cancers but also against most solid tumors
tested. Thus, the mechanism of action of FMD involves forcing many cancer cell types to
reduce the number of redundant pathways that prevent cell death by generating energy or
providing building blocks for the synthesis of DNA, proteins etc. These FMD-activated
escape pathways can then be targeted by drugs, which in a number of mouse models, lead
to tumor regression or cancer-free survival. The combination of FMD and these targeted
drugs is likely to recruit immune cells by causing damage, including oxidative damage and
DNA mutation in cancer cells. This may explain why FMD cycles are often effective against
both immunocompetent and immunodeficient mouse cancer models, although blocking
T cell function often reduces their efficacy.

In a previous study on a murine model of breast and melanoma cancer, we demon-
strated that FMD in combination with chemotherapy was able to stimulate T-cell-dependent
cytotoxicity against tumor cells, promoting the infiltration of CD3+CD8+ TILs and decrease
of Tregs at the tumor site; an effect partially mediated by the downregulation of heme
oxygenase-1 [22]. In this study, FACS analyses showed that mice treated with FMD + VC
had a higher presence of CD3+CD8+ cells and a reduction of CD3+CD4+ cells, together
with a lower pool of PD-1+ T cells in the bone marrow, spleen and blood. Thus, the combi-
nation of FMD + VC generated changes commonly associated with immunotherapy and
consistent with the role of the immune responses in cancer-free survival. In fact, the in vivo
depletion of CD8+ cells reversed the effect of FMD + VC on cancer-free survival (Figure 6).
Thus, this study, together with our previous work [22], supports the role of fasting/FMDs
in inhibiting autophagy and boosting immune response in combination with chemotherapy,
which result in the killing of leukemia cells (Figure 7).

Different studies have shown a relationship between the immune system and au-
tophagy [38]. In a murine metastatic liver tumor model, a combination of IL-2 with CQ
increased long-term survival and enhanced immune cell proliferation and infiltration in the
liver and spleen [39]. A clinical trial (NCT01550367) is currently testing the combination of
HCQ and IL-2 as a treatment in patients with metastatic renal cell carcinoma.

In mouse melanoma and mouse and human ovarian cancer, it has been shown that
blocking the PD-L1/PD-1 axis via anti-PD1 or anti-PD-L1 antibodies can trigger autophagy
in tumor cells, and when coupled with autophagy inhibitors, enhance the response [40].
Moreover, different papers have shown that blocking autophagy recruits different immune
cells in the tumor environment, promoting cancer regression [41–43].

Fasting/FMD and other dietary restrictions have also been tested clinically in a number
of clinical trials. In a prospective, nonrandomized, controlled trial of 40 patients, the
potential benefits of caloric restriction were shown (The Improving Diet and Exercise in ALL
(IDEAL)) in the efficacy of chemotherapy in patients newly diagnosed with B-ALL. This
intervention resulted in a low minimal residual disease risk, high-circulating adiponectin
and low insulin resistance [44]. In a randomized controlled study of 131 patients with
HER2-negative early-stage breast cancer, FMD cycles significantly enhanced the effects

88



Cancers 2023, 15, 5870

of neoadjuvant chemotherapy on the radiological and pathological tumor response [45].
A short-term fasting-mimicking diet was also well tolerated during chemotherapy in
patients with ovarian cancers and appeared to improve quality of life and fatigue [46–48].
In conclusion, FMD cycles have high potential to be effective in increasing the toxicity
of a range of therapies against ALL and other blood cancers and should be tested in
randomized clinical trials, especially in combination with immunotherapy and low toxicity
cancer therapies.

Figure 7. Schematic representation of FMD’s effect in combination with vincristine in leukemia cells.
The effect of fasting or FMD alone on autophagy markers are based on the results from this study
or the literature, but in the presence of VC, the autophagy pathway is inhibited by downregulation
of Ulk1, ATG9, Beclin1 and LC3b and upregulation of p62. Consequently, apoptosis is activated
by induction of p53 and cleaved caspase 3, leading to leukemic cancer cell death and increased
T cell immune response against leukemia cells by activation of CD3, CD4 and CD8 expression and
inhibition of PD-1 and CD25.

In summary, we present a new strategy for improving leukemia treatment by com-
bining FMD with chemotherapy to promote the killing of ALL cells in part by an immune-
dependent mechanism. Fasting/FMD has been shown to reduce chemotherapy-associated
toxicity in pre-clinical and clinical studies [47,49,50] and thus represents a safe and poten-
tially effective treatment adjunct for leukemia patients which should be tested clinically.

5. Conclusions

FMD acts synergistically with vincristine to deplete B-ALL cells in mice. The beneficial
effects of FMD on B-ALL progression and survival depend on autophagy inhibition and
activation of anti-cancer immunity. The use of the autophagy inhibitor CQ can potentiate
the effect of vincristine with or without fasting conditions. However, the use of autophagy
inhibitors in cancer therapy could be challenging since, unlike FMD cycles, they may be
effective only against a portion of cancers while also causing more side effects. These
preclinical data provide proof of principle evidence for clinical trials testing the efficacy
of the combination fasting/FMD with various therapies, including chemotherapy and
immunotherapy.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers15245870/s1, Table S1. Mouse FMD ingredients; Figure S1.
Flow cytometry gating strategy to identify GFP+ BCR/ABL leukemia cells in the bone marrow and
spleen; Figure S2. protein expression analyses of autophagic markers in-dicate downregulation of
LC3B and beclin1 in spleen tissue from the FMD + VC group [51–54].
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Simple Summary: While both the fields of cancer metastasis research and cancer immunology have
been heavily investigated, their combination—the immunology of metastasis—is underrepresented
given the fact that metastasis is responsible for up to 90% of cancer deaths. Additionally, evading
detection by the immune system is a key prerequisite for the spread of tumor cells to distant or-
gans. In this review, we explore the connections between a master regulator of metastasis, MACC1,
and both its direct and indirect links with immunological processes. Specifically, we highlight
MACC1-induced alterations of signaling pathways and secreted factors and how this translates into
changed immunological outcomes including effects on immune cell infiltration, activity, and their
regulation through immunological checkpoints.

Abstract: Metastasis remains the most critical factor limiting patient survival and the most challenging
part of cancer-targeted therapy. Identifying the causal drivers of metastasis and characterizing their
properties in various key aspects of cancer biology is essential for the development of novel metastasis-
targeting approaches. Metastasis-associated in colon cancer 1 (MACC1) is a prognostic and predictive
biomarker that is now recognized in more than 20 cancer entities. Although MACC1 can already be
linked with many hallmarks of cancer, one key process—the facilitation of immune evasion—remains
poorly understood. In this review, we explore the direct and indirect links between MACC1 and
the mechanisms of immune escape. Therein, we highlight the signaling pathways and secreted
factors influenced by MACC1 as well as their effects on the infiltration and anti-tumor function of
immune cells.

Keywords: metastasis; MACC1; immune evasion

1. Clinical Significance of MACC1 for Cancer Metastasis

The formation of metastasis remains the most lethal attribute of cancers, being re-
sponsible for the majority of cancer-related deaths, and—in some entities—making up the
cause of about 90% of cancer deaths [1–3]. Although therapeutic strategies are successful
in limiting cancer growth and progression, cancer cells will continue to evolve and later
form metastases. This highlights the clinical need for the development and evaluation
of biomarkers capable of predicting metastasis formation as well as therapy success. In
the last ten years, metastasis-associated in colon cancer 1 (MACC1) has been recognized
as such a biomarker in over 20 solid cancer entities [4]. It is a causal driver of metastasis,
and its level in initially metastasis-free patients is a highly accurate predictor of metastasis
formation and overall as well as metastasis-free patient survival. Importantly, multiple
studies have so far confirmed that both intra-tumoral MACC1 expression as well as blood
levels of MACC1 can serve as a marker predicting metastasis formation [5–8]. Despite
its promising capabilities as a biomarker, MACC1 is so far not widely used in the clinic.
Although the role of MACC1 for the initiation and propagation of metastasis has been well-
studied, its physiological role in normal cell function remains largely unknown. One study,
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however, reported that MACC1 defects during embryonal development can lead to mal-
formations [9]. Additionally, MACC1 has been linked to metabolic pathways that mainly
regulate glucose and glutamine metabolism [10]. Functionally, MACC1 acts as a transcrip-
tion factor within the hepatocyte growth factor (HGF)/c-MET signaling pathway, therein
relaying extracellular signals [4]. Furthermore, MACC1 is involved in the regulation of cel-
lular functions through many other pathways including mitogen-activated protein kinase
kinase (MEK)/extracellular signal-regulated kinases (ERK), phosphoinositide 3-kinases
(PI3K)/protein kinase B (AKT)/β-catenin, signal transducers and activators of transcription
(STAT)1/3, and twist-related protein (TWIST)/vascular endothelial growth factor (VEGF).
Therefore, functionally, MACC1 is involved in mediating cellular proliferation, metabolic
activity, cancer cell stemness properties, and angiogenesis, which all lead to the promotion
of a metastasis-associated phenotype [4]. Conclusively, it is not surprising that MACC1 is
therefore being evaluated as a target of metastasis-specific therapeutic intervention.

While various molecules have been identified that are capable of reducing the expres-
sion of MACC1, the most promising approach to date is to use agents from the class of
statins. These drugs were initially developed to lower plasma cholesterol levels but have re-
cently shown great potential in inhibiting a MACC1-induced metastatic phenotype in vitro
and metastasis in animal models. Moreover, most strikingly, an evaluation of the clinical
data from over 300,000 patients including more than 50,000 cancer patients revealed strong
evidence of a cancer-preventive effect by statins [11,12]. While all of these highlight the
importance and potential that MACC1 possesses as a biomarker for metastasis, additional
research is needed to fully elucidate MACC1’s specific physiological functions as well as
further understand its role in mediating key cancer processes.

One such process that to date remains only vaguely comprehended is in what manner
MACC1 is involved in regulating how tumor cells interact with their environment, and
specifically with close-by immune cells. This is of special importance as one key prerequisite
for the formation of metastasis is the development of distinct attributes that allow cancerous
cells to evade their detection and attack by surveilling immune cells [13]. These immune-
evasive features will need to already develop early within the primary tumor, but they
become increasingly relevant within the circulation where circulating tumor cells (CTCs)
come in close contact with immune cells, and furthermore in the secondary organs in which
metastatic cells aim to take root. In this review, we provide a comprehensive overview
over the known links between the metastasis-driver MACC1 and the mechanisms of
immune evasion.

2. MACC1 Correlates with Immune Cell Infiltration

To date, the experimental evidence of MACC1 expression possessing immunological
consequences has largely been centered around correlations of MACC1 levels with intra-
tumoral immune cell infiltration. The first study, which used bioinformatic analysis of colon
adenocarcinoma (COAD) patients based on The Cancer Genome Atlas (TCGA), identified
MACC1 as a positive regulator of the infiltration of natural killer (NK) cells, macrophages,
and neutrophils. However, this study could not ascertain any effects on the levels of
infiltrating dendritic cells, B cells and T helper, cytotoxic, or regulatory T cells [14]. A
second study in breast cancer confirmed the positive effect of MACC1 on the infiltration of
macrophages, in this case, specifically of anti-inflammatory, tumor-associated macrophages
(TAMs). Here, however, the effect on NK cell infiltration was negatively associated with
MACC1, as was the infiltration of cluster of differentiation (CD)8+ cytotoxic T lymphocytes
(CTLs) [15]. Of note, one study reported that the levels of MACC1 were closely related with
the expression of the immunological checkpoint programmed cell death 1 ligand 1 (PD-L1).
Here, the ectopic manipulation (up- or downregulation) of MACC1 translated into corre-
sponding changes of PD-L1, and ultimately into alterations of the anti-tumor effects and
immune cell-mediated killing capacity of peripheral blood mononuclear cells (PBMCs)
in a co-culture setting [16]. Although this provides the first experimental evidence of the
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correlation between MACC1 and the immune system, further links can be drawn between
MACC1 target genes and immune cell infiltration and function.

3. MACC1 Influences Immune Cell Infiltration and Tumor-Immunity through Positive
Feedback Loop and Vascularization

One of the main functions of MACC1 is to act as a transcription factor. In this regard, a
number of its target genes have been described to possess the potential for inducing effects
of immunological relevance. First and foremost, in a positive feedback loop following
the activation of MACC1 downstream of HGF/c-Met, MACC1 induces the expression
of c-Met [17,18]. c-Met itself possesses various properties related to the immune system.
Most notably, HGF stimulation can induce the expression of PD-L1 through c-MET and
thereby contribute to cancer cell immune evasion [19,20], a process likely dependent on
MACC1 as a core regulator/effector of this signaling pathway. Moreover, HGF/c-Met
regulates the recruitment of immune cells into the tumor microenvironment (TME) and can
create an immunosuppressive milieu (e.g., by inducing anti-inflammatory T helper cells
and macrophages as well as shifting the cytokine milieu toward the secretion of immune
system-regulating cytokines). Specifically, HGF-stimulation can diminish the production of
IFN-γ, whilst interleukin (IL)-4 and IL-10 secretion increases [19,21,22].

Additionally, one of the functional outcomes of HGF/c-Met stimulation is the MACC1-
mediated induction of angiogenesis through increasing the production and secretion of
VEGF [23,24]. VEGF, in turn, can directly influence the recruitment, differentiation, and
activity of cells belonging to the innate as well as adaptive immune system. Specifically,
the secretion of VEGF leads to the specific recruitment of a variety of regulatory immune
cells such as regulatory T cells (Treg) and myeloid-derived suppressor cells (MDSCs). Fur-
thermore, VEGF pushes macrophage differentiation into an anti-inflammatory M2-subset.
Additionally, VEGF influences the maturation of dendritic cells (DCs) and increases their
expression of immuno-regulatory molecules such as PD-L1, which act as immune check-
points and can limit the activation and function of other immune cells in close proximity to
those DCs. All of these mechanisms promote an anti-inflammatory milieu and a pro-tumor
environment. Additionally, VEGF can directly influence the proliferation, recruitment, and
cytotoxicity of killer cells such as CTLs and NK cells, decreasing their recognition and
effector functions against cancer cells [25,26]. Notably, MACC1 increases the vessel density
and vascularization through VEGF/Twist. However, VEGF also influences the expres-
sion of adhesion molecules on endothelial cells, specifically blocking the upregulation of
molecules such as intercellular adhesion molecules (ICAMs), vascular cell adhesion protein
(VCAM), or selectins that are induced by inflammatory mediators. This decreases the
extravasation and tumor infiltration of various immune cells normally mediated by those
adhesion molecules. Additionally, VEGF can also specifically increase other endothelial
adhesion molecules such as CLEVER-1 and Fas-ligand (FasL). CLEVER-1 is a scavenging
receptor and correlates with the selectively increased infiltration of anti-inflammatory and
pro-tumor immune cells such as Tregs and M2 macrophages. Endothelial expression of
FasL initiates apoptosis pathways specifically in activated T cells, with Tregs being resis-
tant to FasL-mediated killing. Ultimately, this is associated with decreased numbers of
intra-tumoral CTLs [27]. Interestingly, a direct link has already been described between the
expression of MACC1 and the Fas/FasL apoptosis pathway.

4. MACC1 Mediates Immune Evasion through STAT1/3 and Fas

The tumor-intrinsic expression of MACC1 is relevant for the sensitization to death
receptor-mediated apoptosis via Fas/FasL. In this context, the presence of MACC1 increases
the activation and phosphorylation of STAT proteins that induce the expression of myeloid
cell leukemia-1 (MCL1), which in turn decreases the expression of Fas [4]. This effect
can protect cancer cells from Fas-agonist induced apoptosis induction and likely, in a
more physiological context, from immune cell-induced destruction. Interestingly, STAT
proteins can also mediate other mechanisms of immune evasion. Of note, the STAT
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signaling pathway—when induced by interferon (IFN)-γ—can drive the overexpression of
PD-L1, thereby inhibiting the anti-cancer functions of tumor-targeting immune cells [28].
Interestingly, there is already a reported connection between MACC1 and PD-L1. In gastric
cancer tissues, the levels of MACC1 were positively correlated with the expression of PD-L1.
Furthermore, alterations in the expression of MACC1 through genetic manipulation such
as silencing or induced overexpression translated into corresponding changes of PD-L1
expression. However, it is unclear which cells within the TME are expressing PD-L1 in
this study. Therefore, additional investigations are needed to elucidate whether there is a
direct link of MACC1 and the expression of immunological checkpoints [16]. In a more
general context, STAT1 expression not only correlates with the expression of PD-L1 and
its interaction partner programmed cell death protein 1 (PD-1), but can also be associated
with disease stage and tumor grade [29]. Moreover, one transcriptional target of STAT
proteins is c-Myc, which can be induced by STAT3 in early tumorigenesis and in response
to T cell immunosurveillance. The induction of c-Myc can then drive immunoediting,
leading to decreased T cell recognition and generally an immune-suppressive TME [30].
However, STAT proteins are also responsible for the regulation of the expression of major
histocompatibility complex (MHC) molecules induced by IFN-γ. Therein, they are centrally
involved in how cancer cells present antigens and how they are recognized and targeted by
immune cells. Importantly, many cancers dysregulate pathways of antigen presentation,
however, the used strategies for achieving this are plentiful. Overall, the outcome of STAT
protein expression and function can vary, even within a specific cellular subset. However,
if pro- or anti-tumor functions predominate, depends on the individual context as well
as additional contributing factors [31,32]. Finally, as STAT proteins are major immune
regulators, one key aspect is that they can induce the production of cytokines by cancer
cells [33,34].

5. The Role of Cytokines and Stemness Factors for MACC1 and the Immune System

In this context, cancer cells can use inflammatory mediators such as cytokines to
promote their own growth. Moreover, chronic inflammatory conditions can initiate the
aberrant changes leading to cancer formation, and these conditions can also continuously
drive cancer progression. MACC1, in particular, has been identified as one target initiated
through the tumor-promoting effects of two major regulators: the cytokines tumor necrosis
factor (TNF)-α and IFN-γ [35]. Here, the signaling cascades activated by the cytokines
lead to the activation of nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells
(NFkB), resulting in the induction of transcription factors binding to the MACC1 promoter
and thereby to a shift toward a metastasis-associated phenotype mediated by MACC1
itself. Although these cytokines naturally influence many cells within the TME, this is an
interesting example of how the inflammatory properties surrounding cancerous cells can
contribute to metastasis. Interestingly, large amounts of various cytokines can be produced
by cancer stem cells [36], which have already been linked to MACC1.

While cancer stem cells (CSCs) only make up a small fraction of the total tumor cells,
they likely provide the basis for the majority of malignant human tumors and are critically
important in initiating metastasis [37,38]. In this context, MACC1 has been identified to
regulate the cancer cell stemness properties through the induction of transcription factors
known as core regulators of multipotency such as octamer-binding transcription factor
4 (Oct4) and Nanog [39]. Importantly, CSCs possess a variety of strategies to avoid im-
mune recognition. Most notably, they employ immune checkpoint molecules to evade
cell contact-induced killing by immune cells and can secrete extracellular vesicles (EVs),
growth factors, metabolites, and cytokines to modulate the TME in a wider scope [40].
Specifically, CSCs exhibit high levels of expression for the inhibitory molecules PD-L1,
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), T-cell immunoglobulin, and mucin-
domain containing-3 (TIM-3) as well as lymphocyte-activation gene 3 (LAG3). Additionally,
CSCs often downregulate the expression of MHC class I molecules in comparison to more
differentiated cancer cells, a feature that conveys their protection from T cell recogni-
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tion and destruction. Interestingly, CSCs are also capable of reducing the expression of
tumor-associated antigens, thereby additionally limiting immune cell surveillance [41].
Furthermore, CSCs increase the expression of CD47, a transmembrane protein that trans-
mits inhibitory signals toward macrophages and hinders phagocytosis, thereby acting
as an immune checkpoint for the innate immune system [42]. Through the secretion of
soluble factors, CSCs can further manipulate their surroundings. EVs, for instance, are
capable of suppressing T cell functions, inhibiting dendritic cell maturation, and pushing
macrophages into the anti-inflammatory M2 subtype [41]. In addition, CSCs secrete a
variety of cytokines including IL-4, IL-8, transforming growth factor (TGF)-β, macrophage
colony-stimulating factor (M-CSF), and granulocyte-macrophage colony-stimulating factor
(GM-CSF), all possessing immunosuppressive capabilities and collaborating to produce a
pro-tumor environment through the manipulation of the anti-tumor activity of immune
cells [42]. Importantly, these functional outcomes can be directly linked to core multipo-
tency factors such as Oct4 [43], which in turn can be induced by active MACC1 [39]. Along
the same lines, Nanog conveys this immune-resistant phenotype and can also be upregu-
lated by MACC1 [39,44]. Finally, MACC1 can induce stemness properties by stimulating
LGR5 expression [45].

6. MACC1 Manipulates the TME via PI3K/Akt and Wnt Pathways

Another link of MACC1 with mechanisms of immune evasion is mediated through the
regulation of the PI3K/AKT pathway. Various studies have identified MACC1 as a positive
regulator of PI3K/AKT signaling [46,47], at least in part through a negative regulation
of the phosphatase and tensin homolog (PTEN) [4,48,49]. Activation of this pathway can
create an inhibitory myeloid TME and reduce the overall numbers of infiltrating CTLs [50].
Furthermore, through the loss of activity from PTEN, specific changes in the cytokine
milieu such as a high production of chemokine (C-X-C motif) ligand (CXCL)17 can induce
the recruitment of MDSCs, Tregs, and anti-inflammatory M2 macrophages. Moreover, the
loss of PTEN or its secreted variant PTEN-L can diminish the production and release of
pro-inflammatory cytokines such as TNF-α and IL-6. Importantly, reduced PTEN-activity
is also linked to an increased expression of immunological checkpoints such as PD-1 and
PD-L1 [51]. All of these described alterations collaborate to create an immunosuppressive
environment as well as overall favorable conditions for continuous tumor cell growth.

One of the outcomes of increased AKT kinase activity is the stabilization of β-catenin
and the promotion of its nuclear translocation, thereby connecting the PI3K/Akt pathway
closely with the Wnt/β-catenin pathway. Various studies have already linked MACC1 with
the Wnt pathway [52]. In this context, MACC1 has been established as a transcriptional
target of Wnt/β-catenin [53], and more importantly, MACC1 can regulate the expression of
Wnt target genes such as VEGF, c-Myc, cyclin D1/E, and matrix metalloproteinases [4,39].
The activation of Wnt signaling in tumor cells can then, in turn, promote immune eva-
sion through the direct induction of PD-L1 and CD47 expression, and furthermore via
an alteration of the infiltration and function of immune cells within the TME. Specifi-
cally, increased levels of Wnt-induced secreted protein 1 (WISP1) facilitate a pro-tumor
microenvironment by promoting TAMs whereas the downregulation of chemokines such
as chemokine (C-C motif) ligand (CCL)4 and CCL5 reduce the numbers of DCs [54,55].
Additionally, an inverse correlation has been described between Wnt/β-catenin signaling
activity and the infiltration of T cells into cancerous tissue [56]. One key target gene of
this signaling pathway is S100A4, also referred to as metastasin. This master regulator
of metastatic functions including epithelial–mesenchymal transition (EMT) [57] has been
shown to be a transcriptional target of MACC1 [5]. S100A4 can stimulate tumor cells to
secrete numerous inflammatory cytokines, most notably IL-8 and CCL2, which then shape
the TME toward a pro-tumor state and favor metastatic growth [58]. Furthermore, S100A4
is also positively linked with the expression of PD-L1 and the inhibition of anti-tumor T cell
activity. Of note, this is not only a direct effect, but can also act on the surrounding cells,
as S100A4 can be transmitted (e.g., via extracellular vesicles) [59]. Interestingly, MACC1
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and S100A4 have been independently established as key drivers of metastasis and can
individually be used to stratify patients according to their specific metastatic risk. However,
combining both markers yields the greatest potential for patient stratification. Additionally,
therapeutic strategies have been developed to target both MACC1 as well as S100A4. Here,
again, combining the interventional therapies works synergistically and has the highest
therapeutic value in vitro and in limiting metastasis formation in animal models [5].

7. Additional Mechanisms by Which MACC1 Might Influence Immune Cell
Infiltration and Function

Interestingly, MACC1 can also influence metastasis and immune evasion via a rather
unexpected pathway—by modulating the mechanisms of endocytosis. MACC1 has been
described to promote receptor internalization and recycling as part of clathrin-mediated
endocytosis (CME) [60]. In the context of metastasis, the stimulation or continuation of
CME can facilitate stronger or longer lasting signals from growth factor receptors such as
the EGFR, thereby stabilizing oncogenic signaling [61]. Interestingly, endocytic pathways
can also influence tumor immunity and tumor-induced immune suppression through
the regulation of tumor surface antigens. Here, especially the degradation of molecules
involved in antigen presentation, namely MHC class I, is of considerable importance [62,63].
Endocytosis, as a pathway that is based around membrane-vesicles deemed for the degra-
dation and recycling of intra- and extracellular components, is furthermore mechanistically
closely related to another pathway, autophagy [64]. Importantly, MACC1 has been de-
scribed as a positive regulator of 5′ adenosine monophosphate-activated protein kinase
(AMPK)/Unc-51-like autophagy-activating kinases (ULK1) induced autophagy. Tumor
cells employing this tool can reroute MHC class I molecules toward lysosomes, leading to
their destruction and an overall diminished T cell recognition. Through autophagy, tumor
cells can also alter the secretion of cytokines into the TME, affecting, for instance, CXCL1,
CXCL2, CXCL5, and CXCL12 production. This ultimately leads to an attraction of MDSCs
and immunosuppressive macrophages as well as an overall pro-tumor environment. Fur-
thermore, autophagy diminishes the release of the chemokine CCL5, which facilitates the
infiltration of NK cells into the TME. Additionally, through autophagic processes, tumor
cells become capable of degrading granzyme B, a factor secreted by activated CTLs and NK
cells with the aim to induce apoptosis in target cells, thereby effectively blocking immune
cell induced tumor cell destruction [65]. Autophagy is also a process providing additional
energy when the metabolism of a cell is challenged [66]. Interestingly, there is a more direct
link described between MACC1 and the metabolic system.

First and foremost, MACC1 is capable of altering important metabolic pathways, lead-
ing to elevations in glucose and glutamine uptake. In this way, MACC1 functions through
the upregulation of specific transporter proteins such as glucose transporter (GLUT)1 and
GLUT4 as well as via the regulation of glycolytic enzymes including hexokinase, pyru-
vate dehydrogenase kinase, and lactate dehydrogenase [10,67]. Through the induction of
these metabolic changes—namely by promoting the so-called Warburg-effect, leading to
an increased use of glucose—cancer cells promote nutrient depletion, oxygen-deprivation,
increased acidity, and the release of potentially toxic metabolites into their surrounding
area [68]. These changes promote a TME that is highly immunosuppressive, hinders im-
mune cell infiltration (immune exclusion), and can even mediate the loss of efficacy of
adoptive cell therapies and immune checkpoint inhibitors [69]. Additionally, it has been
described that hypoxia can induce the expression of PD-L1 on various cell types of the
TME including tumor cells. Furthermore, the combination of glucose and oxygen depri-
vation can diminish the overall antigen presentation on cancer cells via the MHC class I
system [70,71].

Although also linked to metabolism but independent from cancer formation, a re-
lationship between MACC1 and obesity has been described. In this study, higher levels
of cell-free MACC1 in plasma were observed in obese adults in comparison to normal
weight control individuals. Reducing the total body fat resulted in lowered MACC1 lev-
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els. Additionally, rats with high-fat diet-induced obesity demonstrated higher MACC1
levels and a more severe colon tumor outcome [72]. Importantly, obesity can promote
chronic inflammation and induce systemic changes in T cell and macrophage populations,
exacerbating various diseases including cancer [73].

8. Outlook and Conclusions

Since its first description in 2009, MACC1 has been recognized as a prognostic and
predictive biomarker as well as a driver of metastasis formation in over 20 cancer entities.
MACC1 levels analyzed from tumor tissue or liquid biopsies can be used to determine the
individual metastatic risk and predict patient survival and therapy outcomes. However,
there is only limited data of MACC1 as a biomarker of immune system status and anti-
tumor immunity. Several studies have identified correlations between MACC1 expression
levels and the infiltration of immune cells into the tumor surrounding areas [14,15]. Fur-
thermore, a bioinformatic analysis of COAD using multiple databases identified MACC1
as a potential predictor for immune responses as well as a novel target for immunotherapy-
based intervention strategies [74]. Further evidence is provided by the general use of
statins, potent transcriptional inhibitors of MACC1 expression, as they are widely used and
are often also prescribed to patients treated for cancer. Here, multiple studies have reported
that statins are not only capable of preventing cancer development [12], but also augment
already established immune-targeting treatment regimens. In this case, statins can enhance
therapy responses when targeting immunological checkpoints such as PD-L1, a factor that
can be regulated in its expression by MACC1 [16,75–77]. However, direct experimental
links are still rare and future studies need to provide additional and more extensive con-
nections between MACC1 as a metastatic switch and its impact on the immune system.
Here, the description of a direct link between intra-tumoral MACC1 expression and the
state/function of nearby immune cells would especially help further the understanding
of the immunological consequences of MACC1. Additionally, it would be interesting to
study whether there is any difference in the MACC1 expression levels between immune
checkpoint therapy responders or non-responders.

In this review, we have demonstrated that the intra-tumoral expression of MACC1
facilitates cancer immune evasion through multiple processes (Figure 1, Table 1), all leading
toward the altered expression of immune system-controlling surface molecules or cytokines,
ultimately inducing changes in the composition and function of the TME. While MACC1 is
already established as a marker of metastasis, we highlight here that it possesses additional
value as a predictor for cancer immune evasion by manipulating immune cell infiltration
and function. Furthermore, the points made in this review indicate that there is a close
relationship between metastasis and immune evasion that has been largely underestimated
in the past. Here, additional work should be performed to analyze the links between
molecules associated with or causally driving metastasis and their potential immunological
consequences. Taken together, we have demonstrated that MACC1 shapes the environment
for tumor cells to promote the formation of metastasis by mediating various strategies
relevant to immune escape mechanisms of cancer cells.

Table 1. Immunological consequences of MACC1 expression. Upwards-pointing arrows indicate an
upregulation or increase, downwards-pointing arrows a downregulation or decrease.

MACC1 Effect Direct/Indirect Consequences Effect on Immune System Investigated Entity References

MACC1 expression
itself

• PD-L1 ↑ • Reduced anti-tumor
immune function • Gastric cancer [16]

Positive feedback to
HGF/c-Met

• PD-L1 ↑
• Anti-inflammatory TME

(Th cells, macrophages)
• Immune system-

regulating cytokines ↑

• Altered immune cell
infiltration

• Reduced anti-tumor
immune function

• Renal cancer
• Autoimmune

diseases
[19–22]
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Table 1. Cont.

MACC1 Effect Direct/Indirect Consequences Effect on Immune System Investigated Entity References

Induction of VEGF
• ICAM, VCAM,

Selectins ↓
• CLEVER-1, FasL ↑

• Specific recruitment of
Tregs and MDSCs

• M2 macrophage
polarization

• Recruitment/anti-tumor
effect of CTLs/NK cells ↓

• Endothelial cells
• Breast cancer [25–27]

Activation of
STAT1/3

• Fas expression ↓
• PD-L1 ↑
• C-Myc ↑

• Protection against
receptor-induced
apoptosis

• Reduced anti-tumor
immune function

• Immunoediting ↑
• Immuno-suppressive

TME

• Renal cancer
• Oral/gastric

cancer
• Skin cancer
• Lung cancer
• Breast cancer

[28,30–34]

Facilitation of cancer
stemness via Oct4
and Nanog

• Immune checkpoints ↑
• MHC class I ↓
• CD47 ↑
• Cyto-/Chemokines and

EVs to modulate TME

• Immuno-suppressive
TME

• Reduced anti-tumor
immune function

• Evasion of T cell
recognition

• Colorectal cancer
• Brain cancer
• Breast cancer
• Colon cancer
• Head and

neck cancer

[36,39–44]

PI3K/Akt signaling

• PTEN ↓
• Changed cyto-/

chemokine milieu
• PD-1/PD-L1 ↑

• Inhibitory myeloid TME
• Infiltration of CTLs ↓
• Recruitment of MDSCs,

Tregs and TAM

• Skin cancer
• Lung cancer
• Breast cancer
• Colorectal cancer
• Brain cancer

[50,51]

Wnt signaling

• Wnt target genes (VEGF,
c-Myc, cyclin D1/E,
MMPs)

• PD-L1/CD47 ↑
• Changed cyto-

/chemokine milieu
• Induction of S100A4

• Reduced infiltration of
DCs and CTLs

• Promoting TAMs

• Brain cancer
• Skin cancer
• Lung cancer

[54–59]

Endocytosis and
autophagy

• Stronger/longer signals
from growth factor
receptors

• Tumor surface antigen ↓
• MHC class I ↓
• Changed cyto-

/chemokine milieu

• Evasion of T cell
recognition

• Pro-tumor environment
characterized by MDSCs
and TAMs

• Infiltration of NK cells ↓
• Degradation of granzyme

B → protection from
immune cell destruction

• Pancreatic cancer
• Lung cancer [62,64,65]

Metabolism

• Glucose transporters/
glycolytic enzymes ↑

• PD-L1 ↑
• MHC class I ↓

• Nutrient depletion,
oxygen-deprivation,
increased acidity,
and accumulation
of metabolites

• Highly
immunosuppressive TME

• Immune exclusion

• Breast cancer
• Lung cancer
• Fibrosarcoma
• Skin cancer

[68–71]
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Figure 1. Links between MACC1 and mechanisms of immune escape. MACC1 directly affects the
expression or function of the indicated factors, which in turn leads to immunological consequences
marked by the arrows. Up- (green arrow pointing upward) or downregulation (red arrow pointing
downward) are next to the immunologically relevant markers. Consequently, this affects the tumor
microenvironment and creates a tumor-favorable milieu.
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Simple Summary: This research aims to explore the role of the TSGA10 protein in cancer devel-
opment, specifically in how it might influence the growth and spread of cancer cells. Scientists
are particularly interested in TSGA10 because it is found in both normal reproductive tissues and
cancer cells, yet seems to slow down cancer progression. The key question is why cancer cells would
produce a protein that could hinder their own survival. To investigate this, the authors propose
several hypotheses about how TSGA10 might be involved in carcinogenesis. They will analyze both
published and unpublished studies and data to understand how TSGA10 functions at different stages
of cancer. By uncovering these mechanisms, this research could lead to new targeted therapies that
use TSGA10 to combat cancer more effectively, offering fresh insights and potential breakthroughs in
cancer treatment.

Abstract: Cancer-specific antigens have been a significant area of focus in cancer treatment since their
discovery in the mid-twentieth century. Cancer germline antigens are a class of antigens specifically
overexpressed in germline tissues and cancer cells. Among these, TSGA10 (testis-specific gene
antigen 10) is of great interest because of its crucial impact on cancer progression. Early studies
explored TSGA10 expression in a variety of cancer types. More recent studies revealed that TSGA10
can suppress tumor progression by blocking cancer cell metabolism, angiogenesis, and metastasis.
An open question regarding the TSGA10 is why cancer cells must express a protein that prevents
their progression. To answer this question, we conducted a comprehensive review to engage the
TSGA10 in the context of the current understanding of “malignant transformation”. This review
demonstrated that TSGA10 expression level in cancer cells depends on the cancer stage across
malignant transformation. In addition, we evaluated how TSGA10 expression can prevent the
“cancer hallmarks”. Given this information, TSGA10 can be of great interest in developing effective
targeted anti-cancer therapies.

Keywords: cancer; cancer germline antigen; TSGA10; tumor suppressor; tumor microenvironment

1. Introduction

Cancer germline antigens (CGAs) have emerged as intriguing players in normal devel-
opment and cancer progression. They are predominantly expressed in the testes, ovaries,
and placenta, contributing to vital processes like spermatogenesis, yet they also make
unexpected appearances in different types of cancer cells [1]. Among these, TSGA10 (testis-
specific gene antigen 10) is considered due to its unique impacts on cancer phenotypes. In
a nutshell, TSGA10 is an 82-kilodalton protein encoded by the TSGA10 gene located on
chromosome 2q11.2, containing at least 22 exons [2,3]. TSGA10 coding gene was discovered
by Modarressi et al. (2001) based on mRNA extraction from human testis tissue [4]. In
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spermatids, TSGA10 is cleaved into two fragments upon translation: a 27 kDa N-terminus
fragment located in the fibrous sheath of the sperm tail and a 55 kDa C-terminus fragment
located in the mid-piece of sperm [5].

Studies have explored the physiologic functions of TSGA10 in spermatogenesis [6],
embryogenesis [7], and neural development [7]. However, its function in carcinogenesis is
still a matter of debate. CGAs usually contribute to cancer cell proliferation, invasion, and
migration [1]. However, the information regarding TSGA10 is contradictory. Some studies
have introduced it as a CGA [7–12]; however, more recent studies have explored its tumor-
suppressive effects. Mansouri et al. (2016) realized that TSGA10 induction could inhibit the
angiogenesis and invasion of HeLa cells in vitro [13]. In line with this, Jahani et al. (2020)
found that TSGA10 overexpression in a breast cancer cell line (MCF-7) can reduce their
metabolic and metastatic activities [14].

In summary, some studies introduced TSGA10 as a CGA, while others found it a
tumor suppressor. This duality has sparked curiosity among researchers worldwide to
explore the role of TSGA10 in cancer progression. An open question regarding the TSGA10
is why cancer cells need to express a protein that prevents their progression. To answer this
question, we reviewed the TSGA10 literature from the scope of “cancer hallmarks” and
“malignant transformation”. The available experimental studies are primarily based on
in vitro studies on cancer cell lines [13–15]. This issue might affect the results due to the
ignorance of cancer cells as dynamic entities in living organisms, their heterogeneity, and the
impacts of the surrounding tumor microenvironment (TME) [16]. This conceptual review
was, therefore, conducted to re-evaluate the available literature regarding the TSGA10 in
cancer progression by considering malignant transformation and cancer hallmarks.

The following two sections summarize the literature regarding the TSGA10’s role
in physiologic development and tumorigenesis. Section 4 provides a synopsis of the
literature pertaining to malignant transformation and cancer hallmarks. Sections 5 and 6
provide an interpretation of the TSGA10 literature based on malignant transformation and
cancer hallmarks, respectively. The last two sections present the clinical implications and
conclusions of this conceptual review.

2. A State-of-the-Art Literature Review of TSGA10 Role in the Physiologic Development

This section addresses the highlights of TSGA10 in the physiologic development. In
2001, Modarressi et al. isolated the TSGA10 gene in the human testis and introduced its
structure [4]. Upon expression, TSGA10 is spliced into two ends with distinct roles. In a
mouse model, Behnam et al. (2006) demonstrated that the C-terminus of TSGA10 was im-
plicated in the differentiation of the tail bud, small intestine, vertebrae, and the brain cortex,
while the N-terminus was expressed during the development of digits [7]. Simultaneously,
Aarabi et al. (2006) noted that TSGA10 expression in human testis was limited to germ
cells, and lack of TSGA10 expression might negatively affect spermatogenesis and male
fertility [17]. In mid-2006, Hägele et al. unveiled a crucial effect of TSGA10 by showing
that TSGA10 could prevent the nuclear translocation of hypoxia-inducible factor (HIF)-1
in spermatozoa [18]. In 2010, Roghanian et al. explored that TSGA10 was expressed in
dendritic cells and macrophages and interacted with vimentin through its leucine zipper
motif [5]. Bioinformatic analyses have identified different proteins interacting with TSGA10
(Figure 1).
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Figure 1. (A,B) Molecular models of TSGA10 interacting proteins and partners with other signaling
pathways. Retrieved from STRING interaction network source: https://cn.string-db.org/ (accessed
on 27 August 2024).
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3. A State-of-the-Art Literature Review of TSGA10 Role in Human Malignancies

Upon introduction in 2001, Tanaka et al. (2004) realized that TSGA10 was
overexpressed in a subset of melanoma (5%), colon cancer (5%), hepatocellular carci-
noma (20%), ovarian cancer (35%), and prostate cancer (15%) cells [2]. Two years later,
Mobasheri et al. (2006) realized that TSGA10 was expressed in 84% of patients with acute
lymphoblastic leukemia (ALL) [10]. Another study demonstrated that TSGA10 was down-
regulated in 93% of patients with acute myeloid leukemia (AML) compared with healthy
controls [19]. In an experiment on anaplastic astrocytoma cells, Behnam et al. (2009) demon-
strated that C-terminus TSGA10 was located in the perinuclear region, and the N-terminus
end was located in the nucleus [12]. In an in vivo study on a mouse model of esophageal
squamous cell carcinoma (ESCC), Yuan et al. (2013) indicated that TSGA10 could serve
as a tumor suppressor by activating the p53 or Rb signaling pathways. The investigators
also demonstrated that this effect could be reversed by microRNA-577 (miR-577) binding
to the 3′ untranslated regions (3′ UTRs) of TSGA10 mRNA [20]. In 2016, Mansouri et al.
found that TSGA10 induction could effectively reduce the rate of angiogenesis and invasion
in HeLa cells. The investigators realized that these inhibitory effects were caused by the
disruption of the HIF-1 axis [13]. Asgharzadeh et al. demonstrated that the C-terminus
end of TSGA10 interacted with HIF-1 with high affinity [21]. Salehipour et al. (2017) found
different transcription patterns of TSGA10 in breast cancer compared with testis. This
study demonstrates that TSGA10 transcripts in breast cancer cells tend to have shorter
5′ UTRs with fewer upstream open reading frames [3]. Kazerani et al. found similar
findings in high-grade brain tumors compared with low-grade tumors. The authors con-
cluded that shorter 5′ UTRs in high-grade tumors might reduce the translation efficiency
of TSGA10, providing proper conditions for angiogenesis and metastasis [22]. In 2018,
Bao et al. demonstrated that miR-23a-containing exosomes secreted from nasopharyngeal
carcinoma cells induced angiogenesis by directly targeting the TSGA10 [23]. In line with
this finding, Zhang et al. (2019) found that HIF-1 enhanced the proliferation, invasion,
and migration of ESCC cells by targeting TSGA10 in a miR-10b-3p-dependent manner [24].
Hoseinkhani et al. (2019) demonstrated the negative correlation of TSGA10 with HIF-1 and
VEGF (vascular endothelial growth factor) expression in patients with AML [19]. In early
2020, Jahani et al. found that TSGA10 overexpression in breast cancer cells could reduce
cell proliferation and induce the G2/M cell cycle arrest. In addition, TSGA10 induction
could reduce the cancer cells’ metabolism and metastatic ability [14]. Table 1 summarizes
the key studies exploring the role of TSGA10 in different malignancies.

Table 1. Comparative TSGA10 alteration in different cancers.

Cancer Types Discussed Mechanisms TSGA10 over Expression TSGA10 Downregulation

Esophageal Squamous
Cell Carcinoma [20,24]

TSGA10 acts as a tumor
suppressor as it inhibits tumor
growth by regulating the cell
cycle and inducing apoptosis.

Typically, downregulated in more
advanced stages, larger and
poorly differentiated ESCC,
which leads to increased cell
proliferation and malignancy.

Can it help regulate
tumorigenesis?

MiR-577 functions as an
oncomir as it promotes cancer
progression by targeting and
downregulating TSGA10.

Under hypoxic conditions, the
expression of miR-10b-3p
would be enhanced, therefore
targeting TSGA10 and
reducing its expression.
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Table 1. Cont.

Cancer Types Discussed Mechanisms TSGA10 over Expression TSGA10 Downregulation

Primary cutaneous
T-cell lymphoma
(CTCL) [25]

TSGA10 acts as a
tumor-associated antigen and a
candidate for targeted
immunotherapy in primary CTCL
and suggests a role in the immune
response against tumor cells.

TSGA10 is overexpressed as a
potential tumor-associated
antigen in primary CTCL.

Likely reduce the immune
system’s ability to recognize
and target the cancer cells;
hence, less effective immune
surveillance and, potentially,
cancer progression.

Breast Cancer
[3,14,21,26,27]

A paradoxical relationship is
observed between TSGA10
expression and cellular migration.
The high-affinity interaction of
TSGA10 C-terminal domain with
HIF-1α affects 8 key proteins
(VEGFA, HSP90AA1, AKT1,
ARNT, TP53, VHL, JUN, and
EGFR) in cancer progression.

TSGA10 overexpression is
associated with reduced
metastasis.
TSGA10 overexpression decreases
metastatic and metabolic
activities, thereby reducing cell
proliferation and metastasis.

TSGA10 is typically
downregulated in breast
cancer, which leads to cancer
progression and metastasis.

Brain Tumor
[12,22]

Unknown.

TSGA10 is specifically expressed
in astrocytes.

TSGA10 is overexpressed in brain
tumors.

TSGA10 Downregulation may
disrupt normal cell cycle
control, which could lead to
decreased cell proliferation.

Nasopharyngeal
Carcinoma
[23]

miR-23a regulated angiogenesis
by directly targeting TSGA10.

Metastasis-associated miR-23a
from NPC-derived exosomes
plays an important role in
mediating angiogenesis by
targeting TSGA10.

Overexpression of TSGA10 can
counteract the effects of miR-23a
and result in inhibiting
proliferation, angiogenesis, and
cell migration and invasion.

Suppression of TSGA10 is
associated with tumorigenesis
via enhancing the migration of
endothelial cells, suggesting
that angiogenesis is regulated
by miR-23a as it directly
targets TSGA10 and represses
its antiangiogenic functions.

Hepatocellular
Carcinoma (HCC)
[28]

TSGA10 acts as an immunogenic
protein that can elicit an immune
response; hence, TSGA10 plays a
significant role in the progression
and prognosis of hepatocellular
carcinoma.

TSGA10’s overexpression is
linked to tumor aggressiveness,
poor patient outcomes,
and serves as a potential
immunogenic target.

Downregulation of TSGA10 is
associated with increased cell
proliferation and reduced
apoptosis.

AML/ALL
[10,19]

TSGA10 acts as a tumor
suppressor gene in AML, as it
negatively regulates the
expression of VEGF by interacting
with HIF-1α.

TSGA10 may be involved in the
proliferation of leukemic cells.

TSGA10 Overexpression leads to
VEGF and HIF-1α
downregulation, consequently
inhibiting tumor growth and
angiogenesis.

TSGA10 is overexpressed in ALL,
leading to proliferation of
leukemic cells.

Decreased expression of
TSGA10 in AML leads to
increased VEGF and HIF-1α
levels, promoting tumor
growth and angiogenesis.

Pan-cancer studies

- Melanoma
- HCC
- Colon
- Ovarian
- Prostate

[2,11]

Irregular expression of TSGA10 in
various cancers can affect the
proliferation of cancer cells,
suggesting its role in
tumorigenesis.

TSGA10 is overexpressed in a
subset of melanoma (5%), colon
cancer (5%), HCC (20%), ovarian
cancer (35%), and prostate cancer
(15%), leading to increased cell
division and growth, altered
apoptosis, enhanced cell
migration and invasion, and
activation of oncogenic pathways.

Downregulation of TSGA10
can lead to a potential tumor
suppression.

The following section provides a synopsis of malignant transformation and cancer
hallmarks.
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4. Stepwise Cancer Progression and Cancer Hallmarks

Extensive research on cancer biology revealed that cancer cells are not static but are
dynamic, acquiring new phenotypes and capabilities during progression following sus-
tained randomized (but programmed) changes in their genotype [29]. This process is called
“malignant transformation” that makes the tumor mass “heterogenous”, containing cancer
cells at different phases of malignancy with different phenotypes as well as different levels
of resistance to anti-cancer treatments [30,31]. It has been demonstrated that cancer cells,
after development, traverse a multistep journey, obtaining different characteristics named
“cancer hallmarks” [29]. With advances in our understanding of cancer biology, the cancer
hallmarks have evolved from six items in 2000 (including sustained proliferative signals,
evading growth suppressors, resisting cell death, active tissue invasion and metastasis,
sustained angiogenesis, and enabling replicative immortality) to ten hallmarks in 2011
(plus genome instability, tumor-promoting inflammation, deregulating cellular metabolism,
and immune escape) [32,33]. In 2021, Prof. Douglas Hanahan put forward another four
hallmarks, including non-mutational epigenetic reprogramming, unlocking phenotypic
plasticity, senescence, and the influence of polymorphic microbes, to better illustrate the
cancer phenotypes [29]. Figure 2 illustrates a summary of changes in cancer phenotype
across the malignant transformation pathway.

Figure 2. Phenotypes and capabilities of cancer cells across malignant transformation, including early-
epithelial phase (E), epithelial phase at hypoxic conditions (EH), mesenchymal transition (M), and
obtaining stemness (CSC). CSC indicates cancer stem cells; E, epithelial cancer cells at normoxia; EH,
epithelial cancer cells at hypoxia; H, high-level; I, intermediate-level; L, low-level; M, mesenchymal
cancer cells.

In the initial stage of malignant transformation (proliferative phase), cancer cells try to
overcome growth suppressors to secure a sustained replication. In this phase, cancer cells
benefit from normoxia and sufficient micronutrients for continuous proliferation. In the
proliferative phase, cancer cells’ metabolism primarily relies on oxidative phosphorylation
(OxPhos) to provide the building blocks essential for replication, including amino acids,
fatty acids, and nucleosides [34].

Following the increase in number of cancer cells and disturbance of the supply-
demand balance, cancer cells obtain new features enabling them to survive and progress
in the hypoxic, hypoglycemic, and acidic TME. In this stage, the cancer cells’ metabolism
primarily depends on glycolysis. Even in this hard-to-survive condition, cancer cells
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can continue proliferating using glycolysis intermediates to generate the macromolecules
essential for cell division [33]. The phenotypic transformation of cancer cells in this phase
is conducted by several transcription factors, including HIF-1 [35]. Under normoxia, HIF-1
is ubiquitinated, following hydroxylation by prolyl hydroxylase domain (PHD) proteins
and activation of von Hippel Lindau protein (pVHL) [36]. This process does not happen
in hypoxic conditions, and the intact HIF-1 can conduct the transcription of numerous
mediators supporting cancer cells to survive and progress in the harsh TME [37].

With the advances in tumor growth, certain cancer cells enter a dedicated transition
pathway to obtain mesenchymal phenotype, a process called epithelial–mesenchymal
transition (EMT). During EMT, epithelial cancer cells lose their intercellular connections
and proliferative ability and obtain mesenchymal phenotypes with enhanced invasive
and migratory abilities [38]. In this stage, the cancer cells’ metabolism depends on Ox-
Phos [38]. EMT is primarily regulated by several dedicated transcription factors, including
Snail, Twist, and ZEB. It has been demonstrated that ZEB and Twist were transcribed by
HIF-1 [39,40], and Snail required HIF-1 for its stability [41]; therefore, EMT is an HIF-
dependent process.

Following progression, a set of cancer cells obtain “stemness” phenotypes. These
cells are called cancer stem cells (CSCs). The source of CSCs is the topic of debate and
expanding research. Some believe they develop from normal stem cells or their progenitors
(a.k.a. transit-amplifying cells) following successive oncogenic mutations [42], while others
know their origins in differentiated cells [43]. An evolving idea considers EMT as the
driving force of stemness. Proponents of this concept believe that EMT converts cancer
cells in a terminally differentiated state to a metastable state, providing an opportunity
to express new genes and, thereby, obtain new phenotypes [44]. In support, it has been
demonstrated that the induction of EMT transcription factors (Snail, Twist, and ZEB) has
enhanced the expression of stem cell markers (e.g., CD44) and their tumor sphere-forming
ability (reviewed in [44]). CSCs’ metabolism relies on both OxPhos and glycolysis. It has
been demonstrated that CSCs could switch their metabolism to glycolysis in hypoxia and
OxPhos in normoxia [45].

This section illustrated the synopsis of the literature on the multistep progression of
cancer. In each step, the cancer cell has a specific genetic signature replying to its metabolism
and objectives. The next section discusses the role of TSGA10 in cancer progression based
on the current understanding of malignant transformation.

5. Interpretation of TSGA10 Studies Based on the Malignant Transformation

Based on the current knowledge of the malignant transformation, our interpretation
of TSGA10 in cancer progression is as follows:

In vivo studies demonstrated wide-range expression levels of TSGA10 in cancer cells
(Figure 2 of [2] and Figure 1 of [19]). This finding might be due to the “heterogeneity”
of cancer cells in the tumor mass with different phases of malignant transformation. In
support, Kazerani et al. found a higher expression of TSGA10 in low-grade brain tumors
compared with high-grade tumors [22]. Another study demonstrated a similar pattern in
ESCC cells. Yuan et al. realized that TSGA10 expression significantly decreased with tumor
grade, primary tumor size, and clinical stage [20]. Figure 3 illustrates our assumption on
trends in TSGA10 expression during distinct steps of malignant transformation and its
association with HIF-1 expression. Given the stepwise progression of cancers [46], we
propose the following scenario to explain the changes in the TSGA10 level.

At the early phase of cancer initiation (proliferative phase), cancer cells primarily
tend to proliferate to generate the tumor mass. Considering the importance of TSGA10 in
centrosome assembly [47], it can be concluded that cancer cells upregulate the TSGA10
expression to respond to this endpoint (the increasing trend in Figure 3). However, in
the following, cancer cells need to downregulate TSGA10 to respond to their progression.
Cancer cells require a number of tools to progress, even in the hypoxic TME. One of these
advanced tools is HIF-1, a transcription factor that improves the cancer cells’ survival, pro-
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gression, and resistance in multiple ways [48]. It has been demonstrated that TSGA10 has
counter-regulatory effects with HIF-1. In human sperms, the C-terminal domain of TSGA10
prevents the nuclear localization of HIF-1 during spermatogenesis [18]. This counteraction
has also been demonstrated in human cancers. Jahani et al. (2020) found that TSGA10
overexpression in breast cancer cells could reduce the expression of HIF-1 target genes,
including MMP7 (matrix metalloproteinase-7), GLUT1 (glucose transporter 1), CXCR4
(C-X-C chemokine receptor type 4), CXCL12 (C-X-C motif chemokine 12), LOXL2 (lysyl
oxidase-like 2), and vimentin [14]. These inhibitory effects would disrupt the cancer cells’
metabolism (by reducing GLUT1) and their invasion and migratory abilities (by reducing
MMP7, CXCR4, LOXL2, CXCL12, and vimentin). LOXL2 is a catalytic enzyme that cleaves
the collagen cross-linking. It has been demonstrated that LOXL2 was an essential mediator
of angiogenesis [49]. Therefore, the inhibitory effect of TSGA10 on LOXL2 expression can
potentially inhibit angiogenesis, a point not mentioned in Jahani et al.’s article. Meanwhile,
Amoorahim et al. (2020) demonstrated that TSGA10 overexpression in human umbilical
vein endothelial cells (HUVECs) could inhibit endothelial cell proliferation and migration,
thereby, angiogenesis, by disrupting the HIF-2α axis [50]. Jahani’s and Amoorahim’s stud-
ies demonstrate that TSGA10 overexpression can inhibit cancer cell metastasis by reducing
its migratory ability and disrupting angiogenesis.

Figure 3. Changes in the TSGA10 and HIF-1 expression levels across the malignant transformation.
CSC indicates cancer stem cells; E, epithelial cancer cells at normoxia; EH, epithelial cancer cells at
hypoxia; M, mesenchymal cancer cells; NL, normal (noncancerous) cells.

It has been demonstrated that HIF-1 has inhibitory effects on TSGA10 in cancer
cells. An in vitro study on ESCC cells demonstrated that HIF-1 overexpression could
downregulate TSGA10 expression by inducing miR-10b-3p expression. This study indicated
that miR-10b-3p overexpression could improve cancer cell invasion and metastasis in a
mouse xenograft model [24]. Another study demonstrated that miR-577 could directly
regulate TSGA10 expression in ESCC cells by binding to the 3′UTR of the TSGA10 gene.
In this study, Yuan et al. found that miR-577 overexpression effectively boosted cancer
cell proliferation and enhanced the transition from the G1 to S phase by downregulating
TSGA10 expression [20]. These pieces of information illustrate that cancer cells need to
decrease the TSGA10 expression in the advanced stages of malignant transformation to
increase their ability to metastasize (the decreasing trend in Figure 3).
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6. Interpretation of TSGA10 Studies Based on the Cancer Hallmarks

This section outlines how TSGA10 can prevent distinct cancer hallmarks:
Enabling replicative immortality and resisting cell death: When cells undergo ma-

lignant transformation, they employ a unique mechanism to evade replicative senescence
and subsequent cell death. This involves elongating their telomeres using telomerase,
allowing them to continue proliferation and avoid cell death [51]. It has been demon-
strated that telomerase activity in cancer cells is HIF1-dependent [52]. Recent evidence in
breast cancer stem cells shows that HIF-1 is essential for NANOG-mediated telomerase
reverse transcriptase (TERT) gene expression [53]. As noted, TSGA10 prevents the HIF-1
axis [13,14]. Therefore, cancer cells must downregulate TSGA10 to have a continuous
replication;

Genomic instability: Under physiologic conditions, it is imperative to synchronize
centriole duplication with DNA replication to guarantee that each daughter cell obtains only
one pair of centrioles. However, cancer cells develop “centrosome amplification”, which is
the aberration in centrosome shape, size, position, and number. This condition increases the
chance of aneuploidy and genomic instability across the cell divisions [54]. The physiologic
assembly of centromeres relies on a set of regulators, including centrosomal protein 135
(CEP135), which is a centriole assembly protein [55]. It has been demonstrated that CEP135
was dysregulated in some breast cancers [56]. Carvalho-Santos et al. demonstrated that
TSGA10 interacted with CEP135 and contributed to the physiologic assembly of centriole
and basal body [57]. Therefore, downregulation of TSGA10 during cancer progression
can increase the chance of genomic instability and provide less differentiated cancer cells,
favoring cancer progression;

Deregulating cellular metabolism: The metabolism of cancer cells varies from normal
cells. Cancer cells can run glycolysis even in the presence of enough oxygen pressure, a pro-
cess known as “aerobic glycolysis”. This characteristic enables cancer cells to survive even
in the harsh conditions of TME, like hypoxia, acidosis, and low-glucose levels [58]. It has
been demonstrated that mitochondria are the main regulators of cancer cell metabolism [59].
The available literature regarding the association between TSGA10 and mitochondria is
limited. Luo et al. (2020) demonstrated that TSGA10 expression is essential to organize the
mitochondria along the midpiece of sperm [60]. Similar to this effect can also be speculated
in cancer cells, considering the following two assumptions:

(a) Mitochondria trafficking is an essential component in malignant transformation. It
has been demonstrated that cancer cells with high affinity to metastasis had frag-
mented mitochondria in their periphery, likely to provide enough energy for invasion.
However, mitochondria in cancer cells with less metastatic affinity are mainly located
in the perinuclear region in the fused form [61];

(b) Jahani et al. demonstrated that TSGA10 induction in MCF-7 breast cancer cells
decreased ROS production [14]. Given that mitochondria are the main source of ROS
in cancer cells [62], Jahani et al.’s finding can reflect the decrease in mitochondrial
metabolism following TSGA10 activation.

This finding, in addition to the perinuclear localization of C-terminus TSGA10 [12],
put forward a concept that TSGA10 overexpression can translocate the mitochondria to
the perinuclear region, facilitating their fusion and reducing their metabolic activity. This
concept needs to be examined in future experimental studies;

Inducing or accessing vasculature: Cancer cells require access to oxygen and micronu-
trients to have a sustained proliferation. This access is achieved by releasing angiogenic
factors (e.g., VEGF) and the breakdown of extracellular matrix using MMPs [63]. As
noted, TSGA10 has a negative correlation with VEGF [19]. Furthermore, Asgharzadeh et al.
demonstrated that the interaction between TSGA10 and HIF-1 can modulate the epidermal
growth factor receptor (EGFR) [21]. Given the importance of EGFR in the angiogenesis
process [64], TSGA10 may influence angiogenesis through its interaction with EGFR. In
addition, Jahani et al. demonstrated that TSGA10 could reduce the expression of MMP-7 in
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cancer cells [14]. Therefore, a decrease in cellular TSGA10 level is required for angiogenesis
and vascular access;

Activating invasion and metastasis: Cancer metastasis is in two forms: single-cell
and collective. Each type of metastasis requires epithelial cells to be transformed into the
mesenchymal counterpart through EMT [63]. It has been well established that EMT is a
HIF-dependent process [65]. Therefore, cancer cells must downregulate their TSGA10 level
to obtain mesenchymal phenotype;

Avoiding immune destruction: Cancer cells exploit different mechanisms to shield
from immunosurveillance, such as reducing antigen presentation, expressing immune
checkpoints, and converting the condition of surrounding TME too harsh for immune
cell recruitment (e.g., acidity) [59]. Among these, the expression of CGAs has been put
forward as an immune escape mechanism. Kortleve et al. (2022) evaluated the association
between the expression level of fifteen CGAs (including TSGA10) and immune escape
in a pan-cancer model. Their study demonstrated that TSGA10 expression negatively
correlated with the tumor-infiltrating lymphocytes and MHC molecules [66]. This study
also indicated the negative correlation between TSGA10 and cancer-associated fibroblast
(CAF) infiltration [66]. With reduction in TSGA10 level, the rates of CAFs in TME is elevated,
which provides several benefits for cancer cells promotion by providing substrates for
OxPhos of cancer cells (including pyruvate, lactate, and glutamate) [67], transferring
mitochondria to cancer cells via nanotubes to support their metabolism [68], inducing
tumor-promoting autophagy by releasing β-HB, IGF1/2, and CXCL12 [69], and inhibiting
anti-tumor immune response [70]. The causative association between TSGA10 and the
immune microenvironment needs to be addressed in immune-competent models and
assessment of immunophenotypes and immunokinetics;

Tumor-promoting inflammation: TME consists of noncancerous cells modified to
support the cancer cells’ survival, progression, and treatment resistance. The major cellular
components of TME are cancer-associated fibroblasts (CAFs), myeloid-derived suppres-
sor cells (MDSCs), tumor-associated macrophages (TAMs), tumor-associated neutrophils
(TANs), and regulatory T cells (Tregs) [71]. As noted earlier, a decrease in TSGA10 expres-
sion (in advanced phases) is correlated with CAF infiltration into TME [66]. It has been
demonstrated that CAFs can induce the recruitment of tumor-promoting immune cells
(TAMs, MDSCs, TANs, and Tregs) toward TME in several mechanisms [70]. Therefore,
a decrease in TSGA10 expression in advanced phases of malignant transformation can
contribute to developing tumor-promoting inflammation. Co-culture and organoid models
could help dissect the TME-specific effects of TSGA10.

7. The Potential Clinical Implications of TSGA10 Upregulation in Cancer Cells

Mesenchymal–epithelial transition: Given the close association between TSGA10
and centrosomes [47], the involvement of centrosomes in cellular polarity (as a feature
of epithelial cells versus mesenchymal cells), and a reduction in invasion capabilities of
cancer cells with TSGA10 overexpression, one may conclude that TSGA10 may serve as
a running factor of the mesenchymal–epithelial transition (MET). In support, it has been
demonstrated that TSGA10 overexpression in MCF-7 breast cancer cells upregulated the
expression of E-cadherin [14], a classical biomarker of epithelial cells [72]. In addition,
Jahani et al. found that TSGA10 upregulation led to the downregulation of vimentin, a
classic biomarker of mesenchymal cells [14]. It has been established that vimentin was one
of the main drivers of EMT, by which cancer cells obtain special phenotypes to invade the
extracellular matrix and withstand the external sheer forces during metastasis [63].

Supporting evidence is the interaction between centrosomal CEP135 and TSGA10.
CEP135 plays a crucial role in centrosome organization, a process essential for maintain-
ing cellular polarity [73]. Carvalho-Santos et al. demonstrated that TSGA10 interacted
with CEP135 and likely contributed to the physiologic assembly of centriole and basal
body [57]. With this information, one may conclude that TSGA10 upregulation can con-
tribute to the cancer cells to retrieve their polarity. It has also been demonstrated that more
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organized centrosomes could prevent aneuploidy and genomic instability [74]. Therefore,
upregulation of TSGA10 might prevent the cancer cells from being promoted to the less
differentiated phenotypes. Considering the importance of EMT in stemness [44] and the
high resistance of CSCs to radiotherapy [75], chemotherapy [76], and immunotherapy [77],
TSGA10 induction can serve as a potential modality to reduce treatment resistance.

Exosome secretion: Tumor progression is significantly influenced by the secretion of
extracellular vesicles, which are produced in larger quantities by cancer cells compared to
normal cells. These vesicles, including exosomes, carry biomolecules such as microRNAs
(miRNAs) that inhibit multiple target genes and alter intercellular communication, pro-
moting metastasis [78]. Based on the available evidence, TSGA10 can interact with several
proteins involved in exosome formation and secretion, including actin [5], Rab27 [47],
HIF-1 [14], and ODF2 [47]. TSGA10 interacts with actin-rich structures, influencing ex-
osome release and connecting to Rab27 proteins that regulate exosome secretion. Its
overexpression may induce apoptosis and autophagy by affecting exosome dynamics. Ad-
ditionally, TSGA10 interacts with HIF-1a and p53 [13,20], potentially promoting exosome
release in cancer cells. These interactions suggest that TSGA10 plays a significant role in
cancer progression through exosome regulation, although further research is needed to
fully understand its mechanisms.

Radiotherapy: This modality is the mainstay of cancer treatments and is extensively
applied to different malignancies [79,80]. The main cytotoxic effect of radiotherapy is
targeting the vital macromolecules of cancer cells, especially DNA [81]. It has been demon-
strated that the G1 and S phases of the cell cycle are more radioresistant, and the G2 and M
phases are more radiosensitive [82]. As alluded to above, TSGA10 induction can lead to
G2/M arrest in cancer cells [14]. This effect can serve as a potential approach to improve
the radiosensitivity of cancer cells. In addition, it has been demonstrated that TSGA10
overexpression in endothelial cells could induce cell cycle arrest [50]. Ironically, tumor
neovascularization enhances hypoxia by forming immature, leaky vessels undergoing
collapse in the extracellular matrix with high interstitial fluid pressure [83]. Therefore,
TSGA10 overexpression in tumor endothelial cells can enhance the tumor oxygen pressure
that inherently improves radiosensitivity [84]. The potential effects of TSGA10 induction
on radiosensitivity are speculative and need testing in appropriate preclinical models.

Immunotherapy: It has been demonstrated that HIF-1 expression improved the can-
cer cells’ ability to evade the immune system [85]. The HIF-1 axis suppresses the innate
and adaptive immune response by inducing the secretion of immunosuppressive factors
(prostaglandin E2 and transforming growth factor-β) [86], expression of programmed
death protein-ligand 1 (PD-L1) on cancer cells [87], and reducing tumor-associated anti-
gen presentation via major histocompatibility complex class I (MHC-1) [88]. In addition,
HIF-1 signaling can induce MDSC accumulation in TME [89], which inhibits the immune
response in several ways, including by attracting M2 macrophages and Tregs into TME,
impairing lymphocyte adhesion to endothelial cells and expression of immune checkpoint
molecules (PD-L1) [90]. Given the inhibitory effects of TSGA10 on the HIF-1 axis, TSGA10
overexpression can provide an opportunity to enhance the anti-tumor immune response
and, thereby, response to immunotherapies. The potential impact of TSGA10 induction on
immunotherapy requires evaluation in suitable experimental studies.

Anti-mitochondrial therapy: Emerging evidence on mitochondrial metabolism has
been put forward as a determining factor in cancer biology and treatment resistance [59].
This concept has recently evolved into introducing mitochondrial metabolism as a new
aspect of personalized cancer treatment [91]. A big hurdle in targeted anti-mitochondrial
therapies is that mitochondria are present in all human cells, and anti-mitochondrial
therapies can harm normal cells. This issue limits the application of broad-spectrum anti-
mitochondrial agents. As noted earlier, TSGA10 might target the mitochondrial metabolism
and trafficking in cancer cells. The specific expression of TSGA10 in cancer cells can provide
an opportunity to limit the anti-mitochondrial effects on cancer cells. This concept can be
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engaged to design targeted therapies to limit mitochondrial metabolism, specifically in
cancer cells.

Future works are suggested to address the following objectives: (a) to perform
multi-omics and lineage tracing to better characterize TSGA10’s context-specific functions;
(b) to develop robust in vitro and in vivo models manipulating TSGA10 to validate pro-
posed mechanisms; (c) to use unbiased screening to identify TSGA10 interactome and
downstream effectors; (d) to evaluate combination therapies engaging TSGA10 along
with standard care in clinically relevant models; and (e) to address key questions around
therapeutic index, delivery challenges, biomarkers, and resistance for clinical translation.

8. Conclusions

The available TSGA10 literature poses a big question, “Why do cancer cells need to
express a protein that prevents their progression?”. This review outlines that TSGA10 ex-
pression level in cancer cells depends on the cancer stage across malignant transformation.
It demonstrates that in early phases, cancer cells overexpress TSGA10 to respond to their
endpoint to proliferate; however, as cancer cells progress to the advanced phases of malig-
nancy, the level of TSGA10 is reduced to allow HIF-1 to take the wheel of cancer cells and
conduct the EMT and metastasis. In other words, we assume that TSGA10 is a “basic tool”
for the early progression of cancer. Once cancer cells plan to enter the advanced phases,
they improve their equipment to more “advanced tools” to lose their polarity, develop
genomic instability, improve their mitochondrial metabolism, undergo EMT, and recruit
more CAFs into TME to support their progression. The various tumor-suppressive effects
of TSGA10 on cancer biology can provide a potential opportunity to enhance the efficacy
of different cancer therapies. The mechanisms proposed may not prove causation. Further
experimental studies are needed to explore the role of TSGA10 in cancer progression. In
addition, engaging TSGA10 induction as a therapeutic approach assumes it can be safely
upregulated in cancer cells without adverse effects, which requires investigation.
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Simple Summary: Epithelial-to-mesenchymal transition (EMT) plays a critical role in cancer progres-
sion, contributing to the invasive and migratory abilities of tumor cells. In this study, we show that
FBXO11 promotes the degradation of ZEB1, a key EMT regulator, via ubiquitination. Loss of FBXO11
increases ZEB1 levels, enhancing the invasiveness of lung cancer cells, while its overexpression
reduces ZEB1 and suppresses invasion. Importantly, higher FBXO11 expression is associated with
better prognosis in non-small cell lung cancer (NSCLC), highlighting its potential role as a therapeutic
target for controlling EMT and cancer metastasis.

Abstract: Epithelial-to-mesenchymal transition (EMT) affects the invasion and migration of cancer
cells. Here, we show that FBXO11 recognizes and promotes ubiquitin-mediated degradation of ZEB1.
There is a strong association between FBXO11 and ZEB1 in non-small cell lung cancer (NSLC) in a
clinical database. FBXO11 interacts with ZEB1, a core inducer of EMT. FBXO11 leads to increased
ubiquitination and proteasomal degradation of ZEB1. Depletion of endogenous FBXO11 causes ZEB1
protein accumulation and EMT in A549 and H1299 cells, while overexpression of FBXO11 reduces
ZEB1 protein abundance and cellular invasiveness. Importantly, the depletion of ZEB1 suppresses the
increased migration and invasion of A549 and H1299 cells promoted by the depletion of FBXO11. The
same results are shown in xenograft tumors. High FBXO11 expression is associated with a favorable
prognosis in NSLC. Collectively, our study demonstrates that FBXO11 modulates EMT by mediating
the stability of ZEB1 in lung cancer cells.

Keywords: ZEB1; FBXO11; lung cancer; EMT; invasion and metastasis

1. Introduction

According to GLOBOCAN’s Global Cancer Statistics 2023, lung cancer is the
number-one cause of death [1,2]. There are two main histological types of lung cancer,
namely small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC). Of these,
NSCLC accounts for about 85% [3–6]. Metastasis is the primary cause of death in pa-
tients with lung cancer [7]. Tumor cell invasion and metastasis are closely linked to
epithelial-to-mesenchymal transition (EMT). EMT transforms polarized epithelial cells,
typically anchored to the basement membrane, into mesenchymal cells with increased
migration, invasiveness, and resistance to apoptosis [8]. ZEB1, also known as TCF8 or
δEF1, is a key transcriptional regulator of EMT [9,10]. ZEB1 transcriptionally represses
the expression of E-cadherin by binding to its promoter region [11]. Research shows
that ZEB1 can induce EMT in breast cancer [10], osteosarcoma [12], lung cancer [13],
melanoma [14], and other epithelioma, leading to tumor metastasis and promoting drug
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resistance. High expression of ZEB1 is related to the poor prognosis of cancer patients.
Studies by Manshouri R et al. have shown that ZEB1 can become a therapeutic target for
metastatic NSCLC. Various F-box proteins, including TrCP1/Fbxw1, Fbxw7, Ppa/Fbxl14,
Fbxl5, Fbxo11, and Fbxo45, have been implicated in EMT by facilitating the degradation
of EMT-related transcription factors (EMT-TFs) [15–20]. FBXO11, as a member of the
SCF (Skp1-Cul1-F-box) ubiquitin ligase complex, exhibits E3 ubiquitin ligase activity
and methyltransferase activity [21]. FBXO11 was first mentioned as a ubiquitin lig-
ase in diffuse large B-cell lymphomas (DLBCLs), targeting BCL6 for its degradation
and stabilization and, thus, inhibiting cell proliferation and inducing cell death [22].
FBXO11 can promote CDT2 polyubiquitylation, and degradation controls the timing
of cell-cycle exit [23,24]. FBXO11 can regulate the invasive metastasis of tumor cells by
associating with the EMT-related factor Snail, as well as the classical PI3k/Akt signaling
pathway [25,26]. Recently, FBXO11 has been reported to be a major negative regulator of
MHC class II through ubiquitin-dependent proteasomal degradation of CIITA in breast
cancer [27]. In hepatocellular carcinoma, FBXO11 mediates heterogeneous ribonucleo-
protein A2/B1 ubiquitination to regulate lipid metabolic reprogramming and promote
tumorigenesis [28]. The modulation of cisplatin resistance by the miR-324-5pFBXO11
axis is observed in lung cancer [29]. In this study, we found that FBXO11 interacts with
the ZEB1 CZF domain and promotes it ubiquitination and degradation. FBXO11 activity
affects the stability and function of the ZEB1 protein, resulting in marked biological
effects in vivo. This molecular interplay shapes the proliferative and metastatic compe-
tencies of lung cancer cells, thereby transforming their dissemination behavior within
the biological milieu.

2. Materials and Methods

2.1. Cell Culture and Transfection

Human embryonic kidney cell HEK293T and human lung adenocarcinoma cell line
A549 cells were cultured in DMEM (Gibco, Waltham, MA, USA, C11995500B) with 10%
FBS (Kangyuan Biotechnology, Shanghai, China, KY-01000). Human lung adenocarci-
noma cell line H1299 cells were grown in RPMI-1640 (Gibco) with 10% FBS. Transfec-
tions were performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) per the
manufacturer’s instructions.

2.2. Plasmids and Mutagenesis

ZEB1 and FBXO11 cDNA were synthesized and cloned into lentiviral vector pLVX-
IRES-neo and pET28a by Miaoling Biology (Wuhan, China). FBXO11 was cloned into a
pLVX-IRES-neo vector with Myc tagged. ZEB1 was cloned into a pLVX-IRES-neo vector
with Flag tagged. FBXO11 and ZEB1 full-length and truncated mutants of ZEB1 were
cloned into a pET28a vector.

2.3. Western Blotting and Immunoprecipitation

Western blotting was conducted as previously described [30]. Cell extracts were
prepared with cold RIPA buffer (150 mM NaCl, 50 mM Tris pH 7.5, 1% NP-40, and 10%
glycerol). Proteins were separated on 6–12% gels and transferred to PVDF membranes.
Membranes (Millipore, Shanghai, China, IPVH00010) were probed with primary anti-
bodies, including FBXO11 (Proteintech, Wuhan, China, #67365-1-Ig), ZEB1 (Santa Cruz
Biotechnology, Oregon, USA, #515797), E-cadherin (Proteintech, #20874-1-AP), N-cadherin
(BD Transduction Laboratories, #610920), GFP (Proteintech, #66002-1-Ig), and GAPDH
(GAPDH; Bioss, Woburn, MA, USA, #0978M).

For immunoprecipitation assays, indicated plasmids were co-transfected with
HEK293T cells in six-well plates. After 18 h, transfected cells were treated with 10 μM
proteasome inhibitor MG132 (Sigma-Aldrich, St. Louis, MO, USA, C2211) for 6 h and
lysed with cold RIPA lysate buffer to collect the supernatant and retain the input. The
supernatants were combined with RIPA binding buffer (150 mM NaCl, 50 mM Tris PH
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7.5, and 10% glycerol) and 20 μL protein A/G agarose beads (Invitrogen, 20421) and
incubated at 4 ◦C for 6 h. The mixture was subjected to immunoprecipitation with
either Flag (Proteintech, #66008-4-Ig) or Myc (Proteintech, #60003-2-Ig) antibodies and
slowly overturned overnight at 4 ◦C. The agarose beads–antigen–antibody mixture was
washed thoroughly with RIPA buffer, and Western blot analysis was conducted with
indicated antibodies.

2.4. His-Tagged Protein Interaction Pull-Down Assay

FBXO11 wild-type or ZEB1 truncated cDNA was amplified by PCR and cloned into
bacterial expression vector pET28a with an N-terminal His tag. The plasmids were trans-
formed into BL21(DE3) (TransGen, Beijing, China, CD601-02). His-tagged FBXO11 protein
or ZEB1 truncated proteins were induced by 0.4 mM IPTG at 21 ◦C for 16 h and purified by
Ni-NTA beads (Qiagen, Hilden, Germany, 1018244). The His-tagged FBXO11 proteins or
ZEB1-truncated proteins that bound to Ni-NTA beads were washed with PBS and collected
at 4 ◦C. HEK293T cells transfected with ZEB1-Flag or FBXO11-Myc expression constructs
were harvested in lysis buffer (50 mM NaH2PO4.H2O pH 8, 300 mM NaCl, 10 mM im-
idazole, protease inhibitor cocktail) and sonicated (power, 300 W; time, 10 s; interval,
50 s). The sonicated cell lysates were incubated with purified sFBXO11 or ZEB1-truncated
proteins and Ni-NTA beads. Proteins that bound to Ni-NTA beads were eluted (50 mM
NaH2PO4.H2O, pH 8, 300 mM NaCl, 20 mM imidazole, protease inhibitor cocktail) and
subjected to Western blot analysis with indicated antibodies.

2.5. Immunofluorescence

An immunofluorescence assay was performed as previously described [31]. Fluores-
cence photography was captured with a laser scanning confocal microscope (Leica Mi-
crosystems, Wetzlar, Germany, LSM 710). Primary antibodies included FBXO11 (Novussbio,
Centennial, CO, USA 100-59826), ZEB1 (Santa Cruz, Dallas, TX, USA, #515797), and E-
cadherin (Proteintech, 20874-1-AP). Secondary antibodies included CoraLite488-conjugated
(Proteintech, SA00013-2), CoraLite594-conjugated (Proteintech, SA00013-3), and DAPI
(Beyotime, Haimen, China) antibodies.

2.6. Lentiviral shRNA Depletion and qRT-PCR

To overexpress or deplete FBXO11 and ZEB1, cells were infected with lentiviral vectors
or shRNAs. After puromycin selection, RNA was extracted using Trizol (Thermo Fisher
Scientific, Waltham, MA, USA, 15596026). cDNA was synthesized using Takara RR047A-3.
cDNA (Takara RR047A-3) was synthesized, and gene expression levels were measured by
real-time PCR and normalized to β-actin. Primer and shRNA sequences are reported in
Supplementary Tables S1 and S2.

2.7. In Vitro Ubiquitination Assay

Wild-type Ub, Ub-K48, and Ub-K63 plasmids with HA tags were co-transfected
with the relevant plasmids. After 18 h, transfected cells were combined with 10 μM
proteasome inhibitor MG132 for 6 h. The experimental manipulations were continued
according to immunoprecipitation and Western blot analysis with indicated with Flag and
HA (Proteintech, #81290-1-RR) antibodies.

2.8. Protein Degradation Assays

HEK293T cells were seeded in 6-well plates for 24 h and transfected with 0.5 μg
of indicated expression plasmids. When indicated, 0.2 μg GFP was used as an internal
transfection control. After 16 h, transfected cells were treated with 10 μM MG132 or 20 μM
Chloroquine (MedChemExpress, Monmouth Junction, NJ, USA, HY-17589) for 8 h and
collected with ice-cold whole-cell extraction buffer (25mM β-Glycerophospholipids PH
7.3, 2 mM EGTA, 10 mM EDTA, 10 mM β-mercaptoethanol, 0.1 M NaCl, 1% Triton X-100,
protease inhibitor cocktail) for Western blot analysis.
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2.9. ZEB1 Half-Life Assay

HEK293T cells were seeded in 6-well plates for 24 h and transfected with 0.5 μg of
indicated expression plasmids and 0.2 μg GFP as an internal transfection control. After
24 h, transfected cells were treated with 50 μg/mL cycloheximide (Aladdin, Shanghai,
China, C112766) for 0, 2, 4, 6, 8, or 10 h and collected with ice-cold whole-cell extraction
buffer for Western blot analysis.

2.10. Transwell Invasion Assay

Transwell chamber membranes (24-well; 8 μM, Costar, Costar, Corning, NY, USA,
#3422) were coated with fibronectin (Sigma-Aldrich). Cells (5 × 104) were plated in the
top chamber and incubated at 37 ◦C overnight. Invaded cells were fixed and stained
with 1% crystal violet (Solarbio, Beijing, China). Cell numbers were then counted under
a microscope.

2.11. Wound-Healing Migration Assay

Cells were seeded in 6-well plates and grown to confluence. A wound was created
by scraping with a 200 μL tip. Cells were washed with PBS and cultured in serum-
free medium. Wound areas were photographed at 0 and 48 h, and the healing sizes
were measured.

2.12. Mouse Subcutaneous Tumor Formation Assay

This study followed the Guide for the Care and Use of Laboratory Animals (Eighth
Edition) and was approved by the Animal Ethics Committee of Changchun Wish Technol-
ogy Company. After stable expression and screening of the corresponding plasmid cDNA
in A549 cells infected with lentivirus, the cells were diluted to 5 × 106. Cells were injected
subcutaneously into the hindlimbs of 4–6-week-old nude mice (Balb/c-nu/nu). Tumor
growth was observed and recorded. After growth to three weeks, the mice were sacrificed
and dissected. Tumors were fixed with 4% PFA and paraffin-embedded, and 5 μM thick
tumor sections were made. H&E staining was performed, and the sections were observed
and photographed under a microscope.

2.13. Molecular Docking

We uploaded the FBXO11 protein sequence and the ZEB1 CZF domain (725-1125
amino acids) truncated protein sequence to LiHDOCK SERVER software (http://huanglab.
phys.hust.edu.cn/, accessed on 13 October 2023) for protein–protein docking. Then, the
docking combination with the best docking effect (model No. 1) was selected based on the
docking score and confidence score and analyzed using PyMOL.

2.14. Kaplan–Meier Plot

We selected patient cohorts from the KM-PLOTTER website (http://kmplot.com/).
We selected histological data from 1161 patients with lung adenocarcinoma.

2.15. Statistical Analysis

Patient sample data were downloaded from the TCGA database and grouped accord-
ing to high and low FBXO11 expression. To investigate FBXO11 expression in the LUAD,
we applied independent-sample t-tests to unpaired samples and paired t-tests to paired
samples. Categorical data, including sex and tumor differentiation, were analyzed using
chi-square tests. All analyses were two-sided and conducted with R 3.2.0 and SPSS 16.0.2.
Statistical significance was set at p < 0.05.
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3. Results

3.1. ZEB1 as the Major Transcription Factor Induces EMT in Lung Cancer Cells

To clarify the major types of transcription factors that induce EMT in lung cancer
cells, we used nickel chloride (NiCl2) to induce EMT in human non-small cell lung cancer
cell lines A549 and H1299. NiCl2 induces epithelial–mesenchymal transition (EMT) and
enhances cellular invasiveness by generating reactive oxygen species (ROS) and altering
DNA methylation, inhibiting the expression of E-cadherin and promoting the upregulation
of N-cadherin and vimentin [32]. This mechanism has been validated in a variety of cell
models, including lung cancer and renal tubular epithelial cells [33,34]. The expression of E-
cadherin gradually decreased with increasing NiCl2 concentration, while ZEB1 expression
was upregulated. It is noteworthy that the protein expression of Snail and Slug did not
change (Figure 1A). The cell morphology shifted towards mesenchymal cell morphology
with 2 mM NiCl2, while the knockdown of ZEB1 was able to resist the induction effect
of NiCl2 (Figure 1B). Our previous study demonstrated that FBXO11 ubiquitinates and
degrades Snail through the proteasome, thereby blocking Snail-induced EMT and inhibiting
tumor metastasis in breast cancer [25,26]. Here, we speculated that FBXO11 might have
a similar regulatory effect on ZEB1 in lung cancer cells. Using GEPIA, we performed
gene correlation analysis using Transcripts Per Million (TPM) for lung cancer data in the
TCGA/GTEx database and found that the ZEB1 gene was positively correlated with the
FBXO11 gene (Figure 1C). To explore the role of FBXO11 in the development, progression,
and prognosis of cancer, we investigated its expression in normal tissues and tumors
in the TCGA and GETx databases (http://gepia.cancer-pku.cn) and found that FBXO11
was highly expressed in a variety of normal tissue compared to tumors, including BRCA,
COAD, LUAD, and READ (Figure 1D).

We screened lung adenocarcinoma samples against FBXO11 expression in the TCGA
clinical database. FBXO11 expression was not significantly correlated with the ages of
the patients, sex, radiation therapy, or smoking history. It is noteworthy that the impact
of FBXO11 expression on tumor grade is more likely to be seen in the early stages (I–II)
of the tumor, when cancer cells are about to develop and have spread to a small extent
(Table 1).

Table 1. Correlation of FBXO11 expression with clinicopathological covariates in lung cancer patients.

Characteristic FBXO11—High (n = 286) FBXO11—Low (n = 286) p Value *

Age (years), mean (SD) 66 (60.73) 66 (57.72) 0.407 †
Sex (n(%)) 0.737

Women 153 (53.5) 157 (54.9)
Men 133 (46.5) 129 (45.1)

Radiation therapy 0.385
No 224 (78.4) 195 (68.2)
YES 33 (11.5) 36 (12.6)

Missing 29 (10.1) 55 (19.2)
Smoking history 0.718

≤2 100 (35) 108 (37.8)
>2 177 (61.9) 167 (58.4)

Missing 9 (3.1) 11 (3.8)
Tumor stage 0.146 ‡

i 169 (59.1) 141 (49.4)
ii 56 (19.6) 77 (26.9)
iii 47 (16.4) 46 (16.1)
iv 12 (4.2) 15 (5.2)

Missing 2 (0.7) 7 (2.4)
* χ2 test or Fisher’s exact test. † Student’s t test. ‡ Mann–Whitney U test (non-parametric). Missing values are
excluded for all statistical tests.
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Figure 1. EMT is mainly induced in lung cancer cells by transcription factor ZEB1. (A) ZEB1
expression is increased in NiCl2-induced EMT. A549 and H1299 cells were treated with different
concentrations of NiCl2 for 2 d. Immunoblotting assays were performed to detect the expression of
each EMT marker. (B) Knockdown of ZEB1 in cells resistant to the induction effect of NiCl2. A549
and H1299 shNC or shZEB1 cells were treated with 2 mM NiCl2, and changes in cell morphology
were observed under a microscope. Scale bar: 100 μm. (C) FBXO11 is positively correlated with ZEB1.
Correlation analysis of LUAD data for TCGA and GTEx on the GEPIA website showed a correlation
coefficient of R = 0.69 (p = 0; p < 0.01). TPM: transcripts per million. (D) FBXO11 exhibited higher
expression in the normal tissue samples. The GEPIA database was used for FBXO11 expression in
normal tissues and tumors (* p < 0.05, ** p < 0.01, *** p < 0.001).

3.2. FBXO11 Associates with ZEB1

To investigate the interaction between FBXO11 and ZEB1, we first transfected the
Myc-tagged FBXO11 and Flag-tagged ZEB1 expression constructs into HEK293T cells.
Immunoprecipitation of Myc-tagged FBXO11 pulled down Flag-tagged ZEB1. In a re-
ciprocal assay, immunoprecipitation of Flag-tagged ZEB1 also pulled down Myc-tagged
FBXO11 (Figure 2A). An immunofluorescence assay further confirmed colocalization of
FBXO11 and ZEB1 in HEK293T cells within the nucleus (Figure 2B). Next, we validated
the protein interactions and mapped interacting domains by in vitro His pulldown assay.
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FBXO11 protein consists of an N-terminal F-box motif, a C-terminal zinc-finger-like UBR
domain, and several repetitive cysteine-enriched domains located in the center [15]. The
His pulldown assays showed the interaction between FBXO11 and ZEB1 (Figure 2C). ZEB1
consists of a central homeodomain (HD) and zinc-finger clusters at the N terminal (NZF)
and C terminal (CZF) [10]. ZEB1 and its truncated mutants were expressed as His fusion
protein. The ZEB1 C zinc-finger domain is indispensable for binding to FBXO11 by in vitro
his pulldown assay (Figure 2D). After determining the binding domain, we simulated the
interaction pattern of FBXO11 and ZEB1 C zinc finger using Z dock. The docking results
show that the Z-dock docking fraction of FBXO11 and ZEB1 is 1742.563. Residues near the
protein–protein interaction interface can form hydrogen bonds, which help stabilize the
complex. PyMOL 2.3.0 was used to analyze the docking interaction patterns (Figure 2E).
Overall, these results indicate that FBXO11 interacts with ZEB1 in vitro.

Figure 2. FBXO11 associates with ZEB1. (A) FBXO11 interacted with ZEB1 in a co-
immunoprecipitation (co-IP) assay. HEK293T cells were transfected with Myc-tagged FBXO11
and Flag-tagged ZEB1 as indicated. Cell lysates were immunoprecipitated with either anti-Myc or
anti-Flag antibodies and immunoblotted with anti-ZEB1 and anti-FBXO11 antibodies. (B) FBXO11
and ZEB1 co-location in the nucleus. Immunofluorescence assay probe colocalization of FBXO11
(green) and ZEB1 (red). Scale bar: 50 μm. (C) His pulldown assays showing FBXO11 bound to ZEB1
protein. A Coomassie blue staining image of PAGE gel is shown below to confirm the expression of
pET28a and FBXO11. (D) His pulldown assays showing the CZF domain of ZEB1 bound to FBXO11
protein. A Coomassie blue staining image of PAGE gel is shown below to confirm the expression of
various forms of ZEB1 proteins. (E) Molecular docking of FBXO11 protein and the ZEB1 CZF domain
(725-1125 amino acids) truncated protein.
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3.3. FBXO11 Stabilizes ZEB1 though Ubiquitination Acticity

Given that FBXO11 is an E3 ubiquitin ligase, we investigated its role in ZEB1 ubiquiti-
nation and degradation. Co-transfection with FBXO11 led to ZEB1 degradation, which was
blocked by proteasome inhibitor MG132 but not by chloroquine, demonstrating that over-
expression of FBXO11 caused the proteasomal degradation of ZEB1 (Figure 3A). FBXO11
overexpression significantly increased ZEB1 ubiquitination, particularly K48-linked ubiqui-
tination (Figure 3B). As FBXO11 levels increased, ZEB1 protein levels decreased, indicating
concentration-dependent degradation by FBXO11 (Figure 3C). FBXO11 also accelerated
ZEB1 turnover but not that of GFP (Figure 3D). Taken together, the results suggest that
FBXO11 promotes polyubiquitination and the degradation of ZEB1 protein.

Figure 3. FBXO11 stabilizes ZEB1 though ubiquitination activity. (A) FBXO11 promotes ZEB1
proteasomal degradation. ZEB1-Flag was cotransfected with FBXO11-Myc in HEK293T cells, together
with GFP, as well as an empty vector, and treated with DMSO, MG132, or chloroquine as indicated.
The expressions of ZEB1 and GFP were assessed by Western blot. (B) FBXO11 promotes K48
polyubiquitinated chain generation of ZEB1 protein. In cellular ubiquitination assays, FBXO11-
Myc was co-transfected with ZEB1-Flag plasmids or with HA-Ub-K63 and HA-Ub-K48 plasmids.
Western blot was performed, and cell lysates were immunoprecipitated with anti-Flag antibody,
then detected by anti-Ub antibody to poly-Ub levels. (C) FBXO11 degrades ZEB1 protein in a
concentration-dependent manner. HEK293T cells were transfected with ZEB1-Flag, GFP, or FBXO11-
Myc for 48 h, and cell lysates were immunoblotted and screened with anti-Flag antibody. Quantities
were calculated as fold changes of 0 μg FBXO11. Error bars represent the SD from 3 independent
experiments. * indicates p < 0.05, and *** indicates p < 0.001. Each experiment was repeated at least
three times. (D) Exogenous FBXO11 accelerates ZEB1 protein turnover. HEK293T cells were transfected
with ZEB1-Flag and GFP, in combination with FBXO11-Myc, and treated with cycloheximide (CHX) as
indicated. Cell lysates were subjected to western blot analysis with anti-ZEB1 and anti-GFP antibodies.
The graph shows the quantification of ZEB1 protein levels (based on the band intensity from the gels)
normalized to GFP over the time course. The ZEB1 protein level at the 0 h time point of CHX treatment
was set as 100%. The experiment was repeated three times, and a representative experiment is presented.

128



Cancers 2024, 16, 3269

3.4. FBXO11 Regulates the Expression of EMT-Related Factors

To explore the role of FBXO11 in the modulation of the migration and invasion of lung
cancer cells, we examined the expression of genes that regulate EMT in A549 and H1299
cells. The depletion of FBXO11 caused marked upregulation of ZEB1 protein levels and
downregulation of epithelial marker E-cadherin. Mesenchymal marker N-cadherin was
increased (Figure 4A). The conversion of E-cadherin and N-cadherin expression is one of
the hallmarks of EMT. Similar results were observed in H1299 lung cancer cells (Figure 4A).
Immunostaining also showed that FBXO11 depletion increased the expression of ZEB1
and decreased E-cadherin (Figure 4B). When A549 and H1299 cells were transduced with
lentivirus-expressing FBXO11, endogenous ZEB1 and N-cadherin protein and mRNA
levels decreased, while E-cadherin protein and mRNA expression increased (Figure 4D).
The upregulation of E-cadherin is indicative of EMT and is expected to decrease cell
motility and invasion. As expected, the overexpression of FBXO11 in A549 and H1299 cells
strengthened intercellular adhesion, resulting in a more clustered morphology (Figure 4C).
Concomitantly, in a wound-healing migration assay (Figure 4E) and transwell invasion
assay (Figure 4F), the migratory and invasive abilities of the cells were weakened. These
results suggest that FBXO11 can regulate the expression of EMT-related factors and affect
the migration and invasion in lung cancer cells.

3.5. The FBXO11–ZEB1 Axis Regulates the EMT Pathway in LUAD

Since ZEB1 is a core regulator of EMT, we investigated whether FBXO11 depletion
enhanced EMT through the increased expression of ZEB1. Compared with FBXO11 knock-
down alone, FBXO11 and ZEB1 double knockdown increased E-cadherin and decreased
N-cadherin protein expression, which is similar to the result of ZEB1 knockdown alone
(Figure 5A). The depletion of FBXO11 in A549 and H1299 cells gave rise to a predominance
of dispersed and elongated single cells (Figure 5B). Similar to ZEB1 knockdown alone,
FBXO11 and ZEB1 double knockdown cells showed tight connections and regular arrange-
ment (Figure 5B). Consistent with protein expression and cell morphology, FBXO11 and
ZEB1 double knockdown caused decreased cell mobility (Figure 5C) and aggressiveness
(Figure 5D). Moreover, ZEB1 knockdown alone showed the lowest cellular mobility and
aggressiveness. Together, these results demonstrate that FBXO11 regulated the migration
and invasion of A549 cells through ZEB1.

3.6. FBXO11 Inhibits LUAD Progression by Stabilizing ZEB1

To explore the physiological role of FBXO11 and ZEB1 in vivo, we transplanted A549
cells into nude mice (Balb/c-nu/nu) with an immunodeficient system suitable for tumor
transplantation and immunology research [35] (Figure 6A). Tumors with FBXO11 deletion
showed significant local invasion, while the results for tumors with FBXO11 and ZEB1
double knockdown were similar to those of tumors with ZEB1 single knockdown, with
clear tumor boundaries (Figure 6B). Xenograft tumors derived from control A549 cells and
FBXO11 overexpression cells both formed well-defined envelope tumors (Figure 6C). These
results show that FBXO11 can affect the invasion and metastasis of lung cancer cells by
regulating ZEB1 expression both in vivo and in vitro. In the lung cancer database organized
by Kaplan–Meier plot, analysis demonstrated that ZEB1 expression levels were negatively
correlated with patient survival, and patients with high levels of FBXO11 expression in their
tumors had higher overall survival rates and survived longer than patients with low levels
of FBXO11 expression (Figure 6D). This is in line with the trend of our findings. Taken
together, we confirm that EMT transcription factor ZEB1 plays a major role in the invasion
and metastasis of lung cancer and that FBXO11 can ubiquitinate ZEB1 and be recognized
by the proteasome for degradation, thereby inhibiting the invasion and metastasis of lung
cancer cells (Figure 7).
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Figure 4. FBXO11 affects the expression of EMT-related factors. (A) Endogenous FBXO11 knockdown
changes the expression of ZEB1 and EMT marker genes in lung adenocarcinoma cells. Immunoblot-
ting analysis and quantitative RT-PCR analysis of ZEB1 and EMT markers in A549 and H1299 cells
was transduced with lentiviral shRNAs targeting control or FBXO11. Error bars represent the SD
from 3 independent experiments. * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001.
(B) Immunofluorescence analysis of ZEB1 and E-cadherin protein expression in control and shF-
BXO11 of A549 and H1299 cells (ZEB1, red; E-cadherin, green; DAPI, blue). Scale bar: 50 μm.
(C) FBXO11 overexpression affects changes cells into the mesenchymal phenotype. Cell morphology
in A549 and H1299 cells with overexpressed Mock or FBXO11. Scale bars: 100 μm. (D) The overex-
pression of FBXO11 alters the expression of ZEB1 and EMT marker genes in lung adenocarcinoma
cells. Immunoblotting and quantitative RT-PCR analysis of ZEB1 and EMT markers in A549 and
H1299 cells transduced with Mock or FBXO11. Error bars represent the SD from 3 independent
experiments. ** indicates p < 0.01, and *** indicates p < 0.001. (E) Wound-healing assay showing the
migration of A549 and H1299 cells after transfection with Mock or FBXO11-Myc. Representative
images are shown 0 and 48 h post scratch (n = 3). Scale bars: 100 μm. (F) Transwell assay showing the
invasion of A549 and H1299 cells transfected with Mock or FBXO11-Myc (n = 3). Scale bars: 100 μm.
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Figure 5. The FBXO11–ZEB1 axis regulates the EMT pathway in LUAD. (A) Detection of FBXO11
or ZEB1 in A549 and H1299 cells expressing the indicated shRNAs. (B) The FBXO11–ZEB1 axis
regulates epithelial–mesenchymal cell morphology in lung cancer cells. Morphological changes in
A549 and H1299 control, shFBXO11, and shZEB1 and co-knockdown of ZEB1 and FBXO11 cells.
Scale bars: 100 μm. (C) FBXO11 affects the migratory ability of A549 and H1299 cells via ZEB1.
Scratching experiments were performed to analyze changes in the migratory capacity of A549 and
H1299 control, shFBXO11, and shZEB1 and co-knockdown of ZEB1 and FBXO11 cells. Scale bar:
100 μm. The area of cell invasion was counted (n = 6). ** indicates p < 0.01, *** indicates p < 0.001.
(D) Cell invasiveness is moderated in vitro via the FBXO11–ZEB1 axis. A transwell assay to was
conducted to analyze changes in the invasive capacity of A549 and H1299 control, shFBXO11, and
shZEB1 and co-knockdown of ZEB1 and FBXO11 cells. Scale bar: 100 μm. The count of cells crossing
the basement membrane was n = 6. ** indicates p < 0.01, and *** indicates p < 0.001.
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Figure 6. FBXO11 inhibits LUAD progression by stabilizing ZEB1. (A) Diagram of mouse hindlimb
injection with A549 cells. (B) The FBXO11–ZEB1 axis controls tumor cell infiltration. Xenograft
experiments were performed to analyze changes in the invasive ability of control, shFBXO11, shZEB1,
co-knockdown, ZEB1, and FBXO11 cells in mice. Scale bars: 50 μm. (C) Xenograft experiments were
performed to analyze changes in the invasive ability of A549, Mock, and FBXO11 cells in mice. Scale
bars: 50 μm. (D) High ZEB1 and low FBXO11 expression predict poor prognosis. Kaplan–Meier plot
of overall survival of lung cancer patients stratified by the expression of ZEB1 and FBXO11 genes.
Data were obtained from KMplot.com.
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Figure 7. FBXO11 regulates EMT and metastasis through ZEB1 in LUAD. FBXO11-dependent
ubiquitination and ZEB1 protein stability regulate the invasion and metastasis of lung cancer cells.

4. Discussion

Lung cancer is the leading cause of cancer death and has one of the lowest 5-year
survival rates among all cancer types [36,37]. It is often accompanied by metastases in
late stages [38,39]. During tumorigenesis, progression, and metastasis, cancer cells invade
the stroma, enter the bloodstream, and colonize distant organs. It is well-established that
epithelial–mesenchymal transition (EMT) and mesenchymal–epithelial transition (MET)
are critical for cancer cell dissemination [40]. Classical EMT transcription factors like Snail,
Slug, Twist, and ZEB1/2 are upregulated in cancer cells, which enhances their invasive and
metastatic potential [41]. ZEB1, in particular, is highly expressed in various cancers and
plays a crucial role in tumor progression and metastasis. ZEB1 interacts with the tumor
microenvironment, including immune cells, and exhibits varying degrees of radioresistance
and drug resistance [42,43]. The SCF (Skp1-Cul1-F-box) ubiquitin ligase complex is the
largest family of E3 ubiquitin ligases that mediate the ubiquitination of post-translationally
modified target proteins or substrates and their degradation by the proteasome [23,44,45].
F-box proteins are a large family of proteins, of which FBXO11 is a member, and act
as an E3 ligase that can play a role in carcinogenesis by regulating oncogenes or tumor
suppressors [46–48].

This study systematically investigated the molecular mechanisms through which E3
ubiquitin ligase FBXO11 mediates the ubiquitination and degradation of ZEB1, thereby
regulating the invasive metastasis of lung cancer cells. We demonstrated that the expres-
sion of the FBXO11–ZEB1 axis is strongly associated with the incidence and prognosis
of non-small cell lung cancer (NSCLC), the most common type of lung cancer, and has
potential as a therapeutic target. Specifically, EMT was induced in human NSCLC A549
cells by NiCl2, leading to the upregulation of ZEB1, while other EMT drivers remained
unchanged, underscoring ZEB1’s primary role in the EMT pathway in lung adenocarci-
noma cells. Our findings reveal that ZEB1 interacts with FBXO11, which enhances the
polyubiquitination and proteasomal degradation of ZEB1 and reduces the intracellular
half-life of ZEB1. Low FBXO11 expression in lung adenocarcinoma cells increases ZEB1
protein levels, decreases epithelial marker E-cadherin, and increases mesenchymal markers
N-cadherin and vimentin, promoting EMT and enhancing cell migration and invasion. The
overexpression of FBXO11 reduces ZEBs1 protein levels and maintains epithelial cell status,
suggesting a better clinical prognosis. FBXO11 was also found to inhibit lung cancer cell
migration and invasion in vivo in xenograft mice.
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5. Conclusions

Our findings elucidate the roles played by FBXO11 and ZEB1 in lung adenocarcinoma
from a fundamental molecular perspective. Future research should focus on elucidating
the role of the FBXO11–ZEB1 axis in vivo, particularly in human lung cancer. This includes
the use of animal models to study resistance and evaluate the therapeutic potential and
off-target effects. Such a comprehensive could further validate our findings and explore the
clinical implications of the interaction between FBXO11 and ZEB1. In addition, identifying
small-molecule inhibitors of FBXO11 and studying their efficacy in preclinical models
could pave the way for novel targeted therapies. Our ultimate goal is to develop effective
therapies that improve survival and reduce mortality in lung cancer patients.
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Simple Summary: Metastatic disease is the leading cause of cancer-related morbidity and mortality,
accounting for over 80% of cancer deaths. Recent studies have introduced and refined several
theories on cancer metastasis, including ghost mitochondria (GM), vasculogenic mimicry (VM), and
the formation of polyploid giant cancer cells (PGCCs). Understanding the complex processes of
cancer metastasis is crucial for developing effective treatment options.

Abstract: The capacity of cancer cells to migrate from a primary tumor, disseminate throughout the
body, and eventually establish secondary tumors is a fundamental aspect of metastasis. A detailed
understanding of the cellular and molecular mechanisms underpinning this multifaceted process
would facilitate the rational development of therapies aimed at treating metastatic disease. Although
various hypotheses and models have been proposed, no single concept fully explains the mechanism
of metastasis or integrates all observations and experimental findings. Recent advancements in
metastasis research have refined existing theories and introduced new ones. This review evaluates
several novel/emerging theories, focusing on ghost mitochondria (GM), vasculogenic mimicry (VM),
and polyploid giant cancer cells (PGCCs).

Keywords: metastasis; cancer; ghost mitochondria; vasculogenic mimicry; polyploid giant cancer
cells; GM; VM; PGCCs

1. Introduction

Metastasis is a complex process in cancer biology that is not fully understood. Dissemi-
nated cancer is often a fatal disease and represents a significant global health challenge [1–3].
Among a cohort of 1,030,937 metastatic cancer survivors in the United States from the
period 1992–2019, 82.6% of the patients (n = 688,529) died from the cancer for which they
were diagnosed. The median survival duration for patients living with metastases is
10 months [4]. The primary hypothesis explaining the formation of nodal and distant organ
metastases is based on direct invasion by tumor cells into lymphatic and/or blood vessels
and the generation of circulating tumor cells (CTCs) within the lymphatic and blood vessel
systems [5,6]. However, the process of CTC colonization of regional lymphatic nodes and
distant organs seems to be disproportionately insufficient [7–9]. Studies on metastasis in
patients with melanoma have shown that only 2.5% of circulating cancer cells are able to
survive and form micrometastases [9]. Moreover, the formation of micrometastases does
not always result in the development of metastatic tumors, as only 1% of micrometastases
progress to disseminated disease [9]. These discoveries are inconsistent with the clinically
observed high efficiency of the metastatic process, which occurs even in patients who
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undergo aggressive treatment [10,11]. In our work, we review the literature to reveal
potential novel concepts related to cancer cell metastasis.

2. “Ghost” Mitochondria (GM)—Cancer Cell Communication or Independent
Metastatic Route?

The role of mitochondria in cancer was first identified by Otto Warburg, who hypoth-
esized that there is a mitochondrial defect in cancer cells [12]. Research has shown that
this defect should be considered not only an important factor of cancer cell metabolism
but also an essential part of carcinogenesis and metastasis. Thomas Seyfried proposed
that initial changes in cancer cells are not associated with mutations in genes but with
defective mitochondrial metabolism [13]. His hypothesis was based on numerous in vitro
studies that described the suppression of carcinogenesis in hybrid tumor cells after the
transplantation of normal cell cytoplasm or mitochondria [14–17]. Other studies revealed
that the transfer of mtDNA from cells with high metastatic potential to cells with low
metastatic potential can generate high metastatic potential in recipient cells [18].

Mitochondria in cancer cells exhibit remarkable adaptability to endure adverse con-
ditions, including hypoxia, nutrient deficiency, and various therapeutics. Consequently,
they are integral to tumor development, requiring a capacity for adjustment in response
to both cellular and environmental fluctuations. In addition to their role in bioenergetics,
numerous other facets of mitochondrial biology are associated with cellular transformation.
These processes encompass mitochondrial biogenesis and turnover, metabolic pathways,
dynamics of fission and fusion, regulation of oxidative stress, susceptibility to cell death,
and signaling mechanisms [19].

Cancer cells are able to produce various types of microparticles containing extracel-
lular vesicles (EVs) surrounded by a lipid bilayer and nonmembranous particles [20–22].
EVs can be divided into large exopheres, which can contain cellular organelles, and smaller
microvesicles (>150 nm) and exosomes (30–150 nm) [22,23]. EVs containing mitochondria
can not only appear locally but also be released into the bloodstream by both healthy and
injured cells [24–26]. The number of excreted mitochondria is elevated in injured cells,
including cancer cells [24,26]. Additionally, cancer cells release small exosomes that contain
mitochondrial proteins or mtDNA. These exosomes are present in blood and may serve as
potential new cancer markers detectable in blood samples [27,28]. Microparticles that carry
mitochondria often present surface markers of platelets or immune cells to promote inflam-
mation [26,29]. Circulating mitochondria are involved in immune response modulation
and are important in intracellular signaling pathways [30]. Cancer cells can receive healthy
mitochondria from tumor microenvironment (TME) cells, which may have a therapeutic
effect and suppress tumor growth [14,31,32]. However, mitochondrial transfer can also
enhance cancer cell metabolism and is associated with progression and metastasis [33,34].
Studies of mitochondrial transfer in the TME revealed that prostate cancer cells can recruit
mitochondria from stromal fibroblasts [21]. Cancer cells can receive mitochondria from
tumor-associated stromal cells even if functional mitochondria are already present in their
cytoplasm. The process of mitochondrial transplantation between cells is locally regulated.
Only fibroblasts reprogrammed by cancer cells to be highly glycolytic can transfer their
mitochondria, and only selected cancer cells can act as recipients [21]. The authors sug-
gested that the receiving mechanisms may depend on lactate excreted by cancer-associated
fibroblasts, which triggers changes in cancer cell metabolism and activates signaling path-
ways associated with mitochondrial uptake [21]. Mitochondrial transplantation is vital for
cancer cells to produce sufficient energy for active proliferation [21,32,35]. Studies of cancer
mitochondrial transfer are consistent with discoveries claiming that functional mitochon-
dria and oxidative energy production are essential for tumor cell proliferation [24,26,36,37].
Alterations in energy metabolism or the function of mitochondria may inhibit the anticancer
capabilities of immune cells and promote the immune escape of cancer cells within the
TME [38,39]. Recent research suggests that cancer cells may have the ability to appropriate
mitochondria from non-tumor cells within the TME [40]. Mitochondrial transfer is con-
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sidered a form of intercellular communication. It has been posited that cancer cells could
acquire mitochondria from T cells through nanotubes, thereby enhancing their own cellular
strength and facilitating immune escape.

Interestingly, mitochondrial transfer by platelets is performed in different physiologi-
cal and pathological states, e.g., wound healing. Activated platelets release mitochondria to
fibroblasts in wounds to enhance metabolic processes and promote angiogenesis [41]. Stud-
ies have revealed that mitochondrial transplantation between platelets occurs in cancer and
can potentially be associated with metastasis and proliferation. Zhang et al. [42] reported
that osteosarcoma cells are reprogrammed into a metastatic state through the acquisition of
platelet mitochondria via the PINK1/Parkin-Mfn2 pathway. Platelet mitochondria promote
lung metastasis by regulating the GSH/GSSG ratio and reactive oxygen species (ROS) in
cancer cells. Mitochondrial transfer between cells possibly plays an important role in local
intracellular interactions and is potentially a novel target in cancer therapy.

However, cancer cells contain not only functional but also damaged and nonfunctional
cancer mitochondria called “ghost” mitochondria (GM) [43]. The term GM refers to spheri-
cal mitochondria that arise from the downregulation of Mic60 in cancer cells [44]. Mic60
is an essential component of the mitochondrial contact site and cristae organizing system
(MICOS), which is pivotal for the development of the inner mitochondrial membrane and
the formation of functional cristae [45]. Impaired MICOS function results in the formation
of mitochondria, which are unable to fulfil their major functions: effective ATP production
and the regulation of cell death [43,45]. The presence of the GM may seem contradictory to
the energy demands of cancer cells, but it is linked to several proinflammatory signaling
pathways, the regulation of nuclear gene expression, and the evasion of programmed cell
death mechanisms [43]. Moreover, the presence of the GM can possibly influence cancer
metastasis because there seems to be a connection between the downregulation of Mic60
and the ability of cells to produce metastases [43].

Oxidative phosphorylation (OXPHOS) significantly contributes to the advancement
of various cancer cells. It not only supplies adequate energy essential for the survival of
tumor tissue but also modulates the conditions necessary for tumor proliferation, invasion,
and metastasis. Furthermore, modifications in OXPHOS can adversely affect the immune
functionality of immune cells within the TME, resulting in immune escape. Mic60-low
tumors demonstrate a significant decline in mitochondrial functionality, which is para-
doxically correlated with an enhanced tendency for metastasis. An elevated expression
of the Mic60-low gene signature has been linked to reduced patient survival in various
cancer types, including kidney cancer, uveal melanoma, testicular germ cell tumors, and
thymomas [46].

The role of the GM in cancer cells remains unclear and should be investigated in
future studies. We hypothesize that the mitochondrial transfer processes mentioned above
could also involve the pathological GM. The GM can be transported in EVs to distant
tissues, where it can serve as a signal to activate and proliferate dormant cells. The second
possible hypothesis involves the interaction of the GM with immune cells and metastatic
niche cells, which could be essential for preparing the TME for migrating cancer cells.
Studies have not yet clarified the quantity and proportions of the GM compared with those
of functional mitochondria in primary and metastatic cancer cells. Identifying markers
for cell-free GM could help determine the number of circulating mitochondria and their
potential role in assessing the risk of metastasis in patients with various types of cancer.
Given the evidence suggesting the inefficiency of metastasis formation solely through
circulating tumor cells [7,9], it is also important to explore the possibility that metastasis
could spread via smaller entities, such as mitochondria. Perhaps cytokinesis in highly
proliferative cancer cells (especially in tumors with an increased number of pathological
mitoses) could also be a source of mitochondria released from dividing cells. The GM
can enter previously healthy cells of distant organs and alter their metabolism and gene
expression to produce a cancer phenotype (Figures 1 and 2). Further studies are needed to
investigate this hypothesis and identify the potential signaling pathways involved.
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Figure 1. The possible role of circulating “ghost” mitochondria (GM) in metastasis. (A) The GM is
released by cancer cells into the tumor microenvironment (TME). Vesicles with mitochondria act as
local signaling factors but can also enter the circulation. (B) Circulating GM enters sites of cancer
metastasis through the bloodstream. (C) Vesicles with a GM fuse with the membrane of niche cells
and modify their metabolism and gene expression to create a TME that is optimal for metastasis.
(D) Previously healthy cells with internalized GM undergo dysregulation of cell death control and
can present a cancer phenotype.

 

Figure 2. Melanoma with a single normal mitotic figure near small blood vessels with erythrocytes ((A),
400×) was observed. Pathologic mitoses with severe abnormal/asymmetrical morphology of chromatin
in uterine leiomyosarcoma as a possible source of mitochondria during cytokinesis ((B,C); 600×).
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3. Vasculogenic Mimicry (VM)—Need for Nutrients or Method of Metastasis on the
Basis of Interactions with Blood Cells?

Blood flow in cancer is crucial for supplying proliferating cancer cells with the nec-
essary nutrients and oxygen. Angiogenesis is one of the best-examined processes for
providing the blood supply to the TME. However, other mechanisms also exist, including
vasculogenic mimicry (VM). VM was first described by Maniotis et al. and refers to a
process by which cancer cells imitate endothelial cells to form the vasculature [47]. In VM,
cancer cells can create vessel-like structures without the presence of endothelial cells [48].
Mechanisms underlying the VM formation are complex and associated with hypoxia. The
decreased oxygen supply to the tumor leads to the activation of the hypoxia-inducible
factor (HIF) pathway in cancer stem cells (CSCs) [49]. CSCs are a population of cancer
cells that possess two features typical to stem cells: self-renewal and differentiation po-
tential [50]. The activation of HIF-1 cascade in CSCs is responsible for the activation of
pathways leading to epithelial-to-endothelial transition (EET) [49,51]. EET is a process of
differentiation of CSCs into cells with endothelial characteristics [51]. The extracellular
matrix remodeling and the EET are major processes leading to the formation of vessel-like
structures in VM [49]. Two types of VM have been described: the tubular type and the
patterned matrix type [52]. In the tubular type, cancer cells form vessel-like structures very
similar to those of normal microvasculature [52,53]. The patterned matrix type is associated
with the formation of morphologically dissimilar vessel-like structures surrounded by
a matrix and clusters of cancer cells [52,53]. Regardless of the type, vessel-like canals
originate from blood vessels and provide slow blood flow into cancer tissue, which enables
cancer cells to interact with blood components [52]. The VM process is associated with
the presence of PGCCs, which can create tubular vascular-like channels [54]. VM and
the formation of PGCCs require similar hypoxia-induced pathways, and the stemness
phenotype of PGCCs enables them to perform EET [54,55]. Studies of PGCCs have revealed
that their stem-like features permit the cells to differentiate into erythrocyte-like cells which
can enter the bloodstream [54]. VM has been observed in various cancer types, including
melanoma, breast cancer, gastrointestinal cancers, and glioblastoma [47,53,56–58]. The
presence of VM is associated with poor clinical outcomes and is characterized by increased
invasion, metastasis, and resistance to antiangiogenic therapies [48,53]. In VM, cancer
cells express VE-cadherin, which participates in the formation of vessel-like structures and
activates pathways that promote survival and proliferation [53,59]. The structures formed
during the VM process allow cancer cells to enter the bloodstream and interact with blood
cells.

Interactions between different blood cells and cancer cells have important influences
on CTC survival and the metastatic potential of tumors [60]. Studies have shown that
cancer cells can interact with platelets to avoid the immune system and facilitate metastasis
formation [61,62]. Once cancer cells enter the bloodstream, they can activate platelets
by secreting different factors, including tissue factor and thrombin [63,64]. Activated
platelets attach to CTCs and cover their surface, creating a protective layer and enabling cell
interactions [60,63,65]. Platelets are able to both promote and inhibit cancer metastasis [63].
Prometastatic platelet function is associated with facilitating cancer cell immune escape,
increasing adhesion ability and inhibiting cancer cell anoikis (a form of programmed
cell death that occurs when cells detach from the surrounding extracellular matrix) [63].
Immune escape is connected mainly with the modification of antigens presented by cancer
cells, which protects them from elimination by NK cells [63,66]. Platelets can also impair
tumor progression and metastasis via modification of the cell cycle and apoptosis [63].

Cancer cells can also influence erythrocytes by altering their immunological func-
tion [67]. DNA fragments, likely originating from cancer cells, have been detected in
mature red blood cells [68]. Tumor cells are able to produce vesicles containing RNA or
DNA (both nuclear and mitochondrial) that can be transferred to other cells and translated
into proteins, altering their function [69–72]. We postulate that VM and direct contact
between tumor cells and the blood are involved in the metastasis process. Cancer cells
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possibly recruit platelets and erythrocytes to protect migrating cells from the immune sys-
tem. Another potential mechanism involves these blood cells acting as vectors for cancer
genetic material, transporting it to distant sites, such as bone marrow. This material could
help prepare niches for future colonization by metastatic cancer cells, or it could be directly
transferred to stem cells, which may then be altered to express cancer phenotypes. Studies
on mouse models have not demonstrated the degree of deformability in cancer cells that
is essential for their entry into the circulation. However, observations of human prostate
cells suggest that circulating tumor cells (CTCs) exhibit a size and deformability similar to
those of blood cells [73]. This finding raises the possibility that CTCs, which are responsible
for metastasis, could actually be blood cells with cancer-like features. Moreover, studies
that are used to diagnose the presence of CTCs in the blood often rely on the detection of
surface antigens present in cancer cells and absent in healthy blood cells [73]. More studies,
including studies on the greater quantity of antigens associated with the examination of
cellular morphology, should be performed to determine the exact origin of CTCs. The po-
tential role of stem cells in carcinogenesis has been previously proposed, with the idea that
stem cells could differentiate into cancer cells [74]. Changes in the bone microenvironment
in premetastatic disease, including changes in stem cell proportions, have been observed
in previous studies, which suggests that cancer can modify the microenvironment before
the development of metastasis [75] (Figures 3 and 4). In our opinion, further research is
needed to investigate whether the indirect evidence of the use of blood cells to disseminate
and communicate with distant organs in cancer supports our hypothesis [76,77].

 

Figure 3. The proposed mechanism of cancer metastasis through vasculogenic mimicry. (A) “Educa-
tion” of blood cells in vessel-like structures in cancer tissue. Cancer cells modify the function of blood
cells and implant DNA into erythrocytes and platelets. (B) “Modified” platelets and erythrocytes
are released into the circulation and migrate into the site of metastasis. (C) Metastasis formation
occurs via the migration of “modified” cells as a result of interactions with niche cells, the activation
of dormant cancer cells or the internalization of genetic material from cancer cells into healthy cells
(acting as a “vector”).
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Figure 4. A regular blood vessel lined by endothelial cells in uveal melanoma ((A); 400×). Connection
between the regular blood vessel lined by endothelial cells (green arrow) and the vascular channel
partially lined by tumoral cells (red arrow) in uveal melanoma; asterisk: tumoral cell during mitosis in
direct connection with the lumen of the vessel ((B); 600×). Dispersed vasculogenic mimicry (vascular
channels lined only by tumor cells) in metastatic cutaneous melanoma ((C); 400×).

4. Polyploid Giant Cancer Cells—Dormant Locators or Migrating Pioneers

Polyploid giant cells (PGCs) are formed through the fusion of multiple mononuclear
cells. The formation of PGCs is a common feature of the monocyte lineage and can occur
in both physiological conditions (e.g., osteoclasts) and pathological conditions, such as
Langhans giant cells in tuberculosis [78]. Polyploid giant cancer cells (PGCCs) are a subtype
of PGC composed of fused cancer cells and are commonly observed in various cancer
types, including melanoma, urothelial carcinoma, renal cell carcinoma, breast carcinoma,
ovarian carcinoma, pancreatic adenocarcinoma, and prostate carcinoma [79]. PGCCs
are a heterogenous group of cancer cells with diversified roles in cancer dormancy and
metastasis, and their numbers are correlated with disease progression [80,81].

Different functions of PGCCs are associated with stemness features. Studies revealed
that progeny cells of PGCCs possess stem cell markers including Oct-4, Sox-2, NANOG,
CD44, and CD133 [54,82]. PGCCs exhibit characteristics similar to CSCs and have the
ability to express CSC-related markers such as CD44 and CD133. Tumors derived from
PGCCs express proteins associated with EMT, such as N-cadherin, Snail/Slug, and Twist.
These proteins contribute to the increased metastatic and invasive capabilities of cancer
cells [83].

The process of PGCC formation is initiated by cellular stress factors such as hypoxia,
chemotherapy, radiotherapy, ROS production, viral infections, and other factors [79,84].
Hypoxia is the best known inductor and the hypoxia mimicking CoCl2 is commonly used
for in vitro PGCC formation [85]. The exact mechanisms of PGCC induction are not fully
understood; however, studies suggest similar pathways that are associated with VM [54,55].
Studies have revealed that important events leading to PGCC creation are connected with
HIF-1 pathway activation and DNA damage [54,55,84].

PGCCs remain arrested in the G2/M phase of the cell cycle [81,86]. Cell cycle arrest is
caused by impaired function of the cell cycle regulatory proteins CDC25B and CDC25C.
During mitosis initiation, these proteins are normally translocated from the cytoplasm into
the nucleus by cyclin B1. In dormant PGCCs, cyclin B1 is downregulated; however, it can
also be highly expressed in PGCCs, which is associated with reactivation and production
of daughter cells [81,85–87]. Studies of high-grade serous ovarian carcinoma revealed
that PGCCs are able to undergo microevolution, which is responsible for resistance to
chemotherapy and adaptation to metastasis [88,89]. During their dormant phase, PGCCs
undergo endomitotic nuclear divisions without cytokinesis, increasing the quantity of
genetic material [88]. Some factors, e.g., the cellular stress caused by radiotherapy or
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chemotherapy, can activate dormant PGCCs [90–93]. The activated PGCCs divide by
neosis, which consists of amitotic nuclear fragmentation and cytokinesis, to produce
blastomere-like organoids filled with daughter cells [90,92]. Moreover the stemness of
PGCCs enables them to differentiate into different cellular lines, including cells of each
germ layer, as a response to signalizing factors in the TME [54,55,82]. Fecundity daughter
cells can be released into the TME, where they undergo mitotic divisions, resulting in tumor
formation [88,92,94]. While PGCCs are widely described as dormant cells formed by fused
cancer cells [64,76], there is also a population of PGCCs that express surface proteins typical
of immune cells (e.g., macrophages), allowing them to migrate through blood vessels and
contribute to metastasis [95].

Macrophages constitute another significant cell population associated with cancer
metastasis and the possible formation of PGCCs [96]. As innate immune cells with phago-
cytic capabilities, macrophages play dual roles in cancer, contributing to both antitumor
immunity and disease progression. The role of macrophages in cancer is diverse; for that
reason, three novel types of macrophages have been identified [97]. The first type is regular
tumor-associated macrophages (TAMs), which are important elements of the TME. The
second type is the population of giant cells that contain cancer proteins and DNA fragments
but also express the macrophage-specific protein CD14; these cells are referred to as cancer-
associated macrophage-like cells (CAMLs) [97]. CAMLs carry the DNA and proteome from
phagocytosed cancer cells and can migrate into blood vessels to perform immune functions.
The third type of cancer-associated macrophage is giant hybrid cells (GHCs), which are
formed through the fusion of macrophages and cancer cells and contain functional cancer
cell nuclei. GHCs leave the TME in large numbers and enter the circulation as circulating
hybrid cells (CHCs) [95] (Figures 5–7). The immunotolerance provided by macrophage
surface markers and the ability to promote neovascularization through the expression of
TIE-2/CD146 support the hypothesis that PGCCs with a macrophage phenotype could
serve as an effective mechanism for cancer dissemination [95].

 

Figure 5. Hypothetical role of polyploid giant cancer cells (PGCCs) in metastasis. (A) PGCCs are
generated in primary tumors by the fusion of cancer cells or by the fusion of cancer cells with
macrophages. (B) PGCCs, which are hybrids of macrophages and cancer cells, can enter the cir-
culation and migrate to sites of metastasis. (C) PGCCs residing in metastatic niches are activated
from a dormant state. Activated PGCCs undergo neosis and release daughter cells, which create
metastatic tumors.
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Figure 6. Polyploid giant cancer cells of uveal melanoma in direct contact with small blood vessels
((A,B); 600×).

 

Figure 7. Polyploid giant cancer cells in chemoresistant nodal metastases of poorly differentiated
gastric adenocarcinoma (200×); inset: multinucleated giant cell with several highly atypical nu-
clei (600×).

5. Discussion

Ghost mitochondria (GM), vasculogenic mimicry (VM), and polyploid giant cancer
cells (PGCCs) are three underestimated concepts that may help elucidate the process of
cancer metastasis. Currently, there are two active clinical trials on VM (NCT03600233) and
PGCCs (NCT06389201), discussed hereunder. We also discuss the correlation between
PGCCs and VM formation in several neoplasms.

Specific dormant PGCCs have garnered significant attention due to their correlation
with the clinical risk of recurrence in nasopharyngeal carcinoma (NPC). In a study by
You et al., the authors demonstrate that autophagy serves as a crucial mechanism for the
induction of PGCCs. Furthermore, the pharmacological inhibition of autophagy markedly
reduced the formation of PGCCs, leading to a significant decrease in metastasis and an
improvement in survival rates in a mouse model [98]. Consequently, one clinical trial
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(NCT06389201) will evaluate whether an autophagy inhibitor, hydroxychloroquine (HCQ),
inhibits the development of therapy-induced dormant PGCCs. This approach has the
potential to reduce the risk of recurrence and metastasis in patients with NPC.

CVM-1118 (foslinanib, TRX-818) is a novel small molecule with a high potential for
inhibiting VM formation via targeting TNF receptor-associated protein 1 (TRAP1) [99].
The notable occurrence of VM has been documented in neuroendocrine tumors (NETs).
Furthermore, VM has been identified as a component of various microvascular changes in
mouse models of pancreatic NETs. This compound has demonstrated significant anticancer
activity across various human cancer cell lines. The safety profile of CVM-1118 in human
subjects is currently being assessed through a phase 1 clinical study. The primary objective
of the phase 2 study (NCT03600233) is to further evaluate the efficacy of CVM-1118 in
patients diagnosed with advanced NETs [100].

The number of PGCCs is correlated with the formation of VM human glioma. The
walls of VM exhibit positive (or negative) staining for PAS and are negative for CD31
staining. Furthermore, the prevalence of VM is significantly greater in high-grade gliomas
compared to low-grade gliomas [101]. Similarly, the number of PGCCs is associated with
VM formation in human ovarian cancer. In a study by Zhang et al., the metastatic foci
of ovarian carcinoma exhibited the highest prevalence of PGCCs and VM. An increase
in the number of PGCCs and VM was observed in correlation with the grade of ovarian
carcinoma. PGCCs were found to generate erythroid cells through a budding process, and
collectively, these cells contributed to the formation of VM [102]. The quantity of PGCCs
and VM was also correlated with the differentiation of colorectal cancer. Additionally,
daughter cells that originate from PGCCs may facilitate lymph node metastasis through
the expression of EMT-related proteins. PGCCs, along with newly generated erythroid
cells, contribute to the formation of VM structures in colorectal cancer [103]. In another
study, Liu et al. found that primary anorectal malignant melanomas exhibiting lymph
node metastasis demonstrate a higher incidence of PGCCs and VM compared to those
without metastasis. Authors confirmed that PGCCs and their generated erythroid cells
have the ability to form VM [104]. Thus, the number of PGCCs is correlated with disease
development, progression, and formation of VM in glioma, ovarian carcinoma, colorectal
cancer, and malignant melanoma.

Blocking mitochondrial metabolism in cancer is a relatively new concept that led to
clinical trials targeting the mitochondrial energy homeostasis essential for cancer prolifer-
ation [105,106]. The new emerging field of cancer therapy could be identifying signaling
pathways associated with GM. The GCN2/Akt kinase signaling cascade seems to be one
of the most important targets in cancers with GM [43]. Blocking that pathway could be a
major component of metastatic cancer therapy that might possibly result in deceleration
of tumor progression and extend survival in patients with advanced disease [43]. In vitro
studies of available GCN2 inhibitors revealed promising effects on inducing cell death in
chronic diseases; however, its value in cancer therapy could be more complex and should be
determined in further clinical trials [107]. VM seems to be a promising target in therapy of
advanced cancers. Studies of fasudil revealed that the drug inhibited vascular-like structure
formation and tumor growth in melanoma mice xenografts [76]. Studies of in vitro glioma
models showed that histone deacetylase inhibitors inhibit the VM and could potentially be
used in therapy [77]. Achieving a better understanding of VM and determining the effects
of blocking VM pathways on overall patient outcome are important directions for further
studies. PGCCs are associated with drug resistance in many cancer types. The utilization of
drugs targeting PGCC endoreplication provides a possible additional therapy, eliminating
drug resistance. Mifepristone promotes apoptosis of endoreplicating PGCCs and blocks
their formation. The use of mifepristone with olaparib was more effective in restricting
tumor growth than each of the drugs in a monotherapy ovarian cancer model [108]. Tar-
geting GM, VM, and PGCCs is an emerging field for developing new cancer therapies in
advanced metastatic cancers.
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6. Conclusions

In summary, this article highlights the multifaceted nature of metastatic processes
and emphasizes the necessity of incorporating a wide range of scientific viewpoints to
enhance our comprehension. Targeting GM, VM, and PGCCs is an emerging field for
developing new cancer therapies in advanced metastatic cancers. The future of metastasis
research is anchored in the ongoing investigation of these emerging paradigms and their
application in clinical settings. These concepts may lead to the development of innovative
therapeutic strategies.
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Simple Summary: Prostate cancer is a major global health issue, with over 1.4 million new
cases and more than 330,000 deaths annually. The main challenge in treating prostate cancer
is predicting and managing metastasis, which is currently incurable. This review highlights
that metastasis may be driven by disruptions in the vesicular trafficking machinery that
controls endosome-lysosome biology. Understanding how changes in the transport of
endosomes and lysosomes contribute to cancer progression could lead to new ways to
detect and treat metastatic prostate cancer, improving patient outcomes.

Abstract: Prostate cancer remains a significant global health concern, with over 1.4 million
new cases diagnosed and more than 330,000 deaths each year. The primary clinical chal-
lenge that contributes to poor patient outcomes involves the failure to accurately predict
and treat at the onset of metastasis, which remains an incurable stage of the disease. This
review discusses the emerging paradigm that prostate cancer metastasis is driven by a
dysregulation of critical molecular machinery that regulates endosome-lysosome home-
ostasis. Endosome and lysosome compartments have crucial roles in maintaining normal
cellular function but are also involved in many hallmarks of cancer pathogenesis, including
inflammation, immune response, nutrient sensing, metabolism, proliferation, signalling,
and migration. Here we discuss new insight into how alterations in the complex network
of trafficking machinery, responsible for the microtubule-based transport of endosomes
and lysosomes, may be involved in prostate cancer progression. A better understanding of
endosome-lysosome dynamics may facilitate the discovery of novel strategies to detect and
manage prostate cancer metastasis and improve patient outcomes.

Cancers 2025, 17, 43 https://doi.org/10.3390/cancers17010043
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1. Background

Prostate cancer is one of the most prevalent malignancies affecting men, and globally
this involves the diagnosis of over 1.4 million new cases and >330,000 patient deaths
each year [1–3]. Metastases and castration resistance are directly associated with the
significant mortality from prostate cancer and represent critical turning points in the
disease course that impact adversely on patient outcomes [4]. Treatment intervention
with androgen receptor-targeted agents, taxanes, immunotherapy, targeted radiotherapy,
and bone-targeted therapy in most cases only marginally improves survival for patients
with advanced disease, highlighting a need to further identify mechanisms underlying
prostate cancer metastasis, which can then be targeted. However, current risk stratification
strategies have significant problems with accuracy for identifying those patients who will
progress to have metastatic disease [4–6].

Alterations to the endosome-lysosome system have been reported to drive key biological
features of prostate disease progression (Figure 1). This is presumably due to the central
role of these organelles in immunity/inflammation, cell growth, nutrient sensing/recycling,
intracellular signalling, intercellular communication, and cell migration [7–9]. Recognising
the critical contribution of endosome-lysosome function to all the classical hallmarks of cancer
biology was the underlying premise for the breakthrough discovery of endosomal biomarkers
that define the primary pathogenesis in prostate cancer [8,10–12]. A set of endosome-lysosome
biomarkers was identified that enable more accurate grading of prostate cancer tissue and
prediction of patient biochemical and clinical recurrence/metastasis [8,11–16]. The high
specificity of these tissue diagnostics suggests that endosomal-lysosomal biology is directly
involved in both prostate cancer onset and progression. In this review, we take this a further
step and discuss how alterations to vesicular trafficking machinery may regulate endosome-
lysosome function and dynamics during prostate cancer progression and metastasis. We
also summarise the potential to target this vesicular machinery for biomarker discovery and
drug target identification to help address key clinical management problems for patients with
prostate cancer metastasis.
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Figure 1. Alterations in the endosome-lysosome system may be key drivers of prostate cancer
metastasis.

2. Dysregulation of Endosome-Lysosome Homoeostasis May Promote
Prostate Cancer Metastasis

Two main hypotheses are generally accepted to describe the metastatic process, both
of which converge on the acquisition of a metastatic phenotype (see [17,18] for a review
of both hypotheses). Briefly, the phenotypic plasticity model hypothesises that cancer
cells undergo molecular rearrangements that are essential for these cancer cells to leave
the primary tumour site, and this results in epithelial-to-mesenchymal transition (EMT)
and a more migratory and invasive phenotype. The second clonal model of metastasis
hypothesises that a subpopulation of cancer cells is genetically predisposed to metastasis
and that driver or acquired mutations endow cancer cells with metastatic potential. These
attributes are not mutually exclusive, and it has become increasingly evident that both
genetic and non-genetic alterations cooperatively mediate metastatic progression [19].
In addition, alterations to the endosome-lysosome system have been shown to facilitate
cancer cell plasticity and activate signalling cascades that promote proliferation, migration,
and invasion of metastatic prostate cancer cells [20]. However, the contribution of the
endosome-lysosome system to prostate cancer metastasis is less well-defined [21].

Functional alterations of endosomes and lysosomes in prostate cancer cells often
feature concomitant disruption to organelle positioning, suggesting that the vesicular traf-
ficking machinery transporting these compartments may be utilised during prostate cancer
metastasis [8,22]. For instance, changes in the spatial-temporal dynamics of endosome and
lysosome trafficking could lead to increased secretion of proteases that degrade the extracel-
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lular matrix, facilitating cancer cell invasion (Figure 1) [23]. Additionally, altered endosome
and lysosome function could impact the recycling of cell surface receptors, influencing
cell signalling and promoting cell survival, particularly in foreign microenvironments [24].
Thus, the role of vesicular trafficking machinery and how altered organelle dynamics might
contribute to prostate cancer progression and metastasis is an attractive concept.

A multitude of adaptor and scaffolding protein complexes are involved in recruiting
specific vesicular trafficking machinery to endosome-lysosome compartments to enable
effective organelle transport and positioning (reviewed in [25–29]). For example, the assem-
bly of molecular complexes containing the motor proteins dynein or kinesin enables the
bidirectional movement (respectively, retrograde vs. anterograde transport) of endosomes
and lysosomes along microtubules, utilising ATP hydrolysis to fuel the transport (Figure 2).
The molecular motor dynein is a large multiprotein complex that requires stabilisation
from its co-factors to engage endosome-lysosome adaptor proteins to mediate retrograde
transport and maturation of endosomes to lysosomes [28,30]. Conversely, there are 15
families of the kinesin molecular motor proteins that are selectively recruited by specific
adaptor proteins to mediate anterograde vesicular transport, although several classes of
these motor proteins can also mediate retrograde transport [31]. In prostate cancer, a
mispositioning of endosome compartments has been observed, which is indicative of al-
tered endosomal biogenesis and maturation and may culminate from dysregulated dynein-
or kinesin-mediated retrograde or anterograde transport [8]. Despite this circumstantial
evidence for the altered spatial-temporal organisation of endosomes and lysosomes in
prostate cancer, the altered regulation, bidirectional transport, and functional impact of this
dynamic process are yet to be fully investigated in the context of prostate cancer metastasis.

Adaptor protein complexes can be shared between dynein and kinesin and require
regulatory proteins to facilitate the switch between dynein-mediated retrograde and kinesin-
mediated anterograde transport [32]. Dysfunction of regulatory proteins and adaptor
protein recruitment may lead to impaired endosome trafficking events that promote the
metastasis of cancer cells. For instance, the increased expression of the regulatory small
GTPase (ADP-ribosylation factor 6) ARF6 in cancer cells leads to the disengagement
of the dynein adaptor complex, which is comprised of JNK-interacting protein (JIP)-3
and -4 adaptor proteins. This disengagement of dynein promotes the recruitment of
kinesin to mediate anterograde transport of late endosomes and subsequent secretion
of metalloproteinases that degrade the extracellular matrix during cancer metastasis [32,
33]. While the endosomal release of proteolytic factors such as prostate-specific antigen
(PSA) is supported by changes in myosin motor protein expression, which regulates cargo
transport on actin cytoskeletal filaments proximal to the plasma membrane, it may also be
modulated by microtubule-based anterograde transport, as both systems operate on Rab27
endosomes that transport PSA [34–36]. Moreover, changes in expression of components of
the microtubule vesicular trafficking system, which control the switch between anterograde
and retrograde transport, such as increased ARF6 and JIP4 (encoded by SPAG9), have
been reported to support the proliferation and invasion of prostate cancer cells, possibly
by promoting endosome anterograde transport, which supports the release of proteolytic
factors like PSA [34,35,37,38]. Therefore, an aberrant shift in the dynamic balance between
retrograde and anterograde vesicular transport is a potential contributor to prostate cancer
metastasis. The known and theoretical components of microtubule vesicular trafficking
machinery that may be involved in prostate cancer metastasis are summarised in Table 1.

155



Cancers 2025, 17, 43

Figure 2. The movement of endosomes and lysosomes on microtubules requires dynein and kinesin
motor proteins. Specific adaptor proteins recruit vesicular compartments to dynein and kinesin motor
complexes to mediate retrograde movement towards microtubule minus and plus ends, respectively,
using ATP hydrolysis as an energy source to drive the process. The dynein motor complex requires
stabilisation from the co-factor dynactin.

Table 1. Microtubule vesicular trafficking machinery in prostate cancer metastasis: highlight of
known and theoretical components.

Mode of
Transport

Vesicular
Trafficking
Machinery

Component
Endosome
Compartment

Role in PCa
Metastasis

Refs.

Anterograde

Regulatory protein ARF6
Lysosomes &
Multivesicular
bodies

Promotes cancer cell
proliferation and
invasion &
May regulate
extracellular vesicle
release

[37–40]

Motor protein KIFC2 Multivesicular
bodies

May regulate
extracellular vesicle
release

[41,42]

Motor protein KIF3A Recycling
endosomes

May regulate invasion
and migration [43,44]

Motor protein KIF3C Recycling
endosomes

May regulate
treatment
response

[45,46]
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Table 1. Cont.

Mode of
Transport

Vesicular
Trafficking
Machinery

Component
Endosome
Compartment

Role in PCa
Metastasis

Refs.

Anterograde

Motor protein KIF5B Lysosomes Promotes autophagy [47]

Motor protein KIF5B Early
endosomes

May modulate
immune
responses

[48]

Motor protein KIF13A Recycling
endosomes May regulate EMT [43,49,50]

Motor protein KIF16B Recycling
endosomes

May regulate
migration and
invasion

[51,52]

Motor protein KLC1/2 Endosomes/
lysosomes

May regulate EMT
and
treatment response

[53–55]

Adaptor protein ARL8B Lysosomes
May modulate
treatment
response

[53,56]

Retrograde

Adaptor protein JIP3/4 Lysosomes
Promotes cancer cell
migration and
invasion

[38,53]

Motor protein DYNC1I1 Endosomes/
lysosomes

Modulates cancer cell
migration and
regulates EMT
May modulate
treatment response

[53,57,58]

Adaptor protein Hook3 Early
endosomes

Associated with poor
prognosis and may
promote cancer cell
proliferation

[59]

Regulatory protein NDEL1 Late endosomes May regulate EMT [60]

Adaptor protein RILP
Late
endosomes/
lysosomes

Modulates cancer cell
proliferation,
migration, and
invasion

[61]

Adaptor protein TMEM55B Lysosomes Promotes autophagy [62]

Adaptor protein Neuropilin-2 Early
endosomes

May modulate
autophagy and
immune response

[63–65]

Regulatory protein NDE1 Endosomes/
lysosomes

May regulate
migration and
invasion

[66]

3. Migration and Tissue Invasion by Cancer Cells from the Primary
Tumour Within the Prostate

Activation of EMT by cancer cells during the initiation of metastasis results in a shift
towards a mesenchymal phenotype. This EMT shift is characterised by the selective, tem-
poral, and reversible dysregulation of adhesion receptors, cytokeratins, and mesenchymal
intermediate filaments, which facilitate detachment from the primary tumour and enhance
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cell migration [67–70]. Partial activation of EMT enhances the metastatic potential of
prostate cancer cells and is influenced by transcription factors, cytokines, hypoxia, and
androgen signalling. This suggests that an intricate level of plasticity may be operating to
exploit endosome and lysosome trafficking and that this is dynamically regulated together
with EMT [67,71–76]. For example, the observation of high protein expression of the ep-
ithelial adhesion receptor E-cadherin in the presence of low mRNA in prostate cancer cells
indicates post-translational regulation that may involve a dysfunction of the endosome
machinery that regulates the turn-over of these proteins, as observed in other cancers such
as colorectal cancer [77,78]. Moreover, analysis of high-grade prostate cancer tissue showed
a redistribution of E-cadherin expression from the plasma membrane to the cytosol when
compared to low-grade prostate cancers, which is consistent with an altered regulation
of E-cadherin recycling or endosome delivery to the plasma membrane (Figure 3A) [79].
This concept is further supported by the observation that the overexpression of Rab11,
which regulates slow endosome recycling kinetics, results in increased sequestration of
E-cadherin in recycling endosomes and reduces cell surface delivery in HeLa, HT29, and
MDCK cells [77,80]. This process may involve alterations in anterograde transport of
recycling endosomes, as the depletion of kinesin-3 motor protein impedes the formation
of Rab11 recycling endosomes and promotes the generation of enlarged endosomes that
sequester cargo [49,50]. Overexpression of wildtype and constitutively active Rab11 pro-
motes the retrograde transport and perinuclear positioning of recycling endosomes [81].
However, the overexpression of a dominant negative mutant promotes anterograde trans-
port and peripheral accumulation of recycling endosomes [81]. This suggests that recycling
endosome function, which is critical for the regulation of epithelial adhesion proteins, is
modulated by the bidirectional transport of these organelles. Further exemplifying the
importance of endosome trafficking kinetics in modulating EMT factors is the observation
that the induction of EMT in MDCK cells resulted in E-cadherin accumulation in enlarged
vesicles wherein Rab7 activation promoted E-cadherin lysosomal degradation [82,83]. Rab7
activation is known to be sustained by the Rab-interacting lysosomal protein RILP, which
concomitantly recruits the dynein motor protein to promote maturation of late endosomes
to lysosomes. This suggests that alterations to retrograde transport that mediate endosome
maturation may also contribute to E-cadherin dysregulation [84]. Indeed, the inhibition of
Rab7 results in a redistribution of E-cadherin-containing endosomes to the cell periphery
and promotes E-cadherin recycling, an event that is consistent with attenuated retrograde
endosome transport [83]. We have recently reported the upregulation of EMT proteins, in-
cluding E-cadherin, and decreased cell migration of prostate cancer cells upon knockdown
of dynein light intermediate light chain, possibly due to altered lysosome degradation
of EMT factors, which may be modulated by dynein-driven retrograde lysosome traf-
ficking [53,85]. These data also suggest that alterations to the trafficking of E-cadherin
may involve disrupted activation of Rab proteins, leading to dysregulation of endosome
bidirectional transport. This may have consequences for prostate cancer cells because they
have increased levels of Rab GDP dissociation inhibitor, which affects the activation of
Rab proteins and would therefore influence the endosome trafficking of epithelial adhe-
sion receptors [86]. These changes in endosome kinetics may also be exploited by cancer
cells to modulate the expression of mesenchymal adhesion receptors. For example, the
inhibition of N-cadherin recycling can also be induced by reducing recycling endosome
populations [87,88]. Interestingly, N-cadherin overexpression is increased with androgen
receptor inhibition in prostate cancer cells, with no accompanying augmentation of mRNA
levels for the EMT transcription factors that regulate mesenchymal protein expression [89].
Moreover, exogenous androgens increase the expression of dynein, while pharmacolog-
ical inhibition of dynein in castration-resistant prostate cancer cells promotes increased
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N-cadherin expression. This suggests that increased N-cadherin expression is possibly
supported by a downregulation of retrograde trafficking machinery (Figure 3A) [89]. Thus,
dysregulation of endosome trafficking appears to mediate altered expression and position-
ing of epithelial and mesenchymal proteins in prostate cancer to facilitate a partial EMT
that promotes cancer metastasis.

Figure 3. Abnormal localisation and kinetics of endosomes and lysosomes mediated by defective
bidirectional transport may aid prostate cancer metastasis via several mechanisms. (A) The dysreg-
ulated anterograde and retrograde transport of endosome-lysosome compartments may promote
dynamic changes to EMT proteins that facilitate cancer cell detachment and invasion. The metabolic
status of the cell may alter the concentration of ATP, which may affect motor protein recruitment
to endosomes and impact on ATP-hydrolysis driven processivity to alter endosome bidirectional
transport. (B) (degradation) and (C) (internalisation/intracellular traffic). Retrograde transport by
dynein trafficking machinery may promote downregulation of integrin proteins to support prostate
cancer cell migration. (D) Anterograde transport supported by kinesin trafficking machinery may
promote lysosome and endosome secretion of proteolytic factors such as metalloproteinases (MMP)
to modify the extracellular matrix (ECM) and support detachment of prostate cancer cells.

Altered expression of integrin adhesion receptors and mesenchymal intermediate
filaments, such as vimentin, are also important features of prostate cancer cells undergoing
EMT and can potentiate cell migration to facilitate metastasis [90–92]. Notably, vimentin is
increased in metastases and circulating tumour cells relative to primary well-differentiated
tumours, suggesting that exploring the mechanistic interplay with the endosome-lysosome
system could reveal selective therapeutic targets [91,93,94]. Overexpression of vimentin
has been shown to promote the recycling of integrins and cell migration, suggesting that
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overexpression of vimentin in cancer cells may increase the endosomal recycling of migra-
tory factors [95]. This concept is supported by the observation that decreased vimentin
interferes with endosome localisation and the dynamic maturation and acidification of early
endosomes, leading to endosomal enlargement and cargo arrest [96]. Vimentin interacts
with and is phosphorylated by active Rab7, a mechanism that potentiates the rearrange-
ment of the vimentin network [97,98]. Notably, this interaction happens during a Rab7
GDP to GTP switch, which recruits RILP and dynein trafficking machinery to promote
Rab7 late endosome maturation to lysosomes [99,100]. Furthermore, vimentin also under-
goes bi-directional movement on microtubules and appears to require dynein and kinesin
regulation for precise cellular localisation [60,101,102]. This therefore acts as a potential
mechanism for regulating cell migration, which requires the transport of vimentin to cell
protrusions (Figure 3A). Vimentin positioning mediated by vesicular trafficking machinery,
which in turn affects key endosome functions that regulate migratory factors, appears to be
a critical determinant for cancer cell migration. A further understanding of the interplay
between vimentin, vesicular trafficking machinery, and endosome transport could provide
valuable insights into potential therapeutic targets that inhibit prostate cancer progression.

Prostate cancer cells exploit aberrant expression of integrin adhesion receptors, which
mediate cell adherence to the ECM and generate tractional forces for cell migration, to sup-
port increased tumour cell detachment and directed migration during metastasis [103–106].
While most integrins exhibit decreased expression in prostate cancer compared to normal
prostate tissue, some have increased expression, and others can change during cancer
metastasis [107,108]. This plasticity in integrin expression may be achieved by dynamic
modulation of endosomes and lysosomes and may play a role in promoting a shift from an
inefficient random to a highly efficient persistent directional cancer cell migration, which
requires organelle polarisation at cell protrusions [109]. Indeed, endosomal regulation of in-
tegrin cell surface expression requires both Rab4- and Rab11-positive endosomes [104,110].
Increased Rab4 endosomal recycling of the integrin αvβ3 and attenuated Rab11 endosomal
recycling of α5β1 at migratory cell projections promotes persistent cell migration [104].
Conversely, increased Rab11 endosomal recycling of α5β1 and attenuated Rab4 endoso-
mal recycling of αvβ3 promotes random migration, suggesting that differential activity
and kinetics of particular recycling endosomes carrying specific integrins may affect the
migration potential of cells [104]. The ability to selectively downregulate and upregulate
Rab4 and Rab11 endosome recycling kinetics is likely mediated by trafficking machinery.
The selective shift in balance between respectively fast and slow recycling depends on
the expression of specific trafficking motor proteins. For example, reduced kinesin motor
protein KIF16B promotes transferrin recycling, whilst concomitantly promoting EGFR
degradation whereas overexpression of KIF16B has the opposite effect [51]. Therefore,
plasticity to engage specific recycling endosome kinetics to modulate integrin-mediated
cell adhesion may play a critical role in prostate cancer cell migration (Figure 3C).

Proteolysis of the extracellular matrix is required for prostate cancer cell migration
and involves the secretion of proteolytic enzymes such as the matrix metalloproteinases
(MMPs) MMP-2, 3, 7, 9, and cathepsins from late endosomes and lysosomes [8,111–113]. The
increased activity of these proteases in prostate cancer cells may reflect concomitant upreg-
ulation of endosome anterograde trafficking, which promotes delivery of MMP-containing
endosomes-lysosomes to the cell periphery, resulting in secretion or localisation on the cell
surface (Figure 3D) [33]. Indeed, in prostate cancer cells, MMP secretion can be stimulated
by hepatocyte growth factor, which has been shown to recruit kinesin machinery to promote
endosome anterograde transport [22,112,114]. This may further be supported by inefficient
recruitment of anterograde transport machinery and increased engagement of retrograde
transport machinery, involving expression changes in adaptor proteins or endosome trans-
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membrane proteins. This has been observed in invasive breast cancer cells and leads to the
perinuclear arrest of late endosomes and decreased delivery of MMPs to invadopodia [33,115].
Similarly, increased secretion of proteinases may be mediated by mispositioning of lysosomes
to the periphery of cancer cells, which can be induced by factors in the tumour microenvi-
ronment such as growth factors, acidic pH, and chemotherapeutic agents [116–118]. This
plasticity of endosome-lysosome positioning in response to external factors may be mediated
by vesicular trafficking machinery adaptor proteins with specific sensor capacity that recruit
endosomes-lysosomes for microtubule-based transport depending on cellular context such
as nutrient availability [119]. Of particular note is the lysosome transmembrane protein
TMEM55B, which is upregulated by the transcription factor TFEB in response to cell starva-
tion to promote dynein-mediated perinuclear clustering of lysosomes that in turn mediate
autophagy [62]. TFEB is upregulated in prostate cancer and is thought to promote cancer
progression by regulating lysosome biogenesis and plays a role in the resistance of cancer cells
to the taxane docetaxel [118,120]. Lysosome trafficking machinery engaged downstream of
TFEB, to mediate lysosome mispositioning, may therefore be critical targets for modulating
the pro-metastatic effect of altered TFEB expression [118]. Thus, mispositioning of endosomes
and lysosomes, mediated by altered trafficking machinery, may therefore enable cancer cells
to proteolytically modify the ECM and respond to factors in the tumour microenvironment to
support their metastatic dissemination.

During the initiation of metastasis, prostate cancer cells respond to a hypoxic mi-
croenvironment, which can be overcome by several mechanisms, including metabolic
adaptations that may be mediated by alterations to endosome trafficking [121]. Indeed,
prostate cancer cells induce hypoxia response transcription factors, such as HIF-1α, that
upregulate endosome recycling of factors, such as glucose transporters that are crucial for
metabolic adaptation [122,123]. Prostate cancer cells have increased levels of ATP relative
to benign cells, which may affect the processivity of dynein and kinesin motors to support
endosome recycling kinetics that are imperative for metabolic adaptation (Figure 3A) [124].
Indeed, kinesin and dynein processivity is increased by higher ATP concentrations, de-
pending on the density of each motor protein recruited to cargo on microtubules [125–128].
Consequently, it is plausible that a metabolic switch from an efficient ATP-yielding glucose
to an inefficient ATP-yielding lipid metabolism in prostate cancer, or vice versa, may involve
alterations to endosome trafficking events that are mediated by kinesin and dynein. Con-
sistent with this idea is the finding that prostate cancer cells that utilise glucose metabolism
have an increased plasma membrane expression of glucose transporters, but in prostate
cancer cells that utilise lipid metabolism, the glucose transporters are sequestered into endo-
somal pools [14]. This observation aligns with the possibility of increased kinesin-mediated
endosome recycling of glucose transporters in an efficient ATP production metabolic state
and increased dynein-mediated lysosome degradation in an inefficient ATP production
metabolic state. However, a significant gap in our understanding is whether the copy
number of dynein or kinesin subunits affects the density of the motor proteins for cargo
that is recruited to microtubules or which adaptor proteins can alter the density to modulate
the direction of bidirectional endosome transport in different metabolic states of the cell.

4. Tumour Cells Hijack Endosome/Cell-Surface Receptors and
Signalling Cascades to Access and Migrate Through the Vasculature

Dysregulation of endosome machinery can facilitate the modification of the local mi-
croenvironment during prostate cancer invasion and migration and may also be exploited
for successful intravasation of prostate cancer cells during their metastatic dissemination.
This may involve a capacity to directly interact with endothelial factors to promote an-
giogenesis and endothelial permeability. For instance, increased endosomal secretion of
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vascular endothelial growth factor (VEGF) by prostate cancer cells not only promotes
angiogenesis but also increases endothelial permeability to enable cancer cell intravasation
(Figure 4A,B) [129]. Interestingly, increased VEGF secretion from prostate cancer cells
was mediated by increased exocytosis from Rab11 endosomes, which was supported by
increased expression of the myosin VI motor protein that promotes exocytosis by tethering
secretory cargo to the actin network [34,130]. Studies on hippocampal neurons have shown
that the transport of VEGF-containing endosomes is predominantly anterograde and is
disrupted by the knockdown of kinesin-1B [131]. Therefore, dysregulated anterograde en-
dosome trafficking machinery may account for the increased secretion of VEGF in prostate
cancer cells, in combination with factors such as myosin-mediated endosome tethering
(Figure 4A). The increased expression of chemokines that are regulated by endosomes
and lysosomes, such as CXCL8, CXCL12, CCL2, and CXCR4, in prostate cancer cells en-
ables them to directly interact with endothelial cells to support intravasation [132,133]. It
has been shown that the chemokines are mainly sorted for lysosomal degradation upon
endocytosis, suggesting that their upregulation in prostate cancer may also reflect a down-
regulation of lysosome degradation kinetics (Figure 4C) [134]. Thus, the dysregulation of
endosome trafficking machinery appears to be imperative for the endosomal mechanisms
that enable the intravasation of prostate cancer cells. Further exploration of the specific
adaptor proteins and motor proteins involved in this process is an important focus for
further research on cancer metastasis.

Figure 4. Dysregulated anterograde vesicular transport in prostate cancer cells may support secretion of
factors and expression of receptors that promote interaction with the endothelium and the secretion of
proteolytic factors that promote endothelial permeability. For example, (A), increased endosome secretion
of proteins such as vascular endothelial growth factor, (B), secretion of proteinases, and (C), increased
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expression of receptors such as CXCR4 may be mediated by dysregulated anterograde trafficking
machinery to support angiogenic signalling and endothelial permeability, which enables prostate
cancer cells to intravasate and migrate into the circulation.

5. Survival of Cancer Cells in the Circulation Is Dependent on the
Evasion of the Immune System and Interactions with Endothelial
Factors

Immune evasion and cytoprotective interactions with endothelial factors are mecha-
nisms regulated by endosomes and lysosomes and may be utilised by prostate circulating
tumour cells (CTCs) to support their survival in the circulation [135,136]. The down-
regulation of major histocompatibility complex (MHC) class I molecules by lysosome
degradation to facilitate immune evasion may involve the recruitment of specific trafficking
machinery that mediates endosome maturation to lysosomes (Figure 5C) [135,137]. It has
been reported that late endosomes carrying MHC class II are retained in a perinuclear
region when their dynein-mediated motility overpowers kinesin-mediated motility, and
this attenuates MHC class II antigen presentation, implicating a requirement for vesicular
trafficking machinery activity for the endosome regulation of MHC proteins [138]. MHC
class I colocalises with MHC class II endosomes, suggesting that alterations to the transport
of MHC class II endosomes may also affect MHC class I trafficking [139]. Indeed, KIF13A
and KIF5B kinesin motors are key mediators of the endosome traffic that may promote
recycling of MHC class I molecules, highlighting a role for kinesins in modulating antigen
presentation in the immune system [48,140,141]. KIF5B is increased in prostate cancer cells,
but whether it mediates the ability of prostate cancer CTCs to downregulate MHC class I
as a mechanism for immune evasion has not been explored [47,48]. Prostate cancer cells
also overexpress endosome-regulated ligands such as programmed death-ligand 1 (PD-L1),
which enable direct interaction with T lymphocytes to suppress the immune system, sug-
gesting that prostate cancer cells harbour the capacity for endosomal immunomodulatory
plasticity to downregulate and upregulate pathways that mediate a net effect of immune
suppression when interacting with lymphocytes (Figure 5B) [142]. Anti-tumour activity of
immune checkpoint inhibitors, such as those directed against CTLA4, has demonstrated
that enhancing the interactions of cancer cells with immune cells is a targetable mechanism
for prostate cancer immunotherapy [143]. Thus, the potential role of endosome trafficking
machinery to regulate endosomal immunomodulatory plasticity in prostate cancer cells
presents an attractive target for intervention.

Impaired regulation of cell surface receptors by endosomes and lysosomes can lead to
abnormal receptor expression and dysregulated endosome secretory function, which may
support the survival of CTCs in the vasculature by facilitating interactions with endothelial
factors and platelets. For example, prostate cancer cells derived from bone metastases
overexpress protease-activated receptor 1 (PAR1), a thrombin receptor that enables CTCs
to interact with platelets and to form protective heterotypic clusters (Figure 5A) [144,145].
Normally, PAR1 is quickly endocytosed and targeted for endosomal-lysosomal degradation
upon activation by thrombin [146,147]. However, Rab11 endosomal recycling can maintain
cell surface expression and signalling duration for both inactive and active PAR1 [146,147].
Interestingly, invasive breast cancer cells overexpress and maintain the activation of PAR1
even without thrombin, possibly due to increased recycling of PAR1 and failure to sort
it into degradative endosomes-lysosomes [146]. This upregulation of PAR1 in cancer
cells is typically seen in advanced stages of metastasis, where endosomes and lysosomes
also show altered localisation and function, suggesting dysfunction in vesicular traffick-
ing machinery may be involved in mediating this endosome positioning and function
(Figure 5) [117,144,146]. The dysregulation of endosome secretion of metalloproteinases
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due to altered trafficking machinery may also function in CTCs to support their interactions
with platelets. Consequently, upregulated MMP-2 secretion by metastatic prostate cancer
cells can promote platelet aggregation [148]. Moreover, the secretion of growth factors by
platelets, such as platelet-derived growth factor, may help promote the survival of prostate
cancer circulating tumour cells. This may operate by sustained endosomal recycling of
receptors that are receptive to these growth factors [149,150]. In this context, the activa-
tion of platelet-derived growth factor receptor is known to mediate the interaction with
phosphatidylinositol 3-kinase, which promotes kinesin-mediated anterograde transport
of recycling endosomes [150,151]. This suggests a role for endosome trafficking machin-
ery in promoting processes that are imperative for the survival of CTCs. Alterations to
the vesicular trafficking machinery that mediates the endosomal upregulation of factors,
which facilitate cancer cell interactions with endothelial factors, may therefore be a critical
mechanism that supports the survival and metastasis of cancer cells.

Figure 5. Altered endosome trafficking may support survival of prostate cancer circulating tumour
cells. (A) Anterograde trafficking machinery may promote the trafficking of factors such as Protease-
activated receptors 1 (PAR1) that enable interaction with platelets. (B) Altered endosome trafficking
machinery may promote endosome recycling of receptors such as platelet-derived growth factor
receptor (PDGFR), which promotes survival of circulating tumour cells by responding to growth
factors secreted by platelets, such as platelet-derived growth factor (PDGF). This altered endosome
recycling dynamics may also support the expression of programmed death-ligand 1 (PD-L1), which
interacts with the programmed death 1 (PD-1) receptor on lymphocytes to propagate immune
suppression signalling. (C) Retrograde trafficking of immune presentation factors such as major
histocompatibility complex class I (MHC-I) molecules may contribute to cyto-protection of cancer
cells against immune attack by lymphocytes potentially inhibiting binding to T-cell receptor (TCR).
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6. Invadopodium Formation, Aberrant Receptor Expression, and Protein
Secretion Support the Extravasation, Dormancy, and Colonisation of
Metastatic Cancer Cells

Prostate cancer CTCs form invadopodium projections, which are enriched with
endosome-regulated proteins such as the metalloproteinase MT1-MMP and tyrosine kinase
substrate 5 (Tks5), and they can utilise these to proteolytically modify the endothelium and
gain access to distant sites (Figure 6) [152–155]. Tks5 is an important scaffolding protein
that requires regulation by the serine/threonine-protein kinase 3 (TAO3) and endosome
transport for incorporation in invadopodia [155–157]. Interestingly, TAO3 promoted in-
vadopodium formation by promoting Tks5 trafficking in recycling endosomes, involving
inhibiting the activation of the dynein light chain LIC2, suggesting that recycling endo-
some anterograde kinetics may supersede retrograde kinetics to mediate invadopodium
formation and to potentiate extravasation [157]. Moreover, Rab40b is an important Tks5
binding partner that localises to recycling endosomes, and its upregulation in cancer cells
to promote MMP secretion and invadopodium-mediated proteolysis of the ECM [158].
Rab40b also localises to the leading edge of migrating cells, where it interacts with Rap2
GTPase, a small GTPase required for cell migration, preventing its lysosomal degradation
and recycling back to migratory projections. This further highlights the exploitation of en-
dosome trafficking kinetics in pathways that regulate invadopodium formation to mediate
cell migration [159]. Altered endosome spatial and temporal kinetics may play a critical
role in invadopodium formation, proteolysis of the ECM, and cancer cell migration, which
are required for the successful extravasation of prostate cancer cells.

Tumour cells disseminating to a distant site may attenuate their response to therapy
and evade clinical detection by remaining dormant until conditions favour proliferation
and formation of a metastatic tumour [160]. Indeed, disseminated prostate cancer cells
(DTCs) that have gained access to the bone marrow can remain dormant by exploiting
quiescent cell signalling, which is usually reserved for the regulation of haemopoietic
stem cells [160,161]. DTCs may exhibit dysregulated receptor expression that enables
them to colonise the haematopoietic stem cell niche and respond to ligands secreted
by resident osteoblasts and endothelial cells that can induce DTC dormancy [162]. For
example, AXL is an important receptor tyrosine kinase that is expressed by prostate cancer
DTCs and responds to growth arrest-specific 6 (Gas6) protein secreted by osteoblasts and
promotes dormancy by limiting DTC proliferation (Figure 6) [163]. Regulation of AXL by
the endosome-lysosome system is thought to be initiated when AXL is endocytosed upon
Gas6 stimulation, whereby it is either recycled back to the plasma membrane or targeted to
endosomes-lysosomes for degradation [164]. Under hypoxic conditions, increased AXL
expression and signalling is independent of Gas6, probably due to its delayed endosomal-
lysosomal degradation, and this may also promote prolonged signalling (Figure 6) [164,165].
Interestingly, overexpression of the kinesin motor protein KIF16B can inhibit the endosomal-
lysosomal degradation of EGFR, highlighting that the degradation kinetics are directly
affected by alterations to specific vesicular trafficking machinery [51]. Moreover, altered
expression of several kinesins has been described to play a role in prostate cancer metastasis
by promoting aberrant AR signalling and inhibiting apoptosis, but their role in regulating
endosome-lysosome degradation dynamics remain relatively unexplored [166,167]. The
attenuated endosomal-lysosomal degradation of aberrantly expressed receptors may be a
key mechanism used by DTCs to prolong signalling cascades. This would support their
dormancy at a secondary site, and the potential role of vesicular trafficking machinery in
this process warrants further investigation.
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Figure 6. Trafficking of endosomes and lysosomes to the cell periphery may support the stages of
extravasation and survival of prostate cancer cells at distant sites. During stages 1–2, dysregulated
anterograde and retrograde trafficking mediated by kinesin and dynein trafficking machinery may be
involved in the recruitment of endosomes carrying proteins such as tyrosine kinase substrate 5 (Tks5)
and serine/threonine-protein kinase 3 (TAO3) to invadopodia projections to support the secretion of
metalloproteinases (MMPs) to proteolytically modify the endothelium at sites of metastasis. During
stages 2–3, dysregulation of trafficking machinery that results in anterograde trafficking of endosomes
may contribute to mispositioning that supports secretion of proteins such as bone morphogenic
proteins (BMP), parathyroid hormone-related protein (PTHrP), and expression of receptors such as
AXL, transforming growth factor receptor (TGFR), and insulin growth factor receptor (IGFR) that
integrate signalling cascades to enable interactions with resident cells in the site of metastasis and
enable proteolytic modification of the extracellular matrix (ECM) at the site of metastasis.

Prostate cancer DTCs utilise signalling from growth factors such as transforming
growth factor beta (TGF-β) and insulin-like growth factor 1 (IGF-1), which are liberated
by osteoblastic and osteoclastic remodelling of the bone, to support their proliferation,
survival, and subsequent colonisation [162,168,169]. To induce osteoclast and osteoblast
bone remodelling, prostate cancer cells secrete endosome-regulated factors such as parathy-
roid hormone-related protein (PTHrP) and bone morphogenic proteins (BMPs) [170]. Both
BMP and PTHrP secretion require trafficking by Rab11 endosomes and altered fusion with
the plasma membrane; hence the upregulation of Rab11 in prostate cancer may facilitate
increased secretion of these factors for bone remodelling [171,172]. The sorting of cargo to
Rab11 recycling endosomes is dependent on kinesin motors, which promotes increased
peripheral trafficking and exocytosis of cargo from recycling endosomes [50,173]. Indeed,
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kinesin-1 and kinesin-3 trafficking machinery have been shown to potentiate endosome
exocytosis, while increased Rab11 endosomes in prostate cancer provide circumstantial
evidence of potential alterations to recycling endosome dynamics [174–179]. Further char-
acterisation of the role of vesicular trafficking machinery is required to determine if this is
critical for endosomal secretion of bone resorption factors to support the colonisation and
survival of prostate cancer cells.

Extracellular vesicles (EVs) are crucial for intercellular communication and are re-
leased by prostate cancer cells to aid in interactions with the extracellular matrix and to
modulate the immune response. EVs are therefore able to influence therapeutic outcomes
and to support cancer cell dissemination [180,181]. Emerging evidence suggests that the
contents of prostate cancer-derived EVs, such as miRNAs, proteins, and lipids, may also
serve as biomarkers for disease diagnosis and prognosis, highlighting important clinical
potential [182–185]. The fusion of multivesicular bodies with the plasma membrane is
an important mechanism of EV release and may be affected by changes in endosome
trafficking dynamics [186]. Indeed, the upregulation of the kinesin motor KIFC2 in prostate
cancer is known to regulate the transport of multivesicular bodies [41,42]. Rab27 is one
of the critical Rab GTPases that regulates the release of EVs and is also upregulated in
prostate cancer [187,188]. Interestingly, the ability of Rab27 to promote exosome release is
regulated by the scaffolding protein KIBRA, which is also upregulated in prostate cancer
and requires interaction with dynein for its co-activator functions [189–191]. Consequently,
the altered endosome biology that promotes increased EV release by prostate cancer cells
involves utilising specific components of the vesicular trafficking machinery.

7. The Potential for Altered Vesicular Trafficking Machinery to Inform
on Prostate Cancer Diagnosis and Prognosis

There is an urgent need for more effective biomarkers to improve risk stratification
in the management of patients with prostate cancer and particularly to accurately assign
patients to either active surveillance or specific interventions [192]. The kallikrein panel,
consisting of the endosomal secreted proteins total PSA, free PSA, intact PSA, and human
kallikrein-2, is the current gold standard screening approach for prostate cancer but was
originally only proposed to be used for monitoring [193]. PSA colocalises with motor
protein myosin VI in transferrin-positive recycling endosomes in prostate cancer cells,
and its secretion was reduced when myosin VI was knocked down, highlighting a critical
role for endosome transport in modulating PSA secretion [34]. Interestingly, myosin VI
is overexpressed in prostate cancer, with the highest expression in high-grade prostate
cancers, suggesting that the motor proteins regulating endosome transport and secretion
of kallikrein biomarkers may help inform on advanced prostate cancer [194]. It is likely
that bidirectional endosome transport on microtubules may also impact the secretion
of kallikreins, as kinesin and dynein motor proteins are required for the transport of
transferrin-positive recycling endosomes, and changes in their expression are sufficient to
modulate endosome trafficking (Figure 7A) [51,195]. Proteomic analysis of microvesicles
secreted by prostate cancer cells revealed a high content of cytoskeletal proteins, including
the heavy chain of dynein, suggesting a potential avenue for the clinical detection of
aberrantly expressed vesicular trafficking machinery that may inform on prostate cancer
prognosis [196].
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Figure 7. Alterations to vesicular trafficking machinery may have implications for the screening, di-
agnosis, prognosis, and treatment response for prostate cancer. (A) Anterograde vesicular trafficking
machinery may operate to promote endosomal secretion of biomarkers such as kallikreins, prostatic
acid phosphatase, and secretion of microvesicles enriched with vesicular trafficking machinery pro-
teins. Upregulation of syndecan-1 and reduction in sortilin in advanced prostate cancer is associated
with defects in endosome trafficking that may involve vesicular trafficking machinery. (B) Germline
and somatic mutations may directly affect vesicular trafficking machinery or indirectly through
promoting vesicular trafficking machinery-regulated endosomal pathways such as autophagy that
facilitate poor treatment response for prostate cancer. Microtubule disassembly mediated by kinesin
motor proteins may operate as a mechanism of resistance for agents such as docetaxel. Dynein motor
proteins may be involved in aberrant translocation transcription factors such as androgen receptor
(AR) and tumour suppressors such as p53 to the nucleus.

Assessment of prostate histopathology using H&E staining, which is often comple-
mented by immunohistochemistry, remains the gold standard for prostate cancer diag-
nosis [197]. Upregulation of biomarkers, including PSA, prostatic acid phosphatase, and
prostein, in prostate cancer may involve altered endosome trafficking kinetics that regulate
protein localisation, degradation, and secretion, and is likely controlled by changes in vesic-
ular trafficking machinery (Figure 7A) [34,35,197]. Direct examination of the endosome-
lysosome system revealed that there is increased syndecan-1 and reduced sortilin in high-
grade prostate cancer, and mechanistic studies further linked the activity of these proteins
to dysregulated endosome trafficking and a lipogenic phenotype associated with a higher
metastatic propensity [8,14]. Altered vesicular trafficking machinery may play a critical
role in the aberrant protein expression, location, and function of these endosome-regulated
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biomarkers. For instance, sortilin interacts with early and recycling endosomes (positive for
Rabs 4, 10, 11, and 14) to regulate glucose transporter 1 transport in androgen-responsive
prostate cancer cells [14,198–200]. Syndecan-1, when overexpressed in advanced prostate
cancer cells, promotes an invasive lipogenic phenotype by interaction with β3 integrin, facil-
itated by concurrent expression of MT1-MMP [14]. Additionally, prostatic acid phosphatase
relies on trafficking within Rab27 endosomes for secretion [35]. Earlier we described a
model for altered vesicular trafficking machinery that contributes to dysfunction in endo-
somal recycling and secretion during prostate cancer metastasis and which impacts the
function of proteins implicated in prostate cancer metastasis. This highlights the poten-
tial opportunity to explore vesicular trafficking machinery biology further for biomarker
discovery in prostate cancer.

8. Altered Vesicular Trafficking Machinery May Correlate with Poorer
Outcomes for Patients with Prostate Cancer

Vesicular trafficking machinery requires microtubules to transport endosomal cargo
and would therefore be affected by chemotherapeutic agents that stabilise these micro-
tubules. Indeed, prostate cancer chemotherapeutics such as docetaxel function by stabil-
ising microtubules, leading to mitotic arrest and apoptosis of cancer cells, in addition to
inhibiting translocation of the oncogenic androgen receptor (AR) to the nucleus [201,202].
It has been postulated that overexpression of kinesins in the kinesin 1, 5, 12, and 14 families
may facilitate docetaxel resistance by binding to and altering microtubule stabilisation
(Figure 6B) [203–206]. Moreover, activation of EMT and autophagy, which we highlighted
as being regulated by vesicular transport machinery, are recognised as mechanisms for
docetaxel resistance that complicate treatment outcomes [207,208]. Several other lines of
evidence point to a critical role of trafficking machinery in modulating treatment response.
For instance, breast cancer cells that were resistant to ionising radiation engaged the ki-
nesin adaptor protein Arl8b to recruit lysosomes for anterograde transport and subsequent
proteinase secretion promoted cancer cell invasion into the ECM [56]. This suggests that
aberrant trafficking of endosomes and lysosomes may contribute to radiotherapy resis-
tance, a concept that needs further investigation in prostate cancer [209,210]. The ability of
dynein and kinesin motor proteins to modulate the stability of microtubules by mediating
the assembly and disassembly of tubulin proteins may also have direct consequences for
treatment response [211]. Indeed, decreased dynein expression in patient tissues with
colorectal cancer was found to be associated with poor outcome and was postulated to
relate to microtubule dynamics, possibly by enabling kinesin-mediated microtubule dis-
assembly to induce a phenotype that is resistant to therapy [212]. Furthermore, whilst
colorectal cancer cells are sensitised to therapeutic agents such as oxaliplatin in the absence
of dynein, taxanes that stabilise the microtubule are ineffective, possibly due to increased
kinesin-promoted disassembly (Figure 7B) [57,213]. Thus, altered trafficking machinery-
mediated transport of endosomes and lysosomes may persist in cancer cells and dictate
response to therapy. Proof of concept for the therapeutic targeting of trafficking machinery
motor proteins in cancer has been demonstrated with the discovery of the aminothiazole
dynarrestin, a novel inhibitor of dynein that inhibited the proliferation of oesophageal
squamous cell carcinoma cells [214]. Furthermore, the potential for targeting kinesins in
cancer has also been reviewed, though the current compounds developed target kinesins
predominantly involved in regulating mitosis and cytokinesis, and not those involved in
regulating endosome dynamics during cancer metastasis [215–217].As dysfunction of vesic-
ular trafficking machinery affects specific endosome pathways in the metastatic cascade,
targeting the machinery that is recruited to mediate specific endosome functions may be
attractive in precision medicine applications for the clinical management of prostate cancer.
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Chimeric antigen receptor T-cell (CAR-T) therapy and immune checkpoint inhibitors
are emerging as promising therapeutic approaches for prostate cancer and rely on targeting
increased expression of antigens on prostate cancer cells, such as prostate-specific mem-
brane antigen (PSMA), or modulating the expression of increased immunosuppressive
receptors, such as PD-L1, respectively [142,218,219]. Challenges with clinical efficacy of
these approaches include the immunosuppressive microenvironment, which involves vesic-
ular trafficking to dynamically modulate the surface expression of receptors and antigens
to facilitate prostate cancer cell immune escape during metastasis [220,221]. Targeting the
vesicular trafficking machinery to control expression of immunomodulatory factors for
therapeutic benefit is compelling and is supported by the observation that inhibition of
the endosome trafficking regulator neuropilin-2 reduces PD-L1 expression and enables
antitumor immune cell activation in prostate cancer cells [63,64].

DNA sequencing for oncogenic mutations that are frequently detected in prostate
cancer metastasis is an important approach for understanding prostate cancer disease
predisposition, progression, and, more increasingly, for monitoring clinical outcomes.
This is supported by recent advances in sequencing technology and knowledge of specific
germline and somatic mutations involved in prostate cancer metastasis [222,223]. Mutations
in vesicular trafficking machinery genes or known oncogenes could potentially disrupt
endosome-lysosome function, which may disrupt or promote a metastatic phenotype in
prostate cancer cells. In the former case, mutations in motor proteins may impair their
processivity and ability to engage adaptor proteins and recruit cargo for microtubule-based
transport [224,225]. In the latter case, germline and somatic mutations in known oncogenes
may promote cell adaptation mechanisms that involve engagement and disruption of
vesicular trafficking systems. Analysis of the prostate cancer exome revealed that the
kinesin heavy chain gene KIF5A was mutated in some prostate cancers, and amplification
of KIF18B was significantly higher in tumours with PTEN mutations, supporting the
hypotheses that vesicular trafficking machinery mutations may be oncogenic and that
oncogenic mutations may involve vesicular trafficking machinery (Figure 7B) [166,226].
Specific mutations have significant implications for treatment response in prostate cancer.
For instance, germline mutations such as BRAC1/BRAC2 and somatic mutations such
as tumour protein p53 (p53) are notably associated with increased risk of prostate cancer
progression and poor survival outcomes following treatments such as radical prostatectomy,
androgen deprivation chemotherapy, or radiotherapy [223,227–231]. Inducing autophagy,
a process regulated by endosomes and lysosomes, is one of the mechanisms for treatment
resistance, and this is affected by these mutations. This suggests that engagement of the
endosome-lysosome system downstream of the oncogenic mutations could be a potential
mechanism for how these mutations potentiate poor treatment response in prostate cancer
(Figure 7B) [232–234]. However, it is important to acknowledge that while we highlight
specific mutations, there are other mutations in prostate cancer that also impact treatment
response [222,227]. These mutations in prostate cancer warrant further investigation to
understand how they may modulate spatial-temporal dynamics in the endosome-lysosome
system as a potential mechanism of therapy resistance. p53 mutations are particularly
interesting as p53 is transported to the nucleus by dynein motor proteins, and it would
be interesting to explore how the germline mutations in p53 change this interaction [235].
Moreover, p53 mutants have been shown to promote amplification of the endosome-related
protein dynamin, which is involved in the recruitment of APPL1 early endosome recycling
machinery and increased recycling of EGFR and β-integrin, which promotes migration
and invasion of non-small cell lung cancer cells [236]. In prostate cancer cells with p53
mutations, a similar mechanism may operate, as these cells exhibit high expression and pro-
migratory signalling of EGFR and altered expression of the APPL1 protein, consistent with
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increased endosomal recycling [8,237,238]. This may have significant clinical significance,
as inhibiting EGFR signalling can sensitise prostate cancer cells to chemotherapeutic agents
such as Adriamycin [239]. Furthermore, mutant p53 promotes the activation of ARF6, which
in turn functions to modulate endosome recycling kinetics by facilitating the switch between
dynein and kinesin motor proteins [33,240]. We have described the role of dysfunctional
trafficking machinery in mediating changes in vesicular transport that may be required for
autophagy and endosome recycling to promote prostate cancer metastasis. It is therefore
conceivable that specific combinations of germline and somatic mutations may promote
prostate cancer metastasis and poor treatment response by manipulating this vesicular
trafficking machinery to control the function of the endosome-lysosome system (Figure 7).

Clinical trials have demonstrated that benefits in overall survival can be derived
from the combination therapy of docetaxel and next-generation anti-androgens such as
enzalutamide [241]. Although there is little or no clinical data on correcting endosome
dysfunction by directly targeting vesicular trafficking machinery in metastatic prostate
cancer, current therapeutics that target endosome function show the potential of synergis-
ing with androgen deprivation compounds. For instance, inhibiting endosome recycling
by the anti-malarial small molecule primaquine in prostate cancer cells reduced the ex-
pression of androgen receptor, modulated lysosome degradation kinetics, and resulted in
decreased cell survival independently. This effect was greater when used in combination
with enzalutamide, demonstrating the viability of targeting recycling endosome function,
which we contend contributes to prostate cancer metastasis and is modulated by vesicular
trafficking machinery [242]. Drug discovery efforts focusing on modifying the vesicular
trafficking machinery may provide a novel therapeutic strategy for metastatic prostate
cancer to improve patient outcomes.

9. Conclusions

An increased understanding of the clinical significance of the altered expression of
specific vesicular trafficking machinery during metastasis could potentially identify novel
markers for prostate cancer management and intervention. Circumstantial evidence points
to the potential role of adaptor proteins in prostate cancer progression. However, a compre-
hensive investigation into endosome-lysosome recruitment and interaction with specific
motor proteins, plus the involvement in mediating particular events in the prostate cancer
metastatic cascade, is yet to be completed. For example, the adaptor protein JIP4, which
regulates the endosomal trafficking of metalloproteinases during cancer cell migration,
is increased in prostate cancer tissue and is associated with poor prognosis for prostate
cancer patients [38]. Moreover, the adaptor protein Hook3, which interacts with both the
dynein and kinesin motor proteins to recruit early endosomes for retrograde transport,
is overexpressed in prostate cancer and has been associated with poor prognosis [59,243].
The observed alterations in early endosome biogenesis and trafficking in prostate cancer,
along with the potential involvement of alterations in the vesicular trafficking machinery,
underscore the need for further research into the diagnostic and prognostic potential of this
cellular machinery. Our discussion also highlights the potential for targeting the dynein
and kinesin trafficking machinery for therapeutic intervention in patients with prostate
cancer. This could be a promising strategy for treating metastatic prostate cancer, especially
when resistance is encountered with androgen-related therapies that target microtubules
and AR nuclear translocation and poor efficacy of novel immunomodulatory approaches
such as CAR-T cells and immune checkpoint inhibitors. Endosome-lysosome proteins
can report on the primary pathogenesis in prostate cancer, and the vesicular trafficking
machinery is involved in regulating critical events like microtubule polymerisation. This
machinery can also alter the sensitivity of cancer cells to specific drugs based on motor
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protein expression. Therefore, a deeper understanding together with the potential to manip-
ulate these mechanisms could pave the way for more effective diagnostics and treatments
for patients with prostate cancer.
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Abbreviations

ARF6 ADP-ribosylation factor 6
BMP Bone morphogenic protein
CTC Circulating tumour cell
DCT Disseminated tumour cell
ECM Extracellular matrix
EGFR Epidermal growth factor receptor
EMT Epithelial to mesenchymal transition
Gas6 Growth arrest-specific 6
IGF-1 Insulin-like growth factor 1
JIP3 JNK-interacting protein 3
JIP4 JNK-interacting protein 4
MHC Major histocompatibility complex
MMP Matrix metalloproteinase
PAR1 Protease-activated receptor 1
PD-L1 Programmed death-ligand 1
PSA Prostate specific antigen
PTHrP Parathyroid hormone-related protein
RILP Rab interacting lysosomal protein
TAO3 serine/threonine-protein kinase 3
TGF-β Transforming growth factor beta
Tks5 Tyrosine kinase substrate 5
VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
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Simple Summary: We outline a potential mechanism by which Testis-Specific Gene 10
(TSGA10) helps mitochondria produce energy efficiently while reducing harmful byprod-
ucts like reactive oxygen species (ROS) and heat. By interacting with cytochrome c1 (CytC1)
in mitochondrial Complex III, TSGA10 may stabilize electron transfer, minimizing leakage
to oxygen and reducing ROS and heat production. Our model predicts that in cancer,
TSGA10 acts as a double-edged sword: Low levels allow ROS buildup and force cancer
cells to rely on less efficient energy methods (like glycolysis), promoting tumor growth.
Conversely, high TSGA10 levels can suppress tumors by maintaining mitochondrial health
and blocking cancer-friendly pathways. TSGA10 and Hypoxia-inducible factor 1-alpha
(HIF-1α—a protein that helps cancer cells thrive in low oxygen) regulate each other, creating
a balance that shapes tumor behavior. TSGA10’s varying levels in tissues—high in the brain
and testes (protecting against damage) and low in the liver (enabling cancer growth)—make
it a promising target for therapies aimed at disrupting cancer’s energy strategies.

Abstract: TSGA10, a multifunctional protein critical for mitochondrial coupling and
metabolic regulation, plays a paradoxical role in cancer progression and carcinogene-
sis. Here, we outline a potential mechanism by which TSGA10 mediates metabolism in
oncogenesis and thermal modulation. Initially identified in spermatogenesis, TSGA10
interacts with mitochondrial Complex III: it directly binds cytochrome c1 (CytC1). In our
model, TSGA10 optimizes electron transport to minimize reactive oxygen species (ROS)
and heat production while enhancing Adenosine Triphosphate (ATP) synthesis. In cancer,
TSGA10’s expression is context-dependent: Its downregulation in tumors like glioblastoma
might disrupt mitochondrial coupling, promoting electron leakage, ROS accumulation,
and genomic instability. This dysfunction would be predicted to contribute to a glycolytic
shift, facilitating tumor survival under hypoxia. Conversely, TSGA10 overexpression in
certain cancers suppresses HIF-1α, inhibiting glycolysis and metastasis. TSGA10 and
HIF-1α engage in mutual counter-regulation—TSGA10 represses HIF-1α to sustain oxida-
tive phosphorylation (OXPHOS), while HIF-1α suppression of TSGA10 under hypoxia
or thermal stress amplifies glycolytic dependency. This interplay is pivotal in tumors
adapting to microenvironmental stressors, such as cold-induced mitochondrial uncoupling,
which mimics brown adipose tissue thermogenesis to reduce ROS and sustain proliferation.
Tissue-specific TSGA10 expression further modulates cancer susceptibility: high levels
in the testes and brain may protect against thermal and oxidative damage, whereas low
expression in the liver permits HIF-1α-driven metabolic plasticity. Altogether, our model
suggests that TSGA10 plays a central role in mitochondrial fidelity. We suggest that its
crosstalk with oncogenic pathways position it as a metabolic rheostat, whose dysregulation
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fosters tumorigenesis through ROS-mediated mutagenesis, metabolic reprogramming, and
microenvironmental remodeling. Targeting the hypothesized TSGA10-mediated mitochon-
drial coupling may offer therapeutic potential to disrupt cancer’s adaptive energetics and
restore metabolic homeostasis.

Keywords: TSGA10; mitochondrial coupling; Complex III (CytC1); carcinogenesis; HIF-1α;
Warburg effect

1. Introduction

TSGA10, a gene encoding a 698-amino acid protein, was first identified in the testis and
is involved in spermatogenesis, cytoskeletal organization, and metabolic regulation [1,2]. It
undergoes alternative splicing, producing multiple transcript variants, and is expressed
in tissues such as the brain, retina, and germ cell tumors [3,4]. Processed into N-terminal
(27-kD) and C-terminal (55-kD) components, TSGA10 localizes to sperm and is expressed
in other tissues, including the liver, brain, and kidney [3,5]. It interacts with Hypoxia-
inducible factor 1-alpha (HIF-1α), modulating its nuclear localization and transcriptional
activity, and inhibits cancer cell growth, motility, and invasion by downregulating HIF-1α

target genes like Vascular Endothelial Growth Factor A (VEGFA), Matrix Metalloproteinase-
2 (MMP2), and Matrix Metalloproteinase-9 (MMP9) [6,7]. TSGA10 also interacts with
vimentin, a cytoskeletal protein involved in oxygen sensing [8].

TSGA10 is overexpressed in cancers such as melanoma, colon cancer, hepatocellular
carcinoma, ovarian cancer, prostate cancer, and leukemia [9,10]. Paradoxically, its downreg-
ulation in some contexts is also linked to cancer progression, highlighting its dual role as
both a tumor suppressor and potential oncogene [2]. Recent studies suggest that TSGA10
regulates mitochondrial organization and perinuclear translocation, potentially regulating
metabolic activity [2,11], positioning it as a key modulator of cellular energy metabolism
and stress responses.

Mitochondria, beyond their role in ATP production, are sophisticated regulators of
stress responses, calcium signaling, and reactive oxygen species (ROS) production and
signaling [12]. They act as molecular thermostats, modulating energy dissipation as heat
through controlled coupling and uncoupling of chemiosmotic gradients, which are critical
for tissue-specific metabolic demands and systemic temperature homeostasis.

Here, we propose that TSGA10, highly expressed in metabolically active cells, may
optimize mitochondrial coupling efficiency by interacting with CytC1, enhancing electron
transport through Complex III, promoting ATP synthesis, and minimizing electron leak,
heat production, and ROS generation [2]. This mechanism may enable cells to adapt to
fluctuating oxygen levels by switching between oxidative phosphorylation and glycolysis.

TSGA10’s high expression in neurons suggests a critical role in protecting against
thermal stress. Neurons are highly vulnerable to heat due to their complex structure,
temperature-sensitive ion channels, and reliance on ATP-dependent processes, including
synaptic function and membrane stability [13–15]. Thermal stress disrupts oxidative phos-
phorylation, increases ROS production, and compromises mitochondrial efficiency, leading
to neuronal dysfunction and degeneration [16,17]. Neurons’ limited regenerative capacity
makes thermal-induced damage potentially permanent [18,19]. TSGA10 may enhance
neuronal thermoregulation by optimizing mitochondrial coupling efficiency and reducing
ROS levels, which is particularly vital in the brain, given its high metabolic demands
and susceptibility to thermal stress. TSGA10’s role at the intersection of mitochondrial
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regulation and environmental adaptation highlights its potential as a therapeutic target for
neurodegenerative diseases and cancer.

2. Materials and Methods

The yeast strain AH109 was transformed with pGBKT7-TSGA10 and a rat testis
library. Positive clones were identified using selective media, and TSGA10-prey gene
expression was confirmed via PCR. CYTC1 emerged as a strong interactor, validated
through sequencing and galactosidase activity assays. Additionally, yeast mating was
performed with PGAD424-transformed Y187 yeast, and confirmed cDNA inserts were
sequenced for accuracy.

To visualize the interaction, NIH3T3 cells were cultured and transfected with GFP-
tagged TSGA10 using Lipofectamine (Invitrogen, Carlsbad, CA, USA) 3000. After 24–48 h,
cells were stained with MitoTracker Red CMXRos Thermo Fisher Scientific, Cat. No. M7512,
Waltham, MA, USA) to label mitochondria, and then fixed with 4% paraformaldehyde.

Using confocal microscopy, colocalization of GFP-TSGA10 (green) and mitochon-
dria (red) appeared as yellow regions in merged images. Image quantification was per-
formed using Zeiss LSM 510 i-UV laser scanning confocal microscope (Carl Zeiss AG,
Oberkochen, Germany).

Mitochondrial fractions were isolated from NIH3T3 cells via differential centrifuga-
tion. The mitochondrial pellet was resuspended in RIPA buffer with protease inhibitors.
Lysates were pre-cleared with protein A/G beads, and then incubated overnight with a
mouse monoclonal anti-CytC1 antibody. Captured protein complexes were washed, eluted,
and then analyzed via SDS-PAGE and Western blot. The membrane was probed with
a rabbit anti-TSGA10 antibody to detect TSGA10 within the CytC1 immunoprecipitate
and an anti-GFP antibody to identify GFP-TSGA10 fusion proteins and their proteolytic
fragments (27 kDa N-terminus and 55 kDa C-terminus). Chemiluminescence was used
for visualization.

To ensure specificity, a negative control using an irrelevant mouse IgG antibody was
included in Co-IP, while untransfected or empty vector-transfected NIH3T3 cells served as
controls for fluorescent imaging.

3. Mitochondrial Role in Heat Production and Uncoupling

3.1. Mitochondrial (De-)Coupling

In coupled mitochondria, the electron transport chain generates a proton gradient that
drives ATP synthesis with high efficiency, while uncoupled mitochondria dissipate this
gradient energy as heat through regulated proton leak mechanisms [20]. Decoupling of
mitochondria is generally thought of as a way to slow down ATP production when ROS
accumulate as a toxic byproduct [21]. However, decoupling is also a mechanism by which
tissues can increase their operating temperature. This complex balance gives cells a control
point for adjusting ATP, ROS, and temperature to meet the metabolic requirements of each
tissue. Given that blood flow is also a thermal distribution system regulated by the central
nervous system, the organism can use temperature both as input (to mediate metabolism)
and as output (using mitochondrial uncoupling to alter local thermogenesis). In this way,
an organism can raise or lower the thermal set-point of each tissue, embodying a shifting
medley of metabolic states over time.

3.2. Mitochondrial Coupling Across Healthy Tissues

Mitochondrial metabolism exhibits a spectrum of coupling efficiency across tissues
within the organism. At one end, spermatocytes in the testis prioritize tightly coupled
oxidative phosphorylation (OXPHOS) to support their high energy needs during meiosis,
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while keeping temperatures low. Efficient ATP production via coupled mitochondria
ensures genomic stability, but even this efficient process generates some ROS (which
inescapably increases with OXPHOS activity), posing risks to DNA integrity. To mitigate
this, spermatocytes employ robust antioxidant systems, crucial in the cooler testicular
environment (2–8 °C below core body temperature), where lower thermal energy may
reduce enzymatic repair efficiency [22].

3.3. Mitochondrial Decoupling in Brown Adipose Tissue

In stark contrast, brown adipose tissue (BAT) dissipates proton gradients to produce
heat instead of ATP via the expression of uncoupling protein 1 (UCP1). The inverse
relationship between coupling efficiency and thermal output highlights a metabolic trade-
off: ATP synthesis versus heat. Cancer cells, facing microenvironmental stress, exploit
metabolic plasticity. Under cold stress, they may adopt BAT-like uncoupling to reduce ROS
and generate heat, sustaining proliferation. Concurrently, cold impairs OXPHOS enzymes
like Complex III, promoting ROS accumulation and a glycolytic shift akin to the Warburg
effect [23]. This dual adaptation—uncoupling for survival and glycolysis for ATP—reflects
metabolic reprogramming under thermal duress [24]. Thus, tissue-specific mitochondrial
strategies, from spermatocyte coupling to BAT uncoupling and cancer’s hybrid approach,
illustrate how metabolic pathways change across and within tissues to meet physiological
and environmental demands.

3.4. Mitochondrial Uncoupling and Cancer

With emerging evidence linking metabolic reprogramming, heat production, and
uncoupling to carcinogenesis, mitochondria play a complex role in cancer. Cancer cells
often exhibit mitochondrial uncoupling, a process where proton leakage across the inner
mitochondrial membrane reduces ATP synthesis efficiency, diverting energy into heat
production (thermogenesis). This uncoupling, mediated by proteins like UCP1/UCP2,
may support tumor survival by mitigating oxidative stress (ROS) or adapting to hypoxic
microenvironments. Excessive ROS from dysfunctional electron transport chains can
damage DNA and drive oncogenic mutations, while uncoupling-induced heat might
alter the tumor microenvironment, promoting angiogenesis or metastasis. The Warburg
effect (aerobic glycolysis) and mitochondrial uncoupling together reflect a metabolic shift
that prioritizes rapid energy and biomass production over efficiency, enabling cancer
progression. Thus, mitochondrial thermogenesis and uncoupling are not merely metabolic
quirks but potential contributors to tumorigenesis and therapeutic targets.

4. TSGA10 and Metabolic Activity

TSGA10 exhibits context-dependent roles in metabolic regulation across postmitotic
cells and cancer, with its expression levels aligning with distinct cellular energy demands.
TSGA10 expression across human tissues appears to show elevated expression in ther-
mosensitive and energy-demanding tissues (e.g., testis and brain) and reduced levels in
thermally resilient tissues (e.g., liver), reflecting a potential role in mitochondrial coupling
and metabolic adaptation (Figure 1). Consistent with this observation, postmitotic cells like
spermatocytes exhibit high TSGA10 expression, which also correlates with improved sperm
quality [25]. This aligns with the high energy demands of spermatozoa, which rely on
mitochondrial OXPHOS for motility. Similarly, in other postmitotic cells (e.g., neurons and
nephrons), TSGA10’s suppression of HIF-1α [6] may promote oxidative metabolism over
glycolysis, ensuring efficient ATP production in these non-proliferative, long-lived cells.
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Figure 1. RNA expression level of TSGA10 in different human tissues (courtesy of the open-source
The Human Atlas Protein [26]). Colors indicate tissue types, with male reproductive being light blue
and neuronal being yellow.

In contrast, cancer cells exhibit a metabolic inconsistency. TSGA10 overexpression in
breast cancer suppresses HIF-1α-mediated glycolysis and metastatic activity [27], effectively
countering the Warburg effect (aerobic glycolysis). This suggests that high TSGA10 levels
in tumors are associated with reduced glycolytic flux and attenuated malignancy. However,
in hepatocellular carcinoma, TSGA10’s link to drug resistance via lncRNAs [28] implies a
more complex metabolic interplay, potentially involving stress-induced adaptations.

Overall, consistency across some cell types is observed. In postmitotic cells, the
upregulated TSGA10 may support oxidative metabolism (e.g., in ciliary-riched spermatozoa
and inferred neurons/nephrons), consistent with their reliance on OXPHOS. Also, in
cancer cells, we predict that higher TSGA10 expression suppresses glycolysis (via HIF-1α

inhibition), aligning with reduced tumor aggressiveness. Conversely, low TSGA10 may
permit glycolytic dominance, fueling proliferation.

4.1. Transcriptional and Post-Transcriptional Regulation of TSGA10

The dynamic expression of TSGA10 across developmental stages and tissues un-
derscores its context-dependent roles, which are tightly regulated by transcriptional and
post-transcriptional mechanisms. Transcriptional regulation of TSGA10 involves nuclear
transcription factor Y (NF-Y), which binds to the CCAAT box in its promoter to activate
expression, as demonstrated in zebrafish and conserved in mammals [4,29]. This aligns
with findings that NF-Y often regulates cell cycle-related genes, supporting TSGA10’s
potential role in mitosis and DNA repair via its conserved SMC domain. Epigenetic mod-
ifications further fine-tune TSGA10 expression. For instance, DNA hypomethylation at
the TSGA10 promoter has been linked to its overexpression in cancers like transitional
cell carcinoma [30], while hypermethylation in other contexts may suppress its expression,
contributing to tissue-specific regulation. Histone modifiers, such as HDACs, may also
modulate TSGA10 chromatin accessibility, though this warrants further investigation [31].

Post-transcriptional control mechanisms, particularly miRNA-mediated regulation,
play pivotal roles in adapting TSGA10 levels to environmental stimuli. Hypoxia-induced
miR-10b-3p directly targets TSGA10, promoting angiogenesis and metastasis in esophageal
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squamous cell carcinoma [32]. Similarly, exosomal miR-23a in nasopharyngeal carcinoma
downregulates TSGA10 to enhance vascularization [25]. These findings highlight a con-
served feedback loop where hypoxia-driven HIF-1α not only induces angiogenic miRNAs
but also suppresses TSGA10, which itself inhibits HIF-1α nuclear localization [6]. This
reciprocal regulation allows TSGA10 to act as a hypoxia-responsive brake on angiogenesis,
balancing pro- and anti-tumorigenic signals.

Environmental stressors like hypoxia and hormonal signals further diversify TSGA10’s
regulatory landscape. In the testis, TSGA10’s constitutive expression is likely maintained
by androgen-responsive elements [25], whereas in cancers, oxidative stress and metabolic
changes may alter its epigenetic or miRNA-mediated regulation. Such plasticity enables
TSGA10 to adapt its roles—from supporting spermatogenesis in normal testis to suppress-
ing angiogenesis in hypoxic tumors or promoting developmental patterning in embryos.
Future studies should explore tissue-specific enhancers, lncRNAs, and additional post-
translational modifications that may refine TSGA10’s functional versatility in response to
diverse stimuli.

4.2. TSGA10 and Mitochondria

TSGA10 is strongly associated with mitochondrial function, particularly in the context
of spermatogenesis and male fertility. TSGA10 was shown to be essential for the proper
arrangement of the mitochondrial sheath during spermatid differentiation [11]. TSGA10
has been shown to colocalize with mitochondria [11,33], shown in Figure 2, to bind to the
mitochondrial protein NSUN2 [34].

TSGA10 is critical for sperm development and mitochondrial organization. Disruption
of TSGA10 function led to defects in mitochondrial organization, resulting in male infer-
tility. Similarly, the loss-of-function mutations in TSGA10 cause acephalic spermatozoa
syndrome in humans, characterized by abnormal sperm head formation and mitochondrial
sheath disorganization, further underscoring its role in mitochondrial integrity during
spermatogenesis [35]. Additionally, a connection between TSGA10 and autophagy has been
explored [36], suggesting that TSGA10 may regulate mitochondrial quality control through
autophagy pathways, which is vital for maintaining mitochondrial function during sperm
maturation. Collectively, these studies highlight TSGA10 as a key factor in mitochondrial
organization and function, particularly in the context of male fertility, where its proper
expression is crucial for the structural and functional integrity of sperm mitochondria.

TSGA10 is not merely associated with mitochondria; it directly interacts with cy-
tochrome c1 (CytC1), a subunit of Complex III in the mitochondrial electron transport
chain (ETC) [33]. The interaction between TSGA10 and CytC1 was discovered by one
of us (B. Behnam) by a yeast two-hybrid (Y2H) screening assay and confirmed by both
colocalization and co-immunoprecipitation [33]. This functional interaction suggests that
TSGA10 may play a crucial role in mitochondrial energy metabolism or regulation. Figure 2
illustrates the comprehensive experimental validation of this interaction, demonstrating
TSGA10’s mitochondrial association through multiple complementary techniques. The
combined evidence from yeast two-hybrid screening, co-immunoprecipitation studies, and
immunofluorescence assays collectively establishes TSGA10 as a bona fide mitochondrial-
interacting protein with specific affinity for CytC1. CytC1 directly transfers an electron
from cytochrome b1 to cytochrome c1 [37], and we therefore propose that TSGA10 is
a previously unknown metabolic regulator, leveraging its interaction with cytochrome
c1 (CytC1) within Complex III of the electron transport chain to stabilize OXPHOS and
modulate ROS production (Figure 3).
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Figure 2. TSGA10 protein association with mitochondria in NIH3T3 cells. This schematic outlines
the experimental workflow to demonstrate TSGA10’s association with mitochondria, where TSGA10
interacts with CytC1. The process includes a yeast two-hybrid (Y2H) assay; TSGA10 is used as the
bait protein to screen a testis cDNA library, leading to the identification of CytC1 as an interacting
partner. Then, the interaction is validated in mammalian cells through co-immunoprecipitation
(CO-IP) followed by Western blot (WB); CytC1 antibody is used for immunoprecipitation, and the
presence of TSGA10 in the complex is confirmed using TSGA10 and GFP antibodies during WB.
Finally, a immunofluorescence (IF) colocalization study isperformed to visualize the subcellular
localization of TSGA10 and CytC1 in mitochondria. Together, these experiments confirm the physical
interaction and mitochondrial co-localization of TSGA10 and CytC1.

Figure 3. Proposed role of TSGA10 interaction with cytochrome c1 in mitochondria. The left panel
illustrates the electron transport chain (ETC) in the mitochondrial inner membrane, where Complexes I–
IV facilitate electron transfer and proton pumping to generate ATP through oxidative phosphorylation.
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The right panel highlights the regulatory role of TSGA10 in mitochondrial function, where it interacts
with cytochrome c1 (Cyt C1) of Complex III, potentially modulating electron transport efficiency.
TSGA10 is also implicated in the suppression of HIF-1α, a key transcription factor involved in hypoxia
adaptation, which can downregulate Complex IV activity. Additionally, TSGA10 may influence ROS
production, linking its function to oxidative stress responses. The black arrows indicate proposed
direct interactions, while dashed lines represent indirect or putative pathways.

4.3. TSGA10 and Its Potential Role in Mitochondrial Coupling
4.3.1. Mitochondrial Complex III and the Electron Transport Chain

As a subunit of Complex III in the mitochondrial ETC, CytC1 plays a critical role in
transferring electrons from ubiquinol to cytochrome c. Complex III is an electrically driven
proton pump in which subunit b1 mediates electron flow from ubiquinol along with proton
uptake and release; CytC1 is involved in the terminal transfer of the electron to cytochrome
c [38] (Figure 3).

The interaction between TSGA10 and CytC1 suggests that TSGA10 may have a role in
modulating the function of Complex III in electron transfer to cytochrome c. Therefore, a
plausible hypothesis for TSGA10’s role in mitochondrial coupling can be proposed. We
hypothesize that TSGA10 directly influences mitochondrial coupling by adjusting electron
transfer efficiency, modulating the choice between the transfer of electrons to cytochrome c
versus oxygen and ROS production. In essence, we propose that TSGA10 is an extra insula-
tor ensuring the electron moves to cytochrome c instead of leaking to oxygen prematurely
(i.e., before Complex IV, where it is supposed to combine with oxygen in a coordinated
response, minimizing ROS production and generating water) (Figure 3). One could hypoth-
esize that TSGA10 acts positively (leading to stronger coupling and lower ROS production)
or negatively (leading to weaker coupling and increased ROS). Given that TSGA10 is ex-
pressed in energy-demanding cells, we propose that its role is to strengthen the coupling of
electron flow within OXPHOS (i.e., promoting electron flow into cytochrome c and minimiz-
ing ROS production), thereby improving mitochondrial efficiency in ATP generation [2,39].
This regulatory role could be crucial for maintaining cellular energy homeostasis, particu-
larly in tissues with high metabolic demands, such as the testis, where TSGA10 is predomi-
nantly expressed. However, the mechanistic details of how TSGA10 might do this remain to
be investigated.

4.3.2. A Potential Thermal Role for TSGA10

There is an important thermal component to TSGA10’s potential coupling function,
which arises by minimizing the inefficiencies associated with electron leakage and ROS
production (and as discussed earlier in Section 3, “Mitochondrial Role in Heat Production
and Uncoupling”). When electron flux is high, excess electrons escape the ETC in a process
known as electron leakage, contributing to ROS generation [21]. This premature donation of
an electron to oxygen generates a superoxide anion, a potent ROS, but it also short-circuits
the electron transport chain [40]. As discussed in Section 3 earlier, brown adipose tissue
uses UCP1 to decouple the proton gradient, allowing protons to diffuse back across the
inner mitochondrial membrane. Not only does this produce heat by non-shivering thermo-
genesis, but it also slows down an overactive ETC, thereby reducing toxic ROS production
generated by electron leakage [41]. This protective effect is thermogenic: short-circuiting
the ETC releases energy that would ordinarily go to making ATP; this energy produces heat
instead [20].

A direct implication of the preceding discussion is that by binding Complex III and
reducing electron leakage, TSGA10 could minimize both ROS and the need for uncou-
pling of the mitochondrial proton gradient. In turn, this would reduce the production of
uncoupling-associated heat. TSGA10 thus would act as a cooling and coupling agent for
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the mitochondria. This mechanism could be particularly advantageous in scenarios where
thermal regulation is essential, such as in protecting cells from thermal stress or in adapting
to environments with limited energy resources.

4.3.3. A Potential Complex III Assembly Role for TSGA10

We have outlined a mechanism of direct regulation, but another possibility is that
TSGA10 plays a role in the assembly of Complex III itself. Rip1, a Rieske Fe/S subunit of
Complex III, is essential for electron transfer [42], and its proper assembly relies on the
multi-protein mitochondrial contact site and cristae organizing system (MICOS) [43]. In
particular, Mar26/Fmp10 coordinates Complex III assembly by linking Rieske Fe/S protein-
containing intermediates to crista junctions for Rip1 maturation [43]. We hypothesize that
TSGA10 functions similarly, helping to construct OXPHOS-competent Complex III.

4.3.4. Disruption of Mitochondrial Coupling in Health and Disease

Dysregulation of mitochondrial coupling is implicated in diseases such as cancer,
neurodegeneration, and metabolic syndromes. If TSGA10 dysfunction disrupts coupling
efficiency, it could contribute to these pathologies. Conversely, therapeutic targeting of
the TSGA10-CytC1 axis might restore apoptosis and autophagy/mitophagy in cancer, and
energy balance in mitochondrial disorders. For instance, enhancing TSGA10’s activity
could improve ATP synthesis in energy-deficient conditions, while inhibiting it might
mitigate pathologies driven by excessive coupling.

Moreover, TSGA10’s proposed role in optimizing mitochondrial electron transfer and
coupling through Complex III may hold significant implications for cancer biology. By
stabilizing electron flow to cytochrome c and minimizing leakage to oxygen, TSGA10
could suppress ROS generation and reduce heat production—a critical balance disrupted
in carcinogenesis. Cancer cells often exhibit mitochondrial dysfunction, including elevated
ROS, which drives genomic instability and oncogenic signaling. If TSGA10 expression is
compromised, inefficient electron transfer at Complex III could exacerbate ROS leakage,
promoting DNA damage and mutations that fuel tumorigenesis. Furthermore, TSGA10’s
potential role in Complex III assembly, akin to the mitochondrial contact site and cristae
organizing system (MICOS)-dependent Rip1 maturation, suggests that its dysfunction
might impair OXPHOS integrity, forcing cells to rely on glycolytic metabolism (the Warburg
effect), a hallmark of cancer. Conversely, tumoral cells, especially the tumors in energy-
demanding tissues (e.g., testicular cancers) might exploit TSGA10’s coupling efficiency to
sustain ATP production while evading ROS-induced apoptosis. The thermal component of
TSGA10’s function—reducing heat from electron leakage—could also influence the tumor
microenvironment, where excess heat may promote angiogenesis or immune evasion.
Thus, TSGA10 emerges as a potential metabolic gatekeeper whose dysregulation could link
mitochondrial coupling defects, ROS-driven mutagenesis, and metabolic reprogramming
in cancer progression, offering novel therapeutic targets to disrupt tumor energetics.

4.4. TSGA10 and Oxygen Sensing

Previous work has shown that TSGA10 also interacts with HIF-1α [6]. This positions
TSGA10 as an oxysensor or member of the oxygen sensor complex protein, including
HIF-1α, Complex III (bc1 complex), intermediate filament network, and TSGA10 itself, to
modulate an appropriate response to stress and hypoxia. The mitochondrial Complex III
regulates hypoxic activation of HIF-1α via enabling cells to sense hypoxia. Under normoxic
conditions, HIF-1α is rapidly degraded by prolyl hydroxylases (PHDs), which require
oxygen as a substrate. However, during hypoxia, Complex III of the electron transport
chain generates ROS as a byproduct of incomplete oxygen reduction. These ROS inhibit
PHD activity, stabilizing HIF-1α and allowing it to translocate to the nucleus. There, HIF-1α
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dimerizes with HIF-1 β, activating the transcription of genes involved in angiogenesis,
metabolism, and survival, thereby enabling cellular adaptation to hypoxia [44]. Given our
hypothesis that TSGA10 directly affects electron transfer either to cytochrome c or oxygen
(thereby generating the ROS involved in HIF-1α activation), it is positioned to be a direct
player in the process of oxygen sensing by HIF-1α and Complex III.

4.5. HIF-1α in Thermoregulation

As described above, the interaction between HIF-1α, TSGA10, CytC1, and mito-
chondrial metabolism may play a role in dynamically adjusting energy production and
thermoregulation in response to cellular and environmental stressors. While HIF-1’s role
in metabolism is well established, emerging evidence suggests that hypoxia-inducible
factors can modulate thermogenic pathways. For instance, HIF-2α has been shown to
function as a thermostat in beige adipocytes by regulating PKA activity and mitochondrial
abundance in response to cold and re-warming [45]. These findings raise the intriguing
possibility that HIF-1α may both respond to temperature and regulate mitochondrial heat
production, acting as a molecular thermostat in conjunction with the TSGA10 feedback loop
outlined above.

5. TSGA10 and HIF-1α Mutual Counter Repression in
Thermoregulation

5.1. HIF-1α-Dependent Regulation of ROS Generation and Thermogenic Mechanisms in
Hypoxic Conditions

HIF-1α has been demonstrated to play a crucial role in ROS generation, particularly
under hypoxic conditions [46–48]. The landmark study by Chandel et al. [46] established
that mitochondrial ROS are not only elevated during hypoxia but are essential for HIF-1α

stabilization and activity, creating a feedback loop in which HIF-1α and ROS regulate each
other. Multiple mechanisms underlying this relationship have been identified: HIF-1α

reprograms mitochondrial metabolism under hypoxia, leading to electron leakage and
enhanced ROS production at Complex III of the electron transport chain [47]; it tran-
scriptionally induces pro-oxidant enzymes such as the NADPH oxidases (NOX family),
which directly generate ROS [48]; and while HIF-1α downregulates mitochondrial respi-
ration through mediators like pyruvate dehydrogenase kinase 1 (PDK1), this metabolic
shift paradoxically causes transient mitochondrial dysfunction and ROS bursts during
cellular adaptation. Guzy and Schumacker [47] specifically addressed this paradox of
increased ROS generation during hypoxia, while Semenza’s review [48] highlighted the
significance of these HIF-1α-mediated mechanisms in cancer progression and potential
therapeutic interventions.

Although HIF-1α does not directly increase heat generation as a primary function, it
indirectly contributes to thermogenesis through multiple pathways under specific physio-
logical and pathological conditions [49]. HIF-1α upregulates glycolytic enzymes and glu-
cose transporters (e.g., GLUT1), favoring anaerobic metabolism, which, despite being less
efficient for ATP production, generates more heat per mole of ATP than oxidative phospho-
rylation—particularly evident in tumors and inflammatory states [50]. In brown adipose
tissue, HIF-1α may influence thermogenesis by modulating the expression of uncoupling
protein 1 (UCP1), which dissipates the proton gradient as heat rather than producing ATP,
though this regulation is context-dependent and influenced by factors such as PGC-1α and
β-adrenergic signaling. Additionally, tumors with stabilized HIF-1α often exhibit elevated
local temperatures due to increased glycolytic activity and altered mitochondrial function,
contributing to metabolic heat production in the tumor microenvironment. Lee et al. [49]
specifically discussed HIF-1α as part of the regulatory network in BAT thermogenesis
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under cold-induced or hypoxic conditions, while Wang et al. [50] demonstrated how HIF-
1α-driven glycolysis increases metabolic activity, indirectly contributing to heat generation
in tumors.

Because Complex III is a main producer of ROS in the ETC, TSGA10 sits at a three-way
nexus in the flow of electrons, protons, and ROS. Given the regulatory interaction between
TSGA10 and HIF-1α [6], we hypothesize that TSGA10 is able to coordinate environmental
conditions (thermal and oxygen levels) and metabolic outputs (ATP, heat, and ROS).

HIF-1α is a key regulator of cellular adaptation to hypoxia, promoting glycolysis while
suppressing OXPHOS [51]. The shift into glycolysis allows cells to generate ATP under
low-oxygen conditions but reduces mitochondrial efficiency overall because less ATP is gen-
erated per input glucose molecule. But HIF-1α is not just activated by hypoxia: it responds
to temperature also. One study on kidney tissue demonstrated that HIF-1α is significantly
upregulated during cold ischemia, promoting cellular adaptations that enhance survival
under low-temperature stress [52]. Another noted that HIF-1α mediates the response of
skeletal muscle to cold stress [53]. These data suggest a thermal equilibrium, because
TSGA10 regulates HIF-1α, suppressing its expression [2,6,7]. Furthermore, data support
the counter-regulatory effect of HIF-1α acting as a suppressor of TSGA10 expression [32].
This mutual regulation makes for a tightly linked feedback loop, maintaining metabolic
homeostasis and linking oxygen, ATP, and thermoregulatory roles (Figure 4).

Figure 4. TSGA10-mediated regulation of mitochondrial coupling and metabolic balance in hypoxia
and normoxia. The left panel represents the hypoxic state, where TSGA10 downregulation and
increased HIF-1α activity are observed, promoting glycolysis and heat production while increasing
ROS generation. This results in mitochondrial uncoupling, reducing ATP synthesis through OX-
PHOS. The right panel illustrates the normoxic condition, where TSGA10 enhances mitochondrial
coupling, supporting efficient ATP production via OXPHOS while minimizing ROS accumulation
and HIF-1α activity. The balance between mitochondrial coupling (normoxia) and uncoupling
(hypoxia) is depicted as a metabolic scale, highlighting the role of TSGA10 in regulating cellular
energy homeostasis.

In tightly-coupled tissues operating at cooler temperatures such as the testis, expres-
sion of TSGA10 tamps down HIF-1α, ensuring heat is not generated. However, if the
temperature drops too low, HIF-1α may be activated, upregulating cellular temperature
by downregulating TSGA10, thereby promoting uncoupling and heat generation. This
interplay may position TSGA10 as a crucial mediator in the cellular thermoregulatory net-
work, capable of fine-tuning mitochondrial metabolism in response to both hyperthermic
and hypothermic stress. A similar logic could operate for ROS production. Under oxida-
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tive stress conditions, HIF-1α stabilization could lead to decreased expression of TSGA10,
which in turn could decrease mitochondrial coupling efficiency, lowering OXPHOS and
avoiding ROS toxicity. Overall, TSGA10’s inhibition of HIF-1α concretely shifts metabolic
priorities (glycolysis vs. OXPHOS), enhances mitochondrial efficiency (lowered ROS/heat),
and protects thermosensitive tissues (e.g., brain) by stabilizing energy and redox balance.
This interaction does not merely “influence” cellular responses to hypoxia and thermal
stress; it mechanistically reprograms them, dynamically adapting to the distinct needs
of different tissues throughout the body. Understanding this relationship may provide
insights into how cells balance energy production, oxygen availability, and thermogenesis
in both normal physiology and pathological conditions like cancer.

The mutual counter-regulation between TSGA10 and HIF-1α, which integrates ther-
moregulation with metabolic reprogramming, has profound implications for cancer. HIF-1α,
a master regulator of hypoxia adaptation, drives the Warburg effect—promoting glycoly-
sis and suppressing OXPHOS—to fuel tumor growth in low-oxygen microenvironments.
However, TSGA10’s suppression of HIF-1α introduces a critical metabolic checkpoint: by
potentially stabilizing mitochondrial coupling at Complex III, TSGA10 might enhance
OXPHOS efficiency, minimize ROS leakage, and reduce heat generation, thereby opposing
HIF-1α’s glycolytic shift. In cancers, dysregulation of this balance could drive malignancy.
For instance, loss of TSGA10 expression—common in tumors like glioblastoma [2] —may
unleash HIF-1α activity, locking cells into glycolysis, exacerbating ROS production (via
mitochondrial uncoupling), and fostering genomic instability. Conversely, HIF-1α’s sup-
pression of TSGA10 under hypoxia or thermal stress (e.g., in poorly vascularized tumors)
could amplify mitochondrial inefficiency, creating a pro-tumorigenic milieu of elevated
ROS and heat. This ROS–heat axis may further remodel the tumor microenvironment,
promoting angiogenesis or immune evasion. Notably, TSGA10’s role in thermoregulation
could also explain why certain cancers thrive in thermally unstable niches (e.g., testicular
tumors), where disrupted TSGA10-HIF-1α feedback loops might permit metabolic plasticity.
Thus, this bidirectional repression mechanism not only underscores how tumors hijack
metabolic–thermogenic crosstalk to survive stress but also highlights TSGA10 as a potential
therapeutic target to restore mitochondrial fidelity and disrupt cancer’s adaptive energetics.
In our model, the TSGA10 and HIF-1α feedback loop modulates cellular metabolism, fa-
voring glycolysis, heat generation, and ROS production in hypoxia, while in normoxia the
TSGA10-mediated tighter coupling of the ETC within mitochondria favors ATP synthesis,
with lower heat and ROS production (Figure 4).

5.2. Role of Mitochondria Numbers and Blood Circulation in Thermal and Metabolic Stability

The vasculature’s role in heat distribution complements mitochondrial activity, with
blood flow patterns influencing both local and global temperature regulation. For ex-
ample, compared to most tissues, BAT exhibits lower numbers of mitochondria per cell,
but of higher quality as each mitochondrion is highly active, leveraging UCP1-mediated
uncoupling to prioritize thermogenesis over ATP synthesis, with enhanced blood perfusion
facilitating heat dissipation throughout the body [54,55].

Neurons, with their high energy demands, maintain densely packed mitochondria
in synapses to sustain neurotransmission, balancing quantity and quality via mitophagy,
while cerebral blood flow helps maintain optimal brain temperature [45,56].

Conversely, germ cells in testes prioritize mitochondrial quality over quantity, mini-
mizing ROS to protect genomic integrity, with specialized testicular blood flow patterns
contributing to the maintenance of lower scrotal temperatures [57,58]. Pathological states,
such as cancer, disrupt this balance: tumors often amplify mitochondrial numbers but
exhibit dysfunctional OXPHOS, favoring glycolysis, while simultaneously altering blood
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vessel architecture and flow patterns [59]. Thus, tissue-specific strategies in mitochondrial
quantity and activity, coupled with blood-mediated thermal transport, show adaptability
to physiological and environmental stressors [60].

5.3. TSGA10 as a Potential Mitochondrial Regulator in Cancer

Cancer cells exhibit metabolic plasticity, adapting their energy production depend-
ing on microenvironmental conditions such as hypoxia or nutrient stress. In some cases,
tumors exploit mitochondrial uncoupling to minimize ROS accumulation, thereby pre-
venting oxidative damage and supporting survival [61]. Given TSGA10’s hypothesized
role in promoting mitochondrial coupling, its downregulation in cancer may facilitate a
shift toward glycolysis, favoring the Warburg effect, where cancer cells preferentially use
glycolysis over OXPHOS, even in the presence of oxygen [2]. Indeed, it has been suggested
that it is the uncoupling of mitochondrial OXPHOS that drives the shift toward aerobic
glycolysis of cancer cells [62] (Figure 5).

This positions TSGA10 as a potential key mediator of either oncogenesis or tu-
mor suppression, and may help explain the fact that it has been reported to have both
properties [2]. Under cold stress, cancer cells may adopt BAT-like uncoupling to reduce
ROS and generate heat, sustaining proliferation [61]. Concurrently, cold impairs OXPHOS
enzymes like Complex III, promoting ROS accumulation and a glycolytic shift akin to
the Warburg effect [63]. This dual adaptation—uncoupling OXPHOS to survive cold and
shifting to glycolysis for ATP—reflects metabolic reprogramming under thermal duress,
but also describes cancer metabolism: the Warburg effect [64].

It is reasonable to speculate that aberrant thermal conditions may be a driver of
oncogenic metabolic states. The duality in TSGA10 expression and metabolic activity in
postmitotic versus cancer cells highlights TSGA10 as a potential metabolic “switch” that
reinforces the native metabolic state of the cell—OXPHOS in postmitotic cells and glycolysis
suppression in cancer. Its role in stress responses (e.g., hypoxia and drug resistance) further
underscores its adaptability to the cellular context [2].

TSGA10 expression levels reflect a cell’s metabolic priorities—sustaining OXPHOS
in postmitotic cells versus restraining glycolysis in cancer—making it a critical node in
cellular energy homeostasis. Meanwhile, TSGA10’s dual role in mitochondrial coupling
and metabolic reprogramming positions it as a pivotal regulator in cancer biology. By
promoting efficient electron transfer at Complex III and suppressing ROS leakage, TSGA10
potentially reinforces OXPHOS in energy-demanding postmitotic cells. However, its down-
regulation in tumors—a common feature observed in cancers like glioblastoma—may
facilitate mitochondrial uncoupling, a metabolic strategy that minimizes ROS toxicity
while driving the Warburg effect [62,65] (Figure 5). This uncoupling not only aligns with
cancer cells’ reliance on glycolysis for ATP production but also mirrors adaptations to
thermal stress: under cold conditions, tumors may adopt BAT-like uncoupling to reduce
ROS and generate heat, sustaining proliferation [61,63]. Here, TSGA10’s loss could act
as a metabolic “key”, destabilizing OXPHOS fidelity to favor glycolysis, a hallmark of
cancer metabolism. Conversely, in hypoxic or nutrient-deprived microenvironments, resid-
ual TSGA10 activity might paradoxically support tumor survival by balancing ROS and
ATP production, explaining its context-dependent roles as both an oncogene and tumor
suppressor. The interplay between thermal stress and TSGA10 dysfunction further under-
scores how aberrant environmental conditions (e.g., cold-induced OXPHOS impairment)
could drive oncogenic metabolic states, akin to the Warburg effect. Ultimately, TSGA10’s
ability to enforce metabolic priorities—OXPHOS in healthy cells versus glycolysis in can-
cer—highlights its potential as a therapeutic target to disrupt tumor metabolic plasticity
and restore mitochondrial fidelity in malignancies.
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Figure 5. TSGA10’s interaction with CytC1 and its downstream consequences: On the left (blue),
TSGA10 binds to CytC1 in Complex III of the mitochondrial electron transport chain, enhancing
electron transfer and promoting OXPHOS. This leads to improved mitochondrial coupling, increased
ATP production (↑), and reduced reactive oxygen species (ROS) levels (↓), as indicated by green
checkmarks. On the right (red), loss of TSGA10 disrupts mitochondrial coupling (×), decreases ATP
output (↓), and increases ROS production (↑), which triggers HIF-1α stabilization, DNA damage, and
oncogenic signaling due to mitochondrial dysfunction and metabolic reprogramming. TSGA10

5.4. TSGA10 Is Expressed in Postmitotic Energy-Demanding Cells

Body temperature, regulated by the hypothalamus, is maintained at approxi-
mately 37 °C, a condition under which TSGA10 exhibits minimal expression. How-
ever, mitochondria-rich postmitotic cells—such as those in the testis, retina, neurons,
and nephrons—display significantly higher levels of ciliary–centrosomal proteins like
TSGA10 [3,66]. These cells share common features, including a high metabolic rate, limited
regenerative capacity due to their postmitotic nature, complex structure and function,
temperature-sensitive ion channels, blood-barrier systems, and distinct Heat Shock Protein
(HSP) expression. These metabolically active cells—especially spermatocytes—contain
tightly coupled mitochondria to meet their substantial ATP demands for maintaining ion
gradients, synaptic transmission (in neurons), and other energy-intensive processes. Their
high coupling efficiency ensures that most energy from OXPHOS is directed toward ATP
synthesis rather than heat production, minimizing proton leakage and optimizing the
proton motive force for ATP generation.

In the testis, particularly in sperm cells, TSGA10 expression is exceptionally high,
coinciding with a significantly lower tissue temperature (32–33 °C). While tissue temper-
ature and TSGA10 expression are independently regulated, they operate synergistically,
as a coordinated response to the high metabolic demands of sperm cells. Management of
heat generation is a common theme in TSGA10-expressing cells. Excessive heat generation
could lead to protein denaturation and impaired motility or function, so minimizing heat
production through efficient coupling is vital for functional integrity.

In summary, some specialized postmitotic cells exhibit tightly coupled mitochon-
dria to meet their high energy demands while minimizing thermal stress. This coupling
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reflects their unique functional roles and the critical need for efficient energy produc-
tion, contrasting with other cell types that tolerate greater variability in energy and
heat generation. The interplay between temperature, TSGA10 expression, and mitochon-
drial coupling underscores the sophisticated adaptations of these cells to their specific
physiological environments.

6. Conclusions

The proposed role of TSGA10 in thermoregulation has several implications. In the
testis, TSGA10’s high expression aligns with its need for precise temperature regulation
during spermatogenesis. Disruptions in TSGA10 expression or function could compromise
mitochondrial coupling, leading to excessive heat production and impaired fertility. In
the brain, TSGA10 may protect neurons from hyperthermic damage by maintaining mi-
tochondrial efficiency. Given the brain’s reliance on stable ion gradients and metabolic
homeostasis, TSGA10 could play a crucial role in preventing heat-induced neuronal dys-
function. Meanwhile, the liver’s low TSGA10 expression may reflect its inherent tolerance
to higher physiological temperatures, underscoring the tissue-specific nature of TSGA10’s
thermoregulatory role. While the evidence supporting TSGA10’s role in thermoregulation
and cancer is compelling, several questions remain.

Does TSGA10 directly modulate cytochrome c reductase activity? Could TSGA10
act at the intermembrane space or inner boundary membrane to influence Complex III
maturation? How does HIF-1α regulation of TSGA10 vary between thermosensitive and
thermally robust tissues? Investigating this interplay could reveal novel insights into
tissue-specific thermoregulation. Moreover, could TSGA10 modulation be leveraged to
protect against hyperthermia-induced damage in conditions such as heatstroke and febrile
illnesses? In conclusion, TSGA10 represents a promising candidate in the molecular regula-
tion of cellular thermoregulation. By promoting mitochondrial coupling and minimizing
uncoupling-related heat production, TSGA10 may act as a guardian of thermosensitive
tissues. The interplay between TSGA10, CytC1, and HIF-1α highlights a complex regulatory
network that balances energy efficiency and thermogenesis in response to physiological
demands. Future research will illuminate whether this axis can be harnessed for therapeutic
interventions, offering new avenues for protecting human cells from the dual threats of
hyperthermia and metabolic stress.

TSGA10’s dual association with Complex III (via CytC1) and Complex IV-linked
HIF-1α pathways positions it as a critical orchestrator of mitochondrial fidelity, with
profound implications for cancer. In our model, by stabilizing electron transfer at Com-
plex III, TSGA10 can enhance mitochondrial coupling, ensuring efficient ATP synthesis
while minimizing ROS leakage—a safeguard against genomic instability. As previously
reported [2], TSGA10 expression exhibits two distinct phases—downregulation and upreg-
ulation—during cancer progression. TSGA10 overexpression may indicate a compensatory
action of TSGA10 and its tumor suppressor functionality. However, in a phase of cancer
progression where TSGA10 is downregulated (e.g., glioblastoma), perhaps under HIF-1α

pressure, disrupted coupling at Complex III may promote electron leakage, elevating
ROS to mutagenic levels that drive oncogenic mutations. Concurrently, TSGA10’s mu-
tual counter-regulation with HIF-1α hypoxia-activated promotion of glycolysis—creates a
metabolic tug-of-war. In tumors, HIF-1α dominance suppresses TSGA10, locking cells into
the Warburg effect [62], while TSGA10 deficiency might destabilize Complex III, exacerbat-
ing mitochondrial dysfunction and ROS-driven stress adaptation. This bidirectional axis
may explain TSGA10’s paradoxical roles in cancer: in thermosensitive tissues like the testis,
its high expression could suppress HIF-1α to maintain OXPHOS and thermal stability,
protecting against malignant transformation, whereas in thermally resilient tissues like the
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liver, low TSGA10 levels may permit HIF-1α-driven glycolytic reprogramming, facilitating
tumorigenesis. The tissue specificity of TSGA10’s function—critical in brain and testes but
dispensable in liver—mirrors cancer vulnerabilities, where loss of TSGA10 in thermoregula-
tory tissues could permit heat-induced microenvironmental remodeling (e.g., angiogenesis
and immune evasion). Thus, TSGA10 emerges as a metabolic–thermogenic rheostat, whose
dysregulation at Complex III and crosstalk with HIF-1α may underpin the metabolic plastic-
ity that fuels carcinogenesis, offering novel strategies to target mitochondrial vulnerabilities
in tumors.
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Simple Summary: Metastatic prostate cancer is a serious condition with limited treatment
options that offer long-term control. In recent years, new oral hormonal therapies have
improved outcomes in patients with hormone-sensitive metastatic disease. Additionally,
focused radiation techniques such as stereotactic body radiotherapy (SBRT) have been used
to target individual cancer lesions. However, it is still unclear how these strategies work
together in real-life clinical practice. This study evaluated the combination of a hormonal
therapy called apalutamide with SBRT in patients from multiple centers across Spain. We
observed high rates of tumor control and very low levels of side effects. Our results suggest
that combining these treatments may delay the need for more aggressive therapies and help
patients maintain a better quality of life. These findings support the use of this approach in
selected patients with metastatic prostate cancer.

Abstract: Background: The management of metastatic hormone-sensitive prostate cancer
(mHSPC) has evolved with the integration of androgen receptor signaling inhibitors (ARSIs)
and metastasis-directed therapies (MDTs). Stereotactic body radiotherapy (SBRT) offers
precise local control, yet real-world data on its combination with apalutamide remain
limited. Methods: We conducted a multicenter retrospective cohort study including 134
patients with mHSPC treated with apalutamide and SBRT between February 2021 and
December 2024. The primary endpoints were progression-free survival (PFS), local control
(LC), and treatment safety. PSA kinetics and radiologic response were evaluated, and
outcomes were analyzed according to PSA thresholds and treatment timing. Results:
Most patients (93.3%) had low-volume disease; 97.1% presented with ≤5 metastases. At a
median follow-up of 28 months, LC was 99.3% and 95.5% of patients were progression-free.

Cancers 2025, 17, 2216 https://doi.org/10.3390/cancers17132216
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Complete radiological response was achieved in 87.5% of patients, and 68.4% attained
ultralow PSA levels (≤0.02 ng/mL). Undetectable PSA and radiologic complete response
were independently associated with improved PFS (p = 0.010 and p = 0.011, respectively).
Treatment was well tolerated, with grade ≥3 toxicity occurring in only 2.2% of patients.
Conclusions: The combination of apalutamide and SBRT in mHSPC is associated with
high local and systemic disease control and minimal toxicity in a real-world setting. This
approach may delay systemic treatment intensification and the onset of castration resistance.
Prospective studies are warranted to confirm these findings.

Keywords: metastatic prostate cancer; apalutamide; stereotactic body radiotherapy; SBRT;
androgen receptor signaling inhibitors; real-world study; PSA response; metastasis-directed
therapy; oligometastatic disease

1. Introduction

Prostate cancer (PC) is one of the most common malignancies among men worldwide,
representing a major public health burden due to its high incidence and the increasing
life expectancy of the population [1,2]. In Europe, it accounts for approximately one in
ten new cancer cases, and in Spain, although the incidence exceeds 12%, the majority
of patients exhibit a high five-year survival rate, reflecting the efficacy of treatments in
localized stages [3,4]. Approximately 4% of cases are diagnosed at the metastatic stage,
either synchronously or metachronously, which is associated with a poorer prognosis [5,6].

In metastatic hormone-sensitive prostate cancer (mHSPC), the response to treatment is
heterogeneous and depends on both clinical and biological factors [7]. Stratification based
on tumor burden and the timing of metastasis onset has shown prognostic relevance [8,9].
These distinctions have contributed to the development of individualized therapeutic
strategies aimed at optimizing clinical outcomes [10]. Historically, androgen deprivation
therapy (ADT) monotherapy has been the standard treatment for these patients. However,
progression to castration-resistant disease in a proportion of cases has driven the adoption
of combination therapeutic approaches [11,12].

Over the past decade, the treatment landscape has evolved significantly with the
introduction of androgen receptor signaling inhibitors (ARSIs), which have demonstrated
improvements in overall survival (OS) and progression-free survival (PFS) when adminis-
tered in combination [13–20].

Despite the advances observed in clinical trials, their implementation in real-world
practice continues to present challenges. Factors such as comorbidities, advanced age,
patient preferences, and regional disparities in access to therapies may influence both
treatment selection and effectiveness. Moreover, the limited representation of certain
subgroups in pivotal trials restricts the generalizability of the findings [15–19].

In this context, it is essential to complement clinical trial data with observational
studies that reflect the effectiveness of treatments in routine clinical practice. This type of
evidence is key to optimizing therapeutic sequencing, improving patient selection, and
reducing the gap between clinical guidelines and real-world care. Specifically, in the
management of mHSPC, stereotactic body radiation therapy (SBRT) has emerged as a
relevant therapeutic option for patients with oligometastatic disease, allowing effective
local control (LC) of metastases with an acceptable toxicity profile [21–23].

The objective of the present study is to evaluate the efficacy and safety of metastasis-
directed therapy (MDT) using SBRT in mHSPC patients treated with apalutamide. Through
a retrospective cohort analysis, we aim to assess the impact of SBRT as a complementary
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strategy in the management of metastatic disease, with the goal of delaying the initiation
of a new systemic therapy (SST) line. This study aims to address this gap by evaluating
the real-world impact of SBRT combined with apalutamide in a population with heteroge-
neous metastatic burden, thereby exploring an intermediate therapeutic approach between
systemic intensification alone and MDT in isolation.

2. Materials and Methods

2.1. Study Design

Following approval by the ethics committee, a retrospective observational study was
conducted, including mHSPC patients treated with apalutamide who also received MDT.
Apalutamide was selected as the androgen receptor signaling inhibitor for this study
because it is the most widely used agent in our clinical setting for patients with metastatic
hormone-sensitive prostate cancer. Consequently, the cohort reflects real-world clinical
practice in our region. All eligible patients from the participating centers who received
both apalutamide and metastasis-directed SBRT for metastatic hormone-sensitive prostate
cancer. The inclusion period was from February 2021 to December 2024, and data were
collected at 8 centers nationwide.

2.2. Data Collection

Clinical data were extracted from electronic medical records, and follow-up was
maintained until the end of the observation period or death, whichever occurred first.
Collected variables were categorized into baseline characteristics and clinical outcomes
following MDT.

Baseline data included age, prostate-specific antigen (PSA) level, type and location
of metastases, date of apalutamide initiation, and time from apalutamide initiation to
SBRT administration.

Treatment outcomes included LC, PFS, OS, toxicity (classified according to CTCAE
v5.0), and PSA kinetics following treatment.

PSA values were collected retrospectively from electronic medical records. There
was no standardized prospective protocol in place to define specific time points for PSA
measurement. However, in the majority of cases, PSA levels were available at key clinical
milestones: at the initiation of apalutamide, approximately one month after treatment
initiation, prior to metastasis-directed radiotherapy, and during follow-up visits—typically
every three months. These time points were selected for analysis because they represented
the most consistently documented measurements across participating centers. Comparisons
were made between groups based on disease volume, metastasis location, and number
of lesions treated. Further stratification was conducted according to the time interval
between apalutamide initiation and SBRT (≤ or >3 months). LC was defined as the absence
of radiological progression in treated lesions, assessed by conventional imaging or next-
generation imaging (NGI), based on the initial diagnostic imaging modality (PET/CT,
CT, bone scan). In patients with de novo oligometastatic disease, the primary prostate
tumor was treated with radiotherapy in all cases. This uniform approach was intended to
optimize local control and is consistent with current evidence supporting the treatment of
the primary tumor in the oligometastatic setting.

Toxicity data were collected retrospectively through a systematic review of electronic
medical records at all participating centers. The evaluation was based on physician-reported
adverse events documented during follow-up visits, and grading was assigned retrospec-
tively according to CTCAE v5.0 criteria. Toxicity reporting was performed uniformly across
centers following a standardized data collection template designed for the study.
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2.3. Statistical Analysis

A descriptive analysis of baseline characteristics, progression patterns, and clinical
events post-treatment was performed. Categorical variables were expressed as absolute
frequencies and percentages, while continuous variables were summarized using medians
and interquartile ranges.

PFS, LC, and OS were estimated using the Kaplan–Meier method and compared using
the log-rank test. Cox regression models were employed to explore associations between
clinical factors (metastatic burden, location, time to progression, PSA levels) and outcomes
of interest. A p-value of <0.05 was considered statistically significant. Data analysis was
conducted using SPSS for Windows, version 25.0 (IBM Corp. Armonk, NY, USA).

3. Results

3.1. Baseline Characteristics

The study cohort included 134 patients with mHSPC, the majority of whom were
diagnosed using next-generation imaging (NGI) techniques (83.8%). Most patients pre-
sented with low-volume metastatic disease (93.3%). A detailed description of baseline
characteristics is provided in Table 1.

Table 1. Baseline characteristics of patients.

n: 134

Median age at the start of treatment 73 years (56–87)

Type of patient (proportion, n)

Synchronous debut 24.6% (33)

Metachronous biochemical recurrence 75.4% (101)

Diagnostic PSA (median) 8.38 ng/mL (0.25–158)

Metastasis location (proportion, n)

Extrapelvic nodal (M1a) 26.8% (36)

Bone (M1b) 68.7% (92)

Visceral (M1c) 4.5% (6)

3.2. Lesion Distribution and Characteristics of Metastatic Disease

A total of 97.1% of patients presented with fewer than five lesions at diagnosis, al-
though not all lesions were necessarily treated. Not all metastatic lesions were treated
because some patients presented with multiple metastases, and the approach to SBRT
varied across participating centers. In certain institutions, the clinical decision was made
to target only selected lesions based on factors such as lesion size, location, symptoma-
tology, and institutional protocols. Bone lesions accounted for 62.7% of SBRT treatments,
extrapelvic nodal metastases for 29.1%, and visceral metastases for 3%. A single lesion was
treated in 66.2% of patients, two lesions in 22.8%, three lesions in 8.8%, and four lesions
in 2.2%.

3.3. Fractionation Scheme

The distribution of dose per fraction was analyzed, with the most common regimen
being 10 Gy in 3 fractions (30.1%), followed by 9 Gy in 3 fractions (16.9%) and 7.5 Gy in
6 fractions (12.5%). All fractionation schemes used delivered a Biologically Effective Dose
(BED) greater than 100 Gy.
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3.4. PSA Levels

A PSA reduction of more than 90% from baseline during the first follow-up after
ARSI initiation was achieved in 21.3% of patients. The median PSA level before SBRT was
0.96 ng/mL (range: 0.01–140 ng/mL), and a median PSA of 0.06 ng/mL was observed
following metastasis-directed therapy.

In 12.5% of patients, no PSA response was observed after ARSI initiation; however,
among these, 47% achieved a >90% PSA response following the addition of MDT.

Patients were stratified based on whether they achieved ultralow PSA levels, defined
as UL1 (0.02–0.2 ng/mL) and UL2 (≤0.02 ng/mL), in an effort to closely monitor those
who did not reach UL2 values. At 28 months of follow-up, 68.4% of patients had reached
UL2 levels and 25.7% UL1.

3.5. PFS, LC, and OS

The median follow-up was 28 months. Following combination treatment, 87.5% of
patients achieved complete response (CR), 10.3% partial response (PR), and 2.2% stable
disease (SD). A radiological response was observed in 99.3% of patients at the early assess-
ment (3 months) after MDT. Radiological response was assessed using the same imaging
modality initially employed to detect the metastatic lesions in the majority of patients, most
commonly PET-CT or bone scintigraphy. Response was evaluated based on radiological
criteria, defined as complete disappearance of the treated lesion(s) for complete response, a
reduction in lesion size or metabolic activity for partial response, and no significant change
for stable disease.

In PFS analysis, 95.5% of patients remained progression-free at the time of data cutoff.
LC was 99.3%, with only one patient showing persistent disease after MDT.

Treatment response was identified as an independent prognostic factor for disease
progression, with a 13-fold increased risk in patients who did not achieve CR (HR 13.144,
95% CI: 1.804–95.781; p = 0.011).

PFS was significantly longer in patients who achieved undetectable PSA levels
(≤0.02 ng/mL), reaching 44.68 months (95% CI: 44.02–45.29), compared to 42.51 months
(95% CI: 39.57–46.20) in those with PSA > 0.02 ng/mL (p = 0.010).

Achieving a UL2 PSA level was associated with improved OS (HR 3.095, 95% CI: 0.868–
11.039; p = 0.082), showing a trend without reaching statistical significance. In multivariate
analysis, UL2 PSA levels were identified as an independent prognostic factor for disease
progression (HR 9.949, 95% CI: 1.158–85.469; p = 0.036).

The Kaplan–Meier curves illustrating disease-free survival (DFS) and OS are shown in
Figures 1–3.

3.6. Acute and Chronic Toxicity After MDT

Only 2.2% of patients experienced grade 3 (G3) acute toxicity, while G1 and G2 toxicity
were observed in 22.1% and 8.1% of cases, respectively. Chronic toxicity was reported as
G1 in 14.2% and G2 in 2.2%, with G3 events (2.2%) predominantly consisting of asthenia
(1.5%) and pain (0.7%).
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Figure 1. Kaplan–Meier curve of disease-free survival (DFS) stratified by PSA levels ≤ 0.02 ng/mL
and >0.02 ng/mL.

Figure 2. Kaplan–Meier curves of disease-free survival (DFS) according to treatment response.
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Figure 3. Kaplan–Meier curve of overall survival (OS) stratified by PSA levels ≤ 0.02 ng/mL and
>0.02 ng/mL.

4. Discussion

In this multicenter retrospective study, we aimed to evaluate the synergistic effect of
SBRT combined with ARSI in patients with mHSPC, without the emergence of significant
toxicity when both therapies are administered together.

In a clinical context where optimizing treatment sequencing is crucial to prolong
systemic therapy efficacy, our findings suggest that metastasis-directed therapy (MDT) via
SBRT may provide meaningful clinical benefits. These include delaying the initiation of fur-
ther systemic therapies and potentially postponing the onset of castration resistance. This
approach aligns with the findings of the SABR-COMET trial [24], which demonstrated that
SBRT in oligometastatic patients not only improves local control but is also associated with
extended overall survival, supporting its role as an effective component of comprehensive
metastatic disease management.

A key finding in our cohort was the high disease control rate. At three months post-
treatment, 87.5% of patients achieved CR, a proportion that remained stable throughout
follow-up. This suggests a substantial systemic and local impact of the combined therapeu-
tic strategy. Moreover, the marked PSA decline following SBRT highlights the potential of
MDT to intensify treatment in high-risk patients by reducing tumor clone burden.

Subgroup analysis identified both early clinical response and post-treatment PSA
levels as independent prognostic factors. Patients achieving CR demonstrated significantly
longer disease-free survival (DFS) compared to those with partial response or stable disease,
emphasizing the clinical utility of early response as an efficacy marker. Additionally, PSA
levels after SBRT were significantly correlated with outcomes; a PSA ≤ 0.02 ng/mL was
associated with improved DFS and OS. These results support PSA not only as a marker
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of therapeutic response but also as a prognostic indicator following MDT, consistent with
prior studies identifying PSA < 0.02 ng/mL as predictive of disease evolution [25–27].

Our study demonstrated excellent local control, reinforcing SBRT as a precise and
effective modality for targeting progressive metastatic lesions. In the EXTEND study [28],
combining systemic therapy with MDT in oligometastatic mHSPC improved radiographic
PFS (rPFS) compared to systemic therapy alone, with benefits in PFS and delayed systemic
treatment intensification—without a significant increase in toxicity. Although our event
numbers are limited, our results are encouraging and support the use of SBRT as a strategy
to prolong the duration of systemic response.

It is also noteworthy that most of the patients in our cohort had low-volume disease
and predominantly bone metastases, which may have contributed positively to both local
control and reduced toxicity. These findings are consistent with the literature, which
identifies patients with low-volume disease as those most likely to benefit from local
intensification strategies without altering systemic therapy [29–31], as exemplified by the
PERSIAN trial [32] evaluating SBRT in oligometastatic HSPC.

In terms of safety, the observed toxicity profile was favorable, with most adverse
events being mild to moderate, indicating good tolerability of the treatments in this patient
population. This toxicity profile is similar to that reported in SBRT-treated patients with
castration-resistant prostate cancer (CRPC) [33].

The combination of SBRT and hormonal therapy represents an emerging therapeutic
strategy in mHSPC. The synergy lies in SBRT’s ability to eradicate visible metastases while
hormonal therapy targets undetectable micrometastatic disease, optimizing overall disease
control. The RADIOSA trial [34] was the first randomized study in oligometastatic mHSPC
to demonstrate a significant improvement in PFS with the addition of short-term ADT to
SBRT compared to SBRT alone. However, it also suggests that carefully selected patients
may benefit from SBRT monotherapy, highlighting the importance of individualized treat-
ment selection. This approach could allow for initial SBRT alone, postponing or reducing
the duration of systemic therapy and avoiding its cumulative toxicity.

Moreover, the potential immunomodulatory effect of SBRT, through mechanisms such
as the abscopal effect and increased antigen presentation, could complement systemic
treatments by enhancing anti-tumor responses beyond the irradiated sites. These biological
interactions may partially explain the sustained disease control observed in a substantial
proportion of our cohort. The favorable safety profile of SBRT further reinforces its role as
a viable option, particularly in patients with limited disease burden and long disease-free
intervals. Taken together, these findings support the rationale for integrating SBRT into
the therapeutic algorithm of mHSPC, not only as a palliative measure but as a disease-
modifying strategy within a multimodal approach.

The Wolverine meta-analysis [35], which pooled data from multiple randomized trials,
supports the benefit of MDT across several survival-related outcomes in oligometastatic
mHSPC. This combined analysis showed improved PFS with MDT compared to no MDT,
regardless of whether patients presented de novo, the staging modalities used, castration
sensitivity status, or the inclusion of ADT.

The main limitations of our study include its retrospective design and lack of a
control group, limiting the ability to establish direct causality. Ongoing studies, such as
the phase II Trial of Stereotactic Body Radiation Therapy and Androgen Deprivation for
Oligometastases in Prostate Cancer (SBRT-SG 05) [36], aim to address these questions.
Additionally, the limited number of progression events in our cohort restricts the statistical
power for more robust multivariate analyses. Nevertheless, the multicenter design and
inclusion of a cohort representative of real-world clinical practice lend strength and practical
applicability to our findings.
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Although our findings suggest favorable oncologic outcomes, the retrospective nature
of the study and absence of a control group limit the ability to draw causal conclusions,
particularly regarding survival benefit. Attempts to construct a matched or historical
control cohort were not feasible due to variability in treatment approaches and incomplete
data in non-SBRT populations. Therefore, our results should be interpreted as hypothesis-
generating and reflective of real-world practice.

Nevertheless, the multicenter design and inclusion of a cohort representative of real-
world clinical practice lend strength and practical applicability to our findings. The consis-
tency of clinical benefit observed across participating centers reinforces the external validity
of the results and supports the feasibility of incorporating metastasis-directed therapy into
routine management of mHSPC.

5. Conclusions

SBRT appears to be an effective and well-tolerated therapeutic option in patients
with mHSPC treated with apalutamide. Our results reinforce the synergy between both
treatments, showing limited toxicity while potentially delaying the onset of castration
resistance and the initiation of new systemic therapies. This may positively impact both
disease control and patient quality of life. These findings support the value of MDT as a
complementary tool in the personalized management of mHSPC and underscore the need
for prospective studies to validate these outcomes in larger cohorts.
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Abbreviations

ADT Androgen Deprivation Therapy
ARSI Androgen Receptor Signaling Inhibitors
BED Biologically Effective Dose
BS Bone Scan
CR Complete Response
CT Computed Tomography
CTCAE Common Terminology Criteria for Adverse Events
Fig Figure
G Grade
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LC Local Control
mHSPC Metastatic Hormone-Sensitive Prostate Cancer
MDT Metastasis-Directed Therapy
OS Overall Survival
PET/CT Positron Emission Tomography/Computed Tomography
PC Prostate Cancer
PR Partial Response
PSA Prostate Specific Antigen
PFS Progression-Free Survival
rPFS Radiographic Progression–Free Survival
SBRT Stereotactic Body Radiation Therapy
SD Stable Disease
SST Subsequent Systemic Therapy
UL1 PSA Ultralow 1 Prostate Specific Antigen
UL2 PSA Ultralow 2 Prostate Specific Antigen
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