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REVIEW ARTICLE

FBXW?7 in leukemia: A critical regulator of
oncogenic stability and a potential therapeutic
target

and Bin Liu*

Jiangsu Key Laboratory of Marine Pharmaceutical Compound Screening, College of Pharmacy,
Jiangsu Ocean University, Lianyungang, Jiangsu, China

Xiuming Li

(This article belongs to the Special Issue: Advances in Tumor Immune Regulation: Mechanisms and
Therapeutic Insights)

Abstract

F-Box and WD repeat domain-containing 7 (FBXW?7) is a key tumor suppressor
and substrate-recognition component of the Skp1-Cullin-F-box E3 ubiquitin
ligase complex, responsible for targeting several crucial oncogenic proteins for
proteasomal degradation. It plays a significant role in preventing the accumulation
of pro-oncogenic substrates, thereby maintaining cellular homeostasis. Mutations
or inactivation of FBXW?7 disrupt these processes, leading to the stabilization of
oncogenic proteins such as c-Myc, Notch, myeloid cell leukemia 1, and cyclin E,
which drive malignant transformation in several cancers, including hematological
malignancies such as T-cell and B-cell acute lymphoblastic leukemia. These mutations
contribute to resistance to apoptosis, dysregulated proliferation, and poor prognosis,
highlighting FBXW?7 as a critical factor in leukemia pathogenesis and a promising
therapeutic target. Here, we review FBXW?7's structure and function, its key substrates
inleukemia, and therapeuticstrategiesthatrestoreitsfunction ortarget the oncogenic
pathways it regulates. Advances in genome-wide CRISPR screenings and proteomics
have further illuminated FBXW?7's involvement in multidrug resistance, positioning it
as a biomarker and therapeutic target for improving leukemia treatment outcomes.

Keywords: F-Box and WD repeat domain-containing 7; Leukemia; Ubiquitin-proteasome
pathway; c-Myc; Notch; Myeloid cell leukemia 1; Tumor suppressor; Therapeutic target

1. Introduction
1.1. Overview of leukemia

Leukemia is a highly heterogeneous hematologic malignancy, characterized by the
abnormal proliferation of leukemia cells in the hematopoietic system.! These cells
lose normal regulation of proliferation and differentiation. This condition often arises
from clonal genetic mutations in hematopoietic stem or progenitor cells, which cause
these cells to transform into leukemia cells under uncontrolled conditions.? Genetic
mutations, chromosomal aberrations, and epigenetic alterations not only grant leukemia
cells abnormal proliferative capacity but also lead to the loss of normal differentiation
function.® As a result, these cells remain in an undifferentiated or poorly differentiated
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state, unable to complete normal differentiation programs,
and continue to proliferate in the bone marrow, peripheral
blood, and other tissues. This abnormal proliferation is
driven by dysregulated cell cycle control, differentiation
inhibition, and enhanced self-renewal ability. For example,
certain leukemia cells acquire specific mutations that
disrupt negative feedback regulation of proliferation,
further exacerbating uncontrolled cell division by altering
cyclin expression or activating abnormal signaling
pathways. In addition, these leukemia cells typically lack
the ability to respond to death signals, allowing them to
evade apoptosis and enhance their survival within the
body°> The unchecked proliferation of leukemia cells
breaks through normal regulatory mechanisms, leading to
the accumulation of large numbers of leukemia cells in the
blood, disrupting hematopoiesis, and triggering a series of
clinical symptoms, including anemia, thrombocytopenia,
and neutropenia, which manifest as fatigue, bleeding
tendencies, and increased susceptibility to infections.®
Since normal hematopoietic cells in the bone marrow
are replaced by leukemia cells, the patients immune
function is severely compromised, making them highly
susceptible to bacterial, viral, and other infections, further
exacerbating the condition.” Therefore, the treatment of
leukemia requires not only controlling the proliferation
of leukemia cells but also restoring the normal function of
the hematopoietic system, alleviating the patient’s clinical
symptoms, and improving their quality of life and survival
rate.

Leukemia is broadly classified based on the lineage of
the affected hematopoietic cells (myeloid or lymphoid)
and the degree of cellular maturity (acute or chronic).® The
most common types of leukemia include (Figure 1):

(i) Acute myeloid leukemia (AML)% Characterized by
the rapid accumulation of immature myeloid blasts in
the bone marrow."

(ii) Acute lymphoblastic leukemia (ALL)"™:
immature lymphoblasts and is more common in
children.’? ALL can be further subdivided into T-cell
ALL (T-ALL)"® and B-cell ALL (B-ALL).*

(iii) Chronic myeloid leukemia (CML)": Typically
progresses from a chronic phase with more mature
myeloid cells to a more aggressive blast crisis.*®

(iv) Chronic lymphocytic leukemia (CLL)Y: A slow-
growing leukemia of more mature lymphocytes,
commonly affecting older adults.

Involves

The clinical manifestations of leukemia include fatigue,
recurrent infections, easy bruising, and bleeding,'® caused by
the impaired production of normal blood cells.” Advances
in molecular diagnostics have revealed a wide array of
genetic mutations driving the various leukemia subtypes.?

Key oncogenes and tumor suppressors, such as NOTCH1
in T-ALL* and Breakpoint Cluster Region-Abelson (BCR-
ABL)? in CML, are implicated in the development and
progression of these malignancies. Understanding the
molecular landscape of leukemia has enabled more precise
diagnostic tools and targeted therapies.

1.2. Leukemia in China: Incidence and risk factors

In China, leukemia remains a major public health issue,
particularly affecting children and young adults.**** The
high incidence of leukemia, along with challenges in early
diagnosis and treatment, poses complex health threats
to this population. Due to the incomplete development
of the immune system in children and young people,
coupled with susceptibility to environmental pollution,
genetic factors, and other influences, the incidence of
leukemia is especially prominent in this group.”® Recent
epidemiological data indicate that the annual incidence
of leukemia is approximately 3 - 4 cases per 100,000
people,® with ALL being the most common cancer
among children,” peaking between the ages of 2 and 5.%
In adults, the incidence of AML and CLL is relatively
higher.” Leukemia has become one of the leading causes
of cancer-related deaths among children and young adults
in China. This phenomenon highlights the urgent need for
improvements in early diagnosis, effective prevention, and
treatment strategies for leukemia, to reduce the disease
burden and improve patient survival rates.

Multiple factors are associated with the etiology of
leukemia, including genetic susceptibility, environmental
exposures (e.g., radiation, benzene, and pesticides),
and viral infections. For instance, exposure to ionizing
radiation or chemical carcinogens has been linked to
increase leukemia risk.** Genetic predisposition also
plays a role, with certain inherited disorders, such as Li-
Fraumeni syndrome® and Fanconi anemia,*” predisposing
individuals to leukemia. In addition, viral infections such
as Epstein-Barr virus® and human T-cell lymphotropic
virus type 1°* have been implicated in the development of
leukemia.

1.3. Molecular pathogenesis of leukemia

Leukemia arises from the accumulation of genetic
mutations® and chromosomal abnormalities® that disrupt
normal cell signaling pathways, cell cycle checkpoints, and
apoptosis. These genetic lesions often involve oncogenes,
tumor suppressor genes, and epigenetic regulators, which
collectively drive the clonal expansion of leukemic cells.

For example, BCR-ABL, generated by the t(9;22)
chromosomal translocation, is a characteristic marker
of CML.”” The BCR-ABL fusion protein possesses
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Figure 1. The most common types of leukemia
Abbreviations: B-ALL; B-cell acute lymphoblastic leukemia; T-ALL: T-cell acute lymphoblastic leukemia.

constitutively active tyrosine kinase activity,”® which drives
uncontrolled cell proliferation by activating downstream
signaling pathways such as RAS/MAPK,* PI3K/AKT,*
and STATS5,* thereby promoting leukemia development.
Similarly, in AML, mutations in genes such as FLT3,*
NPM1,” and CEBPA* are also common. These mutations
lead to abnormal proliferation of myeloid precursor
cells and inhibit their differentiation process. In T-ALL,
mutations in the NOTCHI gene are frequently observed,
resulting in continuous activation of the Notch signaling
pathway, which promotes T-cell proliferation and leukemia
progression.”” Typical symptoms of T-ALL include
persistent fever, lymphadenopathy, hepatosplenomegaly,
anemia, bleeding tendencies (such as petechiae or
epistaxis), and increased susceptibility to infections.” In
addition, mutations in tumor suppressor genes such as
F-box and WD repeat domain-containing 7 (FBXW?7) are
also common genetic alterations in T-ALL and other types
of leukemia.”” As an important regulatory factor, FBXW?7
is responsible for the degradation of key oncogenic
proteins. When FBXW?7 function is lost, the stability of its
oncogenic substrates, such as c-Myc and Notch, increases,
further promoting leukemia progression and potentially
leading to treatment resistance.*® Therefore, understanding
these genetic alterations is of critical importance for the
diagnosis, prognostic assessment, and development of
targeted therapeutic strategies for leukemia.

Treatment approaches for leukemia have evolved
considerably in recent decades, with the advent of
chemotherapy, targeted therapies, immunotherapy, and
hematopoietic stem cell transplantation.” However,
many patients develop resistance to therapy, relapse, or
experience significant toxicity, underscoring the need for
novel therapeutic approaches that target the underlying
molecular mechanisms of leukemia.

2. Structure and function of FBXW7
2.1. Structural insights into FBXW7

FBXW?7 (also known as hCDC4 or SEL-10)* is one of the
best-characterized members of the F-box protein family.
As part of the Skpl-Cullin-F-box (SCF) E3 ubiquitin
ligase complex, FBXW?7 serves as the substrate recognition
subunit,”® targeting specific proteins for ubiquitin-
mediated degradation through the proteasome. The
degradation of these substrates is essential for regulating
critical cellular processes such as cell cycle progression,
apoptosis, differentiation, and signal transduction.

Substrate specificity of FBXW?7 is dictated by its WD40
repeat domain,” a (-propeller structure that recognizes
phosphorylated degron motifs on its target proteins.”
This interaction is dependent on the phosphorylation
status of the substrate, often mediated by upstream kinases
like glycogen synthase kinase 3.°> Once a substrate is
phosphorylated at specific serine or threonine residues,
FBXW?7 binds to the phosphorylated degron, marking the
protein for ubiquitination.™

The F-box domain, located at the N-terminal region
of FBXW7, binds to Skpl,” anchoring FBXW7 to the
larger SCF complex. Together with Cullinl (Cull)*® and
Rbx1 (Rocl),” the SCF complex facilitates the transfer of
ubiquitin from an E2-conjugating enzyme to the substrate,
tagging it for proteasomal degradation. This modular
structure allows FBXW?7 to play a crucial role in maintaining
protein homeostasis by regulating the timely turnover of key
regulatory proteins involved in oncogenesis (Figure 2).

2.2.The role of FBXW?7 in cellular homeostasis and
tumor suppression

FBXW?7 is integral to the regulation of several key cellular
processes, including cell cycle progression, apoptosis,
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Figure 2. Structure and function of FBXW7

Abbreviations: CULL: Cullin 1; E2: Ubiquitin-conjugating enzyme E2; FBXW?7: F-box and WD repeat domain-containing 7; RBX1: RING-box protein 1;

SKP1: S-phase kinase-associated protein 1; Ub: Ubiquitin.

and differentiation.”® By targeting oncogenic proteins

for degradation, FBXW?7 prevents their accumulation

and ensures that cells progress through the cell cycle in

a controlled manner, undergo apoptosis when necessary,

and maintain proper differentiation. Some of the major

processes regulated by FBXW7 include (Figure 3):

(i) Cell cycle regulation: FBXW?7 controls the progression
of the cell cycle by degrading cyclin E,* a key regulator
of the G1-to-S phase transition.®® In the absence of
FBXW?7, cyclin E levels become dysregulated, leading
to unchecked entry into S phase, excessive DNA
replication stress, and genomic instability.*'

(ii) Apoptosis: FBXW7 also regulates apoptosis by
targeting the anti-apoptotic protein Myeloid
cell leukemia 1 (MCL-1) for degradation.” By
maintaining the appropriate levels of MCL-1, FBXW7
ensures that cells with significant DNA damage or
other stressors undergo apoptosis. Dysregulation of
MCL-1 degradation due to FBXW?7 loss contributes to
apoptosis resistance® and tumor survival.®*

(iii) Signal transduction: FBXW7 regulates several
oncogenic signaling pathways, most notably the
Notch signaling pathway. The Notch intracellular
domain (NICD)® is a transcription factor that
drives the expression of genes critical for T-cell
development and proliferation.® FBXW?7 targets
NICD for degradation, thus preventing prolonged
Notch signaling that could otherwise promote
leukemogenesis.

(iv) Differentiation and metabolism: FBXW7 also controls
the degradation of other key proteins involved in
cellular differentiation and metabolism,*” including
transcription factors like KLF5% and metabolic
regulators like HIF10..® By regulating these processes,
FBXW?7 helps maintain cellular quiescence and
differentiation under physiological conditions.

Mutations in FBXW?7 disrupt its ability to bind and
degrade these substrates, leading to their accumulation
and the promotion of oncogenic signaling pathways. This
loss of function is particularly significant in cancers like
leukemia, where FBXW?7 mutations lead to the stabilization
of proteins that drive uncontrolled proliferation, apoptosis
evasion, and resistance to chemotherapy.

3. FBXW?7 as a tumor suppressor in
leukemia

3.1. Key substrates of FBXW?7 in leukemia

FBXW?7 acts as a tumor suppressor by controlling the

degradation of several key oncogenic proteins. In leukemia,

the loss or mutation of FBXW?7 leads to the accumulation
of these substrates, promoting leukemogenesis and
resistance to therapy.” The most critical FBXW?7 substrates

implicated in leukemia include (Figure 4):

(i) c-Myc: c-Myc is a master regulator of cell growth,
metabolism, and proliferation. It is a transcription
factor that drives the expression of genes involved
in ribosome biogenesis,”! nucleotide metabolism,”
and cell cycle progression.”” In normal cells, FBXW7
tightly regulates c-Myc levels by targeting it for
ubiquitin-mediated degradation.”* Mutations in
FBXW? that prevent the degradation of c-Myc lead
to its accumulation, driving oncogenic transcriptional
programs that promote uncontrolled cell proliferation
and metabolic reprogramming in leukemia cells.”

(ii) Notch: The Notch signaling pathway is crucial for
normal T-cell development, but in T-ALL, mutations
in FBXW7 or in NOTCHI result in the stabilization
of the NICD.”® This sustained activation of Notch
signaling drives the proliferation of leukemic cells and
impairs their differentiation, contributing to disease
progression.”
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(iii) Cyclin E: Cyclin E is a regulator of the G1-to-S phase
transition in the cell cycle, and its degradation is
necessary to maintain normal cell cycle progression.”
In FBXW?7-mutantleukemia cells, cyclin E is stabilized,
resulting in enhanced entry into S phase, leading
to excessive DNA replication stress and genomic
instability, both of which drive leukemogenesis.”

(iv) MCL-1: MCL-1 is a member of the BCL-2 family
of anti-apoptotic proteins, and its overexpression
is frequently observed in chemotherapy-resistant
leukemia.®® FBXW?7 targets MCL-1 for degradation,

)

and the loss of FBXW7 function in leukemia leads to
the stabilization of MCL-1, allowing leukemic cells to
evade apoptosis and survive under chemotherapeutic
pressure.*

SREBP1: Recent studies have identified SREBP1, a key
regulator of lipid metabolism, as another substrate
of FBXW7.#8 SREBP1 plays a role in metabolic
reprogramming in cancer cells, and its stabilization
in FBXW7-mutant leukemias may contribute to the
altered metabolism that supports rapid cell growth
and survival under stress conditions.®
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In addition, FBXW7 also regulates the degradation
of other key proteins, such as the cell cycle regulator and
negative modulator p27. Stabilization of p27 leads to cell
cycle arrest and may promote tumor cell proliferation.®®
Similarly, c-Jun, a transcription factor involved in
cellular stress responses and proliferation regulation, is
also controlled by FBXW7.** When FBXW?7 undergoes
mutation or loss of function, the stability of these substrates
increases, further driving tumor cell proliferation, survival,
and resistance to treatment. Notably, the accumulation of
oncogenic proteins such as c-Myc, Notch, cyclin E, and
MCL-1, due to impaired FBXW?7 activity, becomes a central
factor in the pathogenesis of leukemia. This stabilization of
key oncogenic proteins not only drives the progression of
leukemia but also contributes to resistance to conventional
therapies, highlighting FBXW7 as a critical target for
therapeutic intervention.

4. Therapeutic targeting of FBXW7 in
leukemia

The role of FBXW?7 in regulating oncogenic proteins makes
it an attractive therapeutic target for treating leukemia,
particularly in cases where its loss contributes to resistance
to therapy. Therapeutic strategies are being developed to
either restore FBXW?7 function or target the oncogenic
proteins stabilized by FBXW?7 mutations (Figure 5).

4.1.Targeting FBXW7 substrates

Given that the loss of FBXW?7 leads to the accumulation

of specific oncogenic proteins,” therapeutic strategies

aimed at these substrates represent promising approaches
for overcoming FBXW?7-related oncogenesis. Current
strategies include:

(i) c-Myc inhibition: The accumulation of c-Myc in
FBXW7-deficient leukemias suggests that inhibiting
c-Myc could be a promising therapeutic approach.
BET-bromodomain inhibitors, such as JQ1,% reduce
c-Myc transcription by preventing BET proteins from
binding to acetylated histones at c-Myc target gene
promoters.®” Preclinical studies have shown that BET
inhibitors can reduce c-Myc-driven transcription,
leading to decrease leukemia cell proliferation and
enhanced apoptosis.®

(ii) Notch inhibition: In T-ALL, aberrant Notch signaling
is a key driver of disease progression.* Gamma-
secretase inhibitors (GSIs), which block the cleavage
of Notch receptors and prevent the release of
NICD, have shown promise in preclinical models of
T-ALL.*® However, the use of GSIs has been limited
by gastrointestinal toxicity, highlighting the need
for more selective Notch inhibitors or combination
therapies that reduce off-target effects.”

(iii) MCL-1 inhibition: The stabilization of MCL-1 in
FBXW7-deficient leukemia contributes to apoptosis
resistance and chemotherapy failure.”> Small molecule
inhibitors of MCL-1, such as S63845, have shown
potent activity in preclinical models of leukemia.”®
These inhibitors work by disrupting the interaction
between MCL-1 and pro-apoptotic proteins,
restoring apoptotic sensitivity and overcoming drug
resistance.

4.2, Restoring FBXW?7 function

Restoring the function of FBXW?7 represents a
promising therapeutic strategy, particularly for leukemia
cases driven by FBXW7 mutations. These mutations
frequently occur in the WD40 substrate recognition
domain, a critical region responsible for the specific
binding between FBXW?7 and its target proteins.” Such
mutations impair FBXW?7’s ability to bind its substrates,
thereby hindering the ubiquitination and subsequent
degradation of multiple oncogenic proteins, leading to
their abnormal accumulation within cells. As a key tumor
suppressor, FBXW7 is responsible for the degradation
of several pivotal oncogenic proteins, including c-Myc,
Notch, and cyclin E. Loss of FBXW?7 function disrupts
cellular homeostasis, induces uncontrolled cell cycle
progression, impairs differentiation, and promotes
tumor development.® In leukemia, the loss or mutation
of FBXW7 results in the sustained stabilization of these
oncogenic substrates, which continuously drive leukemic
cell proliferation, accelerate disease progression,
and contribute to treatment resistance. Therefore,
restoring or substituting FBXW7 function may reinstate
proper degradation of these oncogenic proteins,
suppress leukemic cell growth, and enhance treatment
responsiveness, offering a novel and hopeful direction
for targeted leukemia therapy. Several strategies are
being explored, including:

(i) Gene therapy: Advances in CRISPR-Cas9 gene-editing
technology have made it possible to correct loss-of-
function mutations in FBXW7,” potentially restoring
its tumor-suppressive function.” By introducing
functional copies of the FBXW?7 gene into leukemia
cells, it may be possible to re-establish the degradation
of oncogenic proteins, thereby suppressing tumor
growth.

(ii) Small molecule stabilizers: Another approach involves
the development of small molecules that stabilize
FBXW?7 or enhance its activity. By promoting the
interaction between FBXW?7 and its substrates,
these molecules could restore the tumor-suppressive
function of FBXW7, even in cells with partial loss-of-
function mutations.
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Figure 5. Therapeutic targeting of FBXW?7 in leukemia

Therapeutic Targeting of
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Abbreviations: AC: Activator complex; ADAM: A disintegrin and metalloproteinase; BET: Bromodomain and extraterminal domain proteins; c-Myc:
Cellular Myelocytomatosis oncogene; FBXW7: F-box and WD repeat domain-containing 7; GSIs: Gamma-secretase inhibitors; MCL-1: Myeloid cell

leukemia 1; NICD: Notch intracellular domain; POI: Protein of interest.

(iii) Proteolysis-targeting chimeras (PROTACs): PROTACs
are an emerging class of therapeutics designed to target
specific proteins for ubiquitin-mediated degradation.”
By harnessing the cell’s natural degradation machinery,
PROTACs can selectively degrade proteins that are
otherwise considered “undruggable”®” Developing
PROTAC: that target key FBXW?7 substrates, such as
c-Myec, could provide a novel therapeutic strategy for
FBXW?7-deficient leukemias.

5. Challenges and future directions
5.1. Challenges in FBXW?7 research

Despite the growing understanding of FBXW7’s role in

leukemia, several challenges remain:

(i) Mutation heterogeneity: FBXW?7 mutations exhibit
significant heterogeneity,' typically occurring in
various regions of the WD40 domain, which affects

substrate recognition.'”" This mutational heterogeneity
complicates the development of therapeutic strategies,
as different FBXW7 mutations may lead to dysregulated
degradation of distinct substrates, thereby influencing
the proliferation, metabolism, and survival pathways
of leukemia cells. For example, c-Myc and Notch
are primarily involved in cell cycle regulation'® and
differentiation inhibition,'” while MCL-1 and cyclin
E are associated with the regulation of apoptosis and
DNA replication stress.'®*' As a result, different
FBXW?7 mutations may lead to the accumulation of
specific oncogenic substrates, altering the biological
characteristics and therapeutic response of leukemia
cells. Some mutations may only affect the degradation
of c-Myc, while others may stabilize multiple substrates,
thus enhancing the resistance of leukemia cells to
treatment.'"® The diversity of these mutations makes
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a one-size-fits-all treatment approach ineffective,
necessitating the development of personalized
therapeutic strategies based on the specific mutation
type and substrate stabilization pattern. This approach
requires therapeutic strategies targeting the specific
degradation dysregulation of substrates to improve the
precision and efficacy of treatment.

Redundancy in degradation pathways: Other E3
ligases, such as -TrCP, may compensate for the loss
of FBXW7 in certain contexts, reducing the efficacy
of therapies aimed at restoring FBXW?7 function.'””
Understanding the redundancy within the ubiquitin-
proteasome system and identifying the contexts
in which FBXW?7 is indispensable will be key to
developing more effective targeted therapies.

(iii) Therapeutic resistance: Leukemia cells with FBXW?7

(iv)

mutations often develop resistance to standard
chemotherapies and targeted therapies. This resistance
is driven by the stabilization of oncogenic substrates
such as MCL-1 and c-Myc, which promote cell survival
even in the presence of cytotoxic agents.'”® Overcoming
this resistance will require the development of more
effective therapies that target these stabilized proteins
or their downstream signaling pathways.
“Undruggable” substrates: Many key FBXW?7
substrates, such as c-Myc and MCL-1, have long been
considered “undruggable” due to the lack of well-
defined small molecule binding pockets.'” However,
recent advancements in drug discovery, particularly
the development of PROTAC technology, have
opened new possibilities for targeting these proteins.
PROTACs overcome the limitation of traditional
small molecule inhibitors, which cannot directly bind
to their targets, by inducing the degradation of target
proteins."'® This approach provides a novel pathway
for treating these challenging targets. Nevertheless,
there remain several technical challenges that must
be addressed for clinical success. First, the target
selectivity of PROTACs needs to be further improved
to ensure specific degradation of the target protein
without triggering off-target effects.!! Second, the
bioavailability and pharmacokinetic properties of
PROTACs require optimization, particularly in
terms of stability in vivo and the ability to penetrate
cell membranes.!? In addition, the efficacy of
PROTACs in different types of tumors or other
diseases is not yet fully understood, and enhancing
their effectiveness in heterogeneous diseases remains
a significant challenge. Only by overcoming these
technical obstacles can PROTACs achieve true clinical
translation and drive the advancement of targeted
therapies for “undruggable” substrates.

5.2. Future directions

To overcome these challenges, several key areas of research
should be prioritized:

(@)

(ii)

Advanced preclinical models: Developing genetically
engineered mouse models'® and patient-derived
xenografts'* that accurately recapitulate the spectrum
of FBXW7 mutations found in human leukemia will be
essential for studying the biological consequences of
FBXW?7 loss and testing novel therapeutic strategies.
These models will also help to delineate the contexts
in which FBXW?7 plays a critical role in tumor
suppression.

Identification of novel substrates: Although several
key substrates of FBXW7 have been identified, it is
likely that additional oncogenic proteins are regulated
by FBXW?7. High-throughput proteomic approaches,
such as mass spectrometry-based interactome
studies,'”® could be used to identify new substrates and
expand the repertoire of therapeutic targets.

(iii) Combination therapies: Given the complexity of

FBXW7s role in regulating multiple oncogenic
pathways, combination therapies that target both
FBXW?7 substrates and compensatory mechanisms
are likely to be more effective than monotherapies.'*
Rationally designed combination therapies that
include ¢c-Myc or MCL-1 inhibitors, in conjunction
with standard chemotherapy or immune checkpoint
inhibitors, could enhance treatment efficacy and
overcome resistance.

(iv) Restoring FBXW?7 function: Gene therapy and

)

small molecule stabilizers offer promising avenues
for restoring FBXW7 function in leukemia cells.!””
Continued research into the mechanisms that
regulate FBXW?7 stability and activity will be crucial
for developing these therapies. In addition, small
molecules that enhance the interaction between
FBXW?7 and its substrates may provide an alternative
approach to restoring its tumor-suppressive function.
Biomarker development for personalized medicine:
As our understanding of the molecular consequences
of FBXW?7 mutations deepens, incorporating FBXW7
status as a biomarker of therapeutic response into
clinical practice becomes essential for personalized
treatment. Biomarkers of therapeutic response
are molecular or genetic features that predict how
a patient will respond to specific treatments. In
cancers such as leukemia, these biomarkers reflect
tumor cell sensitivity or resistance to particular
therapies. For instance, the status of FBXW7, whether
through mutations or functional loss, serves as a key
indicator of how tumor cells will respond to targeted
therapies or conventional chemotherapy.'’® FBXW7
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regulates the degradation of several oncogenic
proteins, including c-Myc, Notch, and cyclin E, and
mutations in FBXW7 can lead to the accumulation
of these substrates, which, in turn, alters the tumor
cell's response to various treatments. For example,
the accumulation of c-Myc may increase tumor cell
sensitivity to certain chemotherapy drugs,'® while
the stabilization of MCL-1 could enable leukemia
cells to evade apoptosis and develop chemotherapy
resistance.'”® By monitoring FBXW?7 mutations and
the accumulation of its substrates, clinicians can
better predict how patients will respond to specific
treatment regimens, enabling the development of
more targeted therapeutic strategies. Biomarkers
based on the FBXW7 mutation spectrum or substrate
accumulation can help identify patients most likely to
benefit from particular treatments, including targeted
inhibitors or combination therapies. Moreover, the
advancement of liquid biopsy techniques, such as
circulating tumor DNA analysis,"”! offers the ability
to monitor FBXW7 mutations in real-time, further
facilitating  personalized treatment approaches.
This technology allows for the dynamic tracking of
tumor genomic changes during treatment, providing
crucial information for optimizing therapeutic plans,
adjusting drug dosages, and monitoring recurrence.

6. Conclusion

FBXW?7 plays a pivotal role in regulating cell cycle
progression, apoptosis, and signal transduction by targeting
key oncogenic proteins involved in these processes for
ubiquitin-mediated proteasomal degradation. In leukemia,
loss or mutation of FBXW7 leads to the accumulation
of substrates such as c-Myc, Notch, and MCL-1, which
not only drive leukemogenesis but also contribute to
therapeutic resistance. Although directly targeting FBXW7
or restoring its function remains technically challenging,
alternative therapeutic strategies aimed at inhibiting its
downstream effectors or compensating for its loss have
shown promising potential. For instance, synthetic lethality
approaches offer novel therapeutic avenues for FBXW7-
deficient malignancies. Following FBXW7 inactivation,
leukemia cells often become reliant on compensatory
survival pathways — such as the mTOR signaling axis -
making them selectively vulnerable to mTOR inhibitors
without affecting normal cells. Furthermore, advances in
gene therapy and gene editing technologies, particularly
CRISPR-Cas9, provide a theoretical and technical
framework for correcting FBXW?7 mutations. This holds
the potential to restore its ubiquitination function, thereby
re-establishing the balance of cell proliferation and
differentiation. In addition, the growing implementation

of precision medicine has enabled the development of
individualized therapeutic strategies based on a patient’s
specific FBXW?7 mutational landscape or functional status.
By integrating molecular diagnostic data, clinicians can
select more targeted drug regimens, thereby enhancing
treatment efficacy while minimizing off-target toxicity.
Concurrently, the development of therapeutics targeting
FBXW7-associated signaling networks is actively
progressing, with several candidate compounds already
in preclinical or early clinical stages. Looking ahead, the
integration of these emerging therapeutic modalities
with patient-specific genomic profiling is expected to
substantially improve the precision and effectiveness of
leukemia treatment, ultimately contributing to enhanced
long-term survival and clinical outcomes.
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Abstract

Cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitors, initially developed to regulate
cell cycle progression, have recently been recognized as potentimmunomodulatory
agents in cancer therapy. Accumulating evidence indicates that these inhibitors can
modulate key immune cells, including T cells, natural killer cells, and macrophages,
thereby enhancing their antitumor functions. By arresting cell cycle progression
in both tumor and immune cells, CDK4/6 inhibitors create an immune-permissive
microenvironment that facilitates more effective immune-mediated tumor
eradication. In addition, these inhibitors may help overcome immune resistance
mechanisms, providing a strong rationale for their combination with immune
checkpoint inhibitors to amplify antitumor responses. Despite these promising
findings, the specific mechanisms through which CDK4/6 inhibitors enhance immune
responses, as well as their potential applications in breast cancer, remain areas of
active investigation. A deeper understanding of their immunomodulatory effects
is essential for developing novel combination therapies that could significantly
improve the efficacy of cancer immunotherapy. This review synthesizes the latest
evidence on the immunomodulatory effects of CDK4/6 inhibitors, highlighting their
potential to augment antitumor immunity and exploring future directions for their
clinical application.

Keywords: CDK4/6 inhibitors; Immunomodulation; Antitumor immunity; Combination
therapy; Cancer treatment

1. Introduction

The field of cancer therapy has undergone remarkable advancements, transitioning
from conventional cytotoxic chemotherapy to more precise strategies targeting specific
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molecular vulnerabilities within cancer cells. A pivotal
breakthrough in this evolution has been the development
of cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitors,
which have revolutionized the treatment of hormone
receptor-positive (HR*), human epidermal growth factor
receptor 2-negative (HER2") metastatic breast cancer
(MBC).! These agents exert their therapeutic effects by
inducing cell cycle arrest, thereby inhibiting tumor cell
proliferation.? CDK4/6 inhibitors, including palbociclib,
ribociclib, and abemaciclib, have demonstrated impressive
efficacy in combination with endocrine therapy,
significantly prolonging progression-free survival (PFS)
and, in some cases, overall survival (OS)."” Emerging
evidence, however, suggests that the biological impact of
these inhibitors extends beyond their canonical role in
cell cycle regulation, revealing complex and multifaceted
effects on tumor biology. Notably, these inhibitors exhibit
immunomodulatory properties that are capable of
reprogramming the tumor microenvironment (TME).

Immune checkpoint inhibitors (ICIs) have also
revolutionized cancer therapy by targeting regulatory
proteins on immune cells, such as T cells, which normally
act as natural “brakes” to limit immune responses. By
releasing these immune “brakes,” ICIs enhance the body’s
ability to recognize and eliminate cancer cells.* Key
immune checkpoint proteins targeted by ICIs include
programmed cell death protein 1 (PD-1) and its ligand,
programmed death-ligand 1 (PD-L1), as well as cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4).> While ICIs
have demonstrated remarkable success in treating various
cancer, including melanoma, lung cancer, and Hodgkin
lymphoma, their efficacy as monotherapy in HR*/HER2"
breast cancer remains limited.® This reduced activity may
stem from the relatively low tumor-infiltrating lymphocyte
(TIL) density and low tumor mutational burden
characteristic of this breast cancer subtype, suggesting
a less immunogenic TME. The modest success of ICIs as
single agents in HR*/HER2" breast cancer underscores the
need to explore combination strategies that may enhance
tumor immunogenicity and improve immune response
efficacy.

Emerging evidence supports the therapeutic rationale
for combining CDK4/6 inhibitors with immunotherapy in
HR*/HER2™ breast cancer. These inhibitors exhibit distinct
immunomodulatory properties, including enhanced tumor
antigen presentation and reduced immunosuppressive
regulatory T cells (Tregs), which may potentiate the efficacy
of immune-based therapies.” The intersection of cell cycle
regulation and immune response represents an exciting
and evolving area of oncological research, challenging
traditional paradigms of cancer treatment.®

Given these intriguing and evolving mechanisms, a
thorough investigation into combining CDK4/6 inhibitors
with ICIs is warranted to elucidate their biological
interactions and therapeutic potential. This review
examines the promise of such combination strategies,
examining the scientific rationale, present clinical evidence,
and challenges associated with this approach.

2. The effects of CDK4/6 inhibitors
2.1. Primary mechanisms of CDK4/6 inhibitors

In HR* breast cancer, estrogen signaling upregulates
cyclin D expression, activating CDK4/6 to drive cell cycle
progression.” The subsequent molecular cascade is highly
coordinated across distinct cell cycle phases: G1 (growth),
S (DNA synthesis), G2 (pre-mitotic expansion), and
M (mitosis).”” CDKs are key orchestrators, with cyclin
D-CDK4/6 complexes serving as master regulators of the
G1/S checkpoint.' These complexes initiate retinoblastoma
(Rb) protein phosphorylation, inactivating this tumor
suppressor and liberating E2F transcription factors to
activate genes required for S-phase progression.'" The
estrogen-CDK4/6 signaling axis, therefore, represents a
unique therapeutic vulnerability in HR* breast cancers,
explaining their exceptional sensitivity to CDK4/6 inhibitors,
particularly when combined with endocrine therapy.

Building upon this molecular framework, CDK4/6
inhibitors exert their therapeutic effects by blocking
Rb phosphorylation, thereby maintaining its growth-
suppressive hypophosphorylated state. This inhibition
prevents E2F-mediated transcriptional activation of S-phase
genes, resulting in potent G1 cell cycle arrest.'>"” While
sharing this core mechanism, CDK4/6 inhibitors display
distinct pharmacological characteristics. For instance,
abemaciclib demonstrates greater selectivity for CDK4
over CDK6 and exhibits enhanced blood-brain barrier
penetration, potentially offering advantages in specific
clinical scenarios."* It also exhibits off-target effects by
inhibiting additional cyclin-dependent kinases, such as
CDK2/Cyclin A/E and CDK1/Cyclin B complexes.”” These
differential properties translate to varied biological outcomes,
including G2 phase arrest, cell death in Rb phosphorylation-
deficient cells, and characteristic transcriptional signatures
observed across experimental systems.

2.2. Modulating other cellular processes

Beyond their well-characterized roles in cell cycle control,
CDK4/6 inhibitors exert profound impacts on diverse
cellular processes through intricate molecular interactions.
Depending on specific cellular microenvironments, these
inhibitors can induce either cellular quiescence or trigger
senescence. This dual regulatory capability provides a
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refined strategy for managing cellular behavior.!? For
instance, the induction of quiescence in normal tissue
cells preserves cellular function and prevents aberrant
proliferation, while the promotion of senescence in cancer
cells effectively suppresses their growth and division.

CDK4/6 inhibitors regulate autophagy in a manner
dependent on cell type and pathophysiological context,
thereby introducing cellular response intricacies and
profoundly impacting survival and functionality.'? Notably,
their suppression of autophagy in specific cancer models
may enhance the efficacy of chemotherapy or radiotherapy.

A particularly notable impact of these inhibitors is
their capacity to reprogram tumor cell metabolism by
disrupting the balance between anabolism and catabolism.
This alteration modifies the synthesis and utilization of
key metabolites, potentially impairing energy supply
mechanisms and survival strategies in cancer cells.?
Consequently, malignant cells may become more
responsive to other anticancer therapies.

2. Mechanism of ICls

The immune system maintains self-tolerance and prevents
excessive immune responses through a sophisticated
regulatory network known as immune checkpoints.'® These
checkpoints involve interactions between specific proteins
expressed on immune cells, such as T cells, and their
corresponding ligands on other cells, including tumor cells.
PD-1is an inhibitory receptor expressed on activated T-cells,
while its ligand, PD-L1, is frequently overexpressed on
tumor cells and antigen-presenting cells. Upon PD-1/PD-L1
binding, inhibitory signals are transmitted to T-cells, leading
to T-cell exhaustion and diminished antitumor activity."”
CTLA-4 is another critical inhibitory receptor on T cells.
CTLA-4 primarily functions during early T-cell activation
by outcompeting the costimulatory receptor CD28 for
binding to B7 proteins on antigen-presenting cells, thereby
suppressing T-cell responses.'® ICIs, typically monoclonal
antibodies, are designed to disrupt these protein-ligand
interactions.” For example, anti-PD-1 antibodies, such as
nivolumab and pembrolizumab, block PD-1 on T-cells,
preventing PD-L1 engagement and restoring T-cell cytotoxic
activity. Anti-PD-L1 antibodies, such as atezolizumab and
durvalumab, achieve similar effects by directly targeting
PD-L1 on tumor cells. Anti-CTLA-4 antibodies, such as
ipilimumab, enhance early T-cell activation by inhibiting
CTLA-4-mediated suppression.'®

3. Research on the immunomodulatory
effects of CDK4/6 inhibitors

Recent studies have
immunomodulatory effects

illuminated the multifaceted
of CDK4/6 inhibitors

both in vitro and in vivo (Table 1). In vitro research
has demonstrated that CDK4/6 inhibition can
significantly enhance antitumor immunity through
various mechanisms. For instance, it promotes T-cell
activation and triggers antitumor responses by inducing
the expression of endogenous retroviral elements in
tumor cells, thereby increasing antigen presentation
and inhibiting the proliferation of Tregs.** In addition,
CDK4/6 inhibition has been shown to inhibit p73
phosphorylation and activate death receptor 5 (DR5),
potentially enhancing the efficacy of chemotherapy and
immune checkpoint blockade, while also promoting
immunogenic cell death in cancer cells.?’ Notably,
the CDK4/6 inhibitor abemaciclib, when combined
with low-dose radiotherapy, creates an inflammatory
TME in Rb-deficient small cell lung cancer, thereby
enhancing antitumor immune responses to PD-1
blockade.”> Other findings have highlighted alterations
in TBK1 phosphorylation that inhibit the stimulator of
interferon (IFN) genes (STING) signaling pathway in
prostate cancer,” the use of mesoporous polydopamine
for targeted delivery of CDK4/6 inhibitors to improve
synergistic immunotherapy in breast cancer,” and the
promotion of chemokine-mediated T-cell recruitment
to breast tumors through metabolic regulation.”
Furthermore, single-cell profiling has been highlighted as
a tool to guide combination immunotherapy for CDK4/6
inhibitor-resistant HER2" breast cancer, overcoming
resistance and enhancing treatment efficacy.

Furthermore, CDK4/6 inhibitors have been found
to induce T-cell-inflamed TME, enhancing the efficacy
of PD-L1 checkpoint blockade and leading to delayed
tumor growth and complete regression when combined
with anti-PD-L1.%” These inhibitors also boost the eflicacy
of oncolytic viruses by increasing tumor-selective cell
killing and T-cell activation in refractory glioblastoma,
significantly inhibiting tumor growth and prolonging
survival.”® Pharmacological inhibition of CDK4/6 and
mitogen-activated protein kinase/extracellular signal-
regulated kinase kinase (MEK) has been shown to induce
robust cell cycle arrest and interferon (IFN)-related genes,
leading to separable cell cycle arrest and immune responses
in RAS-mutant disease models.”” Innovative approaches,
such as the use of self-assembled natural triterpenoid
compounds for delivering CDK4/6 inhibitors, have also
been explored to improve cancer chemotherapeutic
immunotherapy.®

In vivo studies in animal models have further
corroborated the antitumor potential of CDK4/6 inhibition.
These studies have shown that CDK4/6 inhibition promotes
antitumor immunity by inducing T-cell memory, thereby
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Table 1. Summary of research on CDK4/6 inhibition and antitumor immunity

Author Year In vivo/In vitro

Type

Key finding Ref.

Deng et al. Article 2018  Invitro

CDK4/6 inhibition enhances antitumor immunity by promoting T cell activation. 20

Goel et al. Article 2017  Invitro

CDK4/6 inhibition triggers antitumor immunity by activating endogenous retroviral 8

elements in tumor cells, enhancing antigen presentation, and suppressing regulatory T

cell proliferation.

Tong et al. Article 2022 Invitro

CDK4/6 inhibition suppresses p73 phosphorylation and activates DR5, potentially 21

enhancing the efficacy of chemotherapy and immune checkpoint blockade by
promoting immunogenic cell death in cancer cells.

Wang et al. Article 2024 Invitro

The CDK4/6 inhibitor abemaciclib synergizes with low-dose radiotherapy to enhance 22

anti-PD-1 immune responses by remodeling the inflammatory TME in Rb-deficient

small cell lung cancer.

Lietal. Article 2024 Invitro

CDK4/6 inhibitors stimulate the STING pathway and enhance the antitumor effectof 23

STING agonists in prostate cancer, potentially overcoming immunosuppression.

Zhou et al. Article 2024 Invitro

Mesoporous polydopamine enables targeted delivery of CDK4/6 inhibitors to enhance 24

combinatorial immunotherapy in breast cancer, eliciting robust systemic antitumor

immunity.

Uzhachenko et al. Article 2021  In vitro

Metabolic modulation by CDK4/6 inhibitors promotes chemokine-mediated T cell 25

recruitment into breast tumors, associated with metabolic stress.

Wang et al. Article 2019 Invitro

Single-cell profiling guides combinatorial immunotherapy for rapidly evolving CDK4/6 26

inhibitor-resistant HER2+breast cancer to overcome drug resistance.

Schaer et al. Article 2018  Invitro

The CDK4/6 inhibitor abemaciclib induces a T-cell-inflamed TME and enhances 27

the efficacy of PD-L1 checkpoint blockade, resulting in delayed tumor growth.
Combination with anti-PD-L1 leads to complete regression.

Xiao et al. Article 2022 Invitro

CDK4/6 inhibition enhances oncolytic virotherapy efficacy in refractory glioblastoma 28

by augmenting tumor-selective cytotoxicity and T-cell activation, significantly
suppressing tumor growth and prolonging survival.

Wu et al. Article 2024 In vitro

Pharmacological CDK4/6 and MEK co-inhibition induces dissociable cell cycle arrest 29

and immune responses in RAS-mutant disease models, driving potent cytostatic and

IFN-associated genes.

Zhang et al. Article 2025  Invitro

Self-assembling natural triterpenoids enable targeted delivery of CDK4/6 inhibitorsto 30

enhance cancer chemoimmunotherapy.

Lelliott et al. Article 2021  Invivo

CDK4/6 inhibition promotes antitumor immunity by inducing T cell memory, thereby 31

fostering long-term endogenous antitumor T cell immunity.

Yang et al. Article 2024 In vivo

CDK4/6 inhibitors and radiotherapy demonstrate synergistic potential with 32

anti-PD-L1 immunotherapy in triple-negative breast cancer, warranting exploration of
combination strategies.

Zhang et al. Article 2020  In vivo

CDK4/6 inhibition promotes immune infiltration in ovarian cancer and synergizes 33

with PD-1 blockade in a B cell-dependent manner, enhancing immunocyte recruitment
and inducing pro-inflammatory responses, ultimately generating synergistic antitumor
effects when combined with PD-1 inhibitors.

Abbreviations: CDK4/6: Cyclin-dependent kinase 4 and 6; DR5: Death receptor 5; HER2: Human epidermal growth factor receptor 2; IFN: Interferon;
MEK: Mitogen-activated protein kinase/extracellular signal-regulated kinase kinase; PD-1: Programmed cell death protein 1; PD-L1: Programmed
death-ligand 1; STING: Stimulator of interferon genes; Rb: Retinoblastoma; TME: Tumor microenvironment.

facilitating long-term endogenous antitumor T-cell
immunity” Combination therapies involving CDK4/6
inhibitors, radiotherapy, and anti-PD-L1 immunotherapy
have demonstrated synergistic potential in triple-negative
breast cancer, highlighting the importance of exploring such
strategies.” In addition, CDK4/6 inhibition has been found to
promote immune infiltration in ovarian cancer and synergize

with PD-1 blockers in a B cell-dependent manner, enhancing
immune infiltration, inducing pro-inflammatory immune
responses, and producing synergistic antitumor effects when
combined with PD-1 blockers.”® These findings collectively
underscore the diverse and potent immunomodulatory
roles of CDK4/6 inhibitors, positioning them as promising
candidates for advancing cancer immunotherapy.
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5. Mechanisms of immunomodulatory
effects of CDK4/6 inhibitors

5.1. Enhancement of immune cell responses
5.1.1. T-cell responses

CDK4/6 inhibitors potentiate T-cell activation and
function by counteracting immunosuppressive signals,
such as PD-1. This effect primarily stems from their ability
to relieve suppression of the nuclear factor of activated T
cells (NFAT) protein family and its downstream targets,
which are critical regulators of T-cell functionality.® As
shown in Figure 1, by inhibiting NFAT phosphorylation,
these inhibitors promote the nuclear translocation of non-
phosphorylated NFAT, thereby activating the transcription
of effector genes. This cascade upregulates the mRNA
expression of interleukins (ILs), such as IL-2, IL-3, and
granulocyte-macrophage  colony-stimulating  factor
(GM-CSF), and enhances IL-2 secretion, as demonstrated
in PD-1-expressing Jurkat cells and primary human CD4*
T cells.?**

Notably, CDK4/6 inhibitors further amplify antitumor
responses by elevating interferon-gamma (IFN-y) production
in T-cells.*** Preclinical and clinical studies reveal that these
inhibitors foster memory T-cell differentiation through

@ Tumorcel @ 0) CDK4/6 inhibitor
& CD8+ Tcell & CD4+Tcell
® Macrophages 1 # Macrop 2

@ Natural killer cells

Interferon-y
Y T cell receptor ¥ MHC-I ¥ MHC-II
« Peptide fragment « ICAM1

NARZAMRNA 9 IL2 F PD-1

upregulation of max dimerization protein 4 (MXD4), a
negative regulator of myelocytomatosis viral oncogene
homolog (MYC) in CD8* T cells, thereby sustaining durable
antitumor immunity.*"** In breast cancer patients, palbociclib
or abemaciclib treatment increases the proportion of CD8* T
memory precursor cells while suppressing MYC target gene
expression.* In vivo analyses of patient-derived organotypic
tumor spheroids demonstrate enhanced infiltration of
CD4* and CD8*" T cells, accompanied by elevated Th1-type
cytokines, such as C-X-C motif chemokine ligand (CXCL) 9,
CXCL10, and IFN-y.2°

Further investigations show that tumor-specific CD8*
T cells pretreated with CDK4/6 inhibitors exhibit superior
persistence in vivo, markedly improving antitumor
immunity.* Short-term CDK4/6 inhibition before chimeric
antigen receptor T cell therapy further augments cellular
longevity and therapeutic efficacy.® These synergistic
effects not only optimize T-cell performance but also
provide a rationale for combining CDK4/6 inhibitors with
immunotherapies.

5.1.2. Natural killer (NK) cell interactions

The interaction between CDK4/6 inhibitors and NK
cells represents an emerging area of investigation. While
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» »
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Figure 1. CDK4/6 inhibitors enhance immune cells response. CDK4/6 inhibitors potentiate adaptive immunity by enhancing T-cell activation and
augment natural killer cells cytotoxicity. They also reprogram tumor-associated macrophages, shifting their phenotype from the immunosuppressive M2
state to the pro-inflammatory, tumoricidal M1 state. Image created by the authors.

Abbreviations: CDK4/6: Cyclin-dependent kinase 4 and 6; GM-CSF: Granulocyte-macrophage colony-stimulating factor; ICAM1: Intercellular adhesion
molecule 1; IL: Interleukin; MHC: Major histocompatibility complex; MXD4: Max dimerization protein 4; NFAT: Nuclear factor of activated T cells; PD-1:
Programmed cell death protein 1.
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the exact mechanisms are not fully elucidated, available
data suggest that these inhibitors can enhance NK
cell activation and increase their cytotoxic capabilities
(Figure 1). For instance, CDK4/6 inhibitors have been
shown to elevate the expression of intercellular adhesion
molecule 1, which facilitates the recognition of tumor
cells by NK cells.* There is a growing consensus that the
combination of CDK4/6 inhibitors with other agents, such
as MEK inhibitors, may enhance NK cell-mediated tumor
elimination through senescence-associated secretory
phenotype (SASP) factors.”” In addition, these inhibitors
might influence the formation of the immune synapse
between NK cells and tumor cells, potentially amplifying
NK cell-mediated cytotoxicity against tumor cells.***

5.1.3. Modulation of macrophage polarization

CDK4/6 inhibitors have been shown to influence
macrophage polarization within the TME. Recent findings
suggest that these inhibitors can induce a transition in
macrophage phenotype from the immunosuppressive
macrophage M2 state to the tumoricidal macrophage
M1 phenotype (Figure 1).* Specifically, treatment with
abemaciclib has been associated with elevated levels of
CSF-2, a cytokine that is pivotal for fostering macrophage
M1 polarization and enhancing major histocompatibility
complex (MHC) II expression in dendritic cells.” In
addition, ribociclib has been observed to decrease the
expression of immunosuppressive chemokines, including
C-C motif chemokine ligand (CCL)2, CCL7, and CCL22,
which play a role in the chemotaxis and differentiation
of immunosuppressive cells, such as macrophage M2.*!
This modulation of macrophage polarization is believed
to enhance antitumor immune responses. However, the
specific molecular pathways through which CDK4/6
inhibitors reprogram macrophages are not yet fully
understood.*

5.2. Enhancing tumor cellimmunogenicity

CDK4/6 inhibitors enhance the visibility of tumor cells
to the immune system by modulating immunogenic
signaling pathways (Figure 2). They activate the IFN
response, promote the secretion of IFN-y, and enhance
the activity of IFN-stimulated genes, thereby improving
the immune system’s ability to recognize cancer cells.”
CDK4/6 inhibition induces the production of IFN-I in
tumor cells, which in turn stimulates the secretion of T-cell
chemokines, facilitating the recruitment of T-cells to the
tumor site and strengthening antitumor immunity.***
Furthermore, CDK4/6 inhibitors trigger epigenetic
remodeling by suppressing DNA methyltransferases,
leading to the upregulation of endogenous retroviruses.
This cascade increases the production of IFN-III and

Upregulate ERV expression

etion of IFN-1,
secretion of

: Activate cGAS-STING and
Cotcaitel trigger IFN-1 production

antigen presentation

Activate antigen-presenting
cells and enhance Th1/2
pathways, augmenting
adaptive immune responses

Increasing MHC-II expression
by inhibiting phosphorylation
of Rb protein

Figure 2. The specific roles of CDK4/6 inhibitors in augmenting tumor
cell immunogenicity. Image created by the authors.

Abbreviations: CDK4/6: Cyclin-dependent kinase 4 and 6; cGAS-STING:
Cyclic GMP-AMP synthase-stimulator of interferon genes; DNMT:
DNA methyltransferase; ERV: Endogenous retroviruses; IFN: Interferon;
MHC: Major histocompatibility complex; Rb: Retinoblastoma.

enhances the presentation of MHC-I molecules, making
tumors more immunogenic.* In addition, these inhibitors
activate the cyclic GMP-AMP synthase-STING pathway,
driving IFN-I production and amplifying innate immune
responses.” Finally, CDK4/6 inhibitors prime antigen-
presenting cells, such as dendritic cells and macrophages,
promoting the activation of Th1/Th2 pathways and playing
crucial roles in adaptive immunity.*®

CDK4/6 inhibitors enhance tumor immunogenicity by
upregulating the surface expression of MHC-I molecules,
which are essential for antigen presentation to CD8* T
cells that recognize and eliminate tumor cells.*** Research
has shown that palbociclib treatment increases MHC-I
expression in melanoma cell lines and alters the MHC-I
peptide repertoire, thereby enhancing immunogenicity.®
This effect is mediated through the transcriptional
activation of the antigen processing and presentation
machinery, including genes encoding proteasomes,
transporter-associated antigen processing complexes, and
MHC-TI subunits. Notably, CDK4/6 inhibitors also increase
MHC-II expression in tumor cells.*** Mechanistically,
they restore IFN-y-induced MHC-II transcription by
inhibiting the phosphorylation of the Rb protein.’**' In
breast cancer and lymphoma models, abemaciclib and
palbociclib have been shown to increase MHC-II levels,
thereby augmenting T-cell activation.*!

5.3. Remodeling the TME

CDK4/6 inhibitors have emerged as pivotal modulators
of the TME, a complex ecosystem comprising immune
cells, vasculature, and stromal components. As illustrated
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in Figure 3, the inhibition of CDK4/6 diminishes the
presence of tumor-infiltrating Tregs,*** thereby reducing
immunosuppressive cellular networks and promoting
an immuno-permissive TME. However, this therapeutic
approach might also deplete dendritic cells within the
TME, potentially hindering immune activation. The
adoptive transfer of dendritic cells has been demonstrated
to circumvent this issue, facilitating effective tumor control
when used in conjunction with CDK4/6 inhibitors and
immune checkpoint blockade.”!

Unlike DNA-damaging agents, senescence induced by
CDK4/6 inhibitors is marked by minimal expression of pro-
tumorigenic factors, such as IL-6 and CXCL8, resulting in
a TME with augmented antitumor properties. Numerous
studies have shown that CDK4/6 inhibition encourages the
infiltration of cytotoxic T-cells into tumors, a critical factor
for effective antitumor immunity.?*** In some cases,
CDK4/6inhibitionalsoalterstumor-associated macrophage
populations, potentially steering their polarization toward
antitumor phenotypes.” These coordinated alterations
collectively create an immunologically “hot” TME with
diminished immunosuppression, offering a compelling
basis for combining CDK4/6 inhibitors with cancer
immunotherapy.

Beyond their immunomodulatory effects, emerging
evidence suggests that CDK4/6 inhibitors may also
impact tumor angiogenesis, the process of new blood
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Figure 3. Mechanisms of CDK4/6 inhibitors in TME reprogramming.
CDK4/6 inhibitors modulate the TME by acting on a complex ecosystem
comprising immune cells, vasculature, and stromal components. Image
created by the authors.

Abbreviations: CDK4/6:  Cyclin-dependent  kinase 4 and 6;
CXCL8: C-X-C motif chemokine ligand 8; IL6: Interleukin 6; TME:
Tumor microenvironment.

vessel formation essential for tumor growth and
metastasis. Although CDK6 has been associated with
angiogenic regulation, its pharmacological inhibition
could simultaneously target both tumor proliferation and
vascularization.® Given the dual inhibition of CDK4/6,
these agents might indirectly influence angiogenesis,
even though their mechanisms are less clear compared to
their immunological effects. A study on CDK4/vascular
endothelial growth factor receptor 2 (VEGFR2) dual-
targeting inhibitors showed synergistic suppression of
cancer progression and angiogenesis,”* yet the direct
angiogenic effects of standard CDK4/6 inhibitors require
further exploration.

5.4. Regulation of PD-L1 expression

PD-L1, a critical immune checkpoint protein expressed on
tumor cell surfaces, suppresses T-cell-mediated immune
responses through binding to the PD-1 receptor.® This
interaction facilitates tumor immune evasion by inhibiting
cytotoxic T-cell activity and promoting T-cell exhaustion.
To enhance the therapeutic efficacy of combining CDK4/6
inhibitors with ICIs, comprehending the effect of CDK4/6
inhibitors on PD-L1 expression is crucial, as depicted
in Figure 4. Studies suggest that CDK4/6 inhibitors can
upregulate PD-L1 expression by activating the nuclear
factor kappa B signaling pathway.” Typically, the CDK4/6-
cyclin D complex facilitates the degradation of PD-L1
through the speckle-type POZ protein-cullin 3 (CUL3)
ubiquitination pathway. However, CDK4/6 inhibition
interferes with this degradation process, leading to the
stabilization of PD-L1 protein levels.*® This stabilization
can potentially make tumors more susceptible to

NFkB &\ .

Eor
&

E2p —>
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Figure 4. Modulatory effects of CDK4/6 inhibitors on PD-L1 expression.
CDK4/6 inhibitors upregulate PD-L1 expression and stabilize PD-L1
protein levels, thereby sensitizing tumors to PD-1/PD-L1 blockade
therapies. Image created by the authors.

Abbreviations: CDK4/6:  Cyclin-dependent kinase 4 and 6;
NFkB: Nuclear factor kappa B; PD-1: Programmed cell death protein 1;
PD-LI: Programmed death ligand-1; Rb: Retinoblastoma; SPOP: Speckle-
type POZ protein.
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PD-1/PD-L1 blockade therapies. Conversely, in certain
contexts, such as triple-negative breast cancer, CDK4/6
inhibitors may reduce PD-LI levels through the RB-E2F
signaling axis.”” The overall impact of CDK4/6 inhibition
on PD-L1 expression is context-dependent, varying with
tumor type and microenvironment, highlighting the
complex interaction that must be taken into account when
formulating combination treatment strategies.*®

6. Clinical evidence and trial assessment of
CDK4/6 inhibitors in combination with ICls
in HR*/HER2- breast cancer

Ongoing clinical trials are actively exploring the therapeutic
potential of combining CDK4/6 inhibitors with ICIs for
patients with HR*/HER2" breast cancer. As summarized
in Table 2, the CheckMate 7A8 trial, which assessed the

Table 2. Summary of the clinical trial assessment of CDK4/6 inhibitors in combination with immunotherapy in HR*/HER2"~

breast cancer

Trial name/ Phase Tumor type CDK4/6 Immunomodulator Key findings Ref.
Identifier inhibitor agent
CheckMate 7A8 Phase IT HR*/HER2 early Palbociclib Nivolumab (anti-PD-1)  Objective response rate of 71.4%. 59
(NCT04075604) breast cancer
ImmunoADAPT Phase IT Early-stage ER//HER2" Palbociclib Avelumab (anti-PD-L1)  The combination of fulvestrant, 62,63
(NCT03820063) breast cancer palbociclib, and avelumab showed
a trend toward improved PFS,
with a median PFS of 8.1 months.
However, this improvement was not
statistically significant compared to
fulvestrant alone.
KEYNOTE-146 Phase I/Il  HR*/HER2"MBC Abemaciclib ~ Pembrolizumab Overall response rate of 23.1% and 60
(NCT02779751) (anti-PD-1) disease control rate of 84.6%.
NCT02778685 Phase /I HR*/HER2-MBC Palbociclib Pembrolizumab Complete response rate of 31% and 61
(anti-PD-1) PFS of 25.2 months.
NCT03294694 Phase I HR*/HER2"MBCor  Ribociclib Spartalizumab Limited added benefit over 64
advanced ovarian (anti-PD-1) ribociclib*fulvestrant alone in
cancer HR*MBC.
Triplet (with fulvestrant):
Objective response rates: ~30% in
CDK4/6i-naive patients.
Clinical benefit rate: ~50%.
Doublet (without fulvestrant):
Limited activity, with objective
response rates<15%, suggesting
endocrine therapy is critical for
synergy.
WJOG11418B Phase II HR*/HER2-MBC Abemaciclib Nivolumab (anti-PD-1)  Objective response rates of 54.5% 65
(NEWFLAME) and 40% in the fulvestrant and
(NCT04075604) letrozole cohorts, respectively.
PACE Phase IT HR*/HER2"MBC Palbociclib Avelumab (anti-PD-L1)  No significant improvement in 66
(NCT03147287) median PFS was observed with

the addition of avelumab to
fulvestrant plus palbociclib (8.1
months) compared with fulvestrant
plus palbociclib (4.6 months) or
fulvestrant alone (4.8 months;
P=NS).

Subgroup analysis showed no benefit
in PD-L1%or high-TIL tumors.

Abbreviations: CDK4/6i: Cyclin-dependent kinase 4 and 6 inhibitor; ER*: Estrogen receptor-positive; HER2™: Human epidermal growth factor receptor
2-negative; HR*: Hormone receptor-positive; MBC: Metastatic breast cancer; NS: Not significant; PD-1: Programmed cell death protein 1; PD-L1:
Programmed death-ligand 1; PFS: Progression-free survival; TIL: Tumor-infiltrating lymphocytes.
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neoadjuvant regimen of nivolumab in combination with
palbociclib and anastrozole, reported an impressive
objective response rate of 71.4%.° In addition, a phase II
study (NCT02779751) that incorporated pembrolizumab
with abemaciclib yielded an overall response rate of 23.1%
and a disease control rate as high as 84.6%.%° Furthermore,
another trial (NCT02778685) that employed the
combination of pembrolizumab, palbociclib, and letrozole
achieved a notable 31% complete response rate, with a PFS
extending to 25.2 months.*'

Itis important to highlight that a phase I trial evaluating
ribociclib in conjunction with spartalizumab (an anti-PD-1
antibody), with or without fulvestrant, in patients with
HR*/HER2- MBC did not show significant additional
benefit over ribociclib combined with fulvestrant alone.®*
Conversely, the phase II WJOG11418B NEWFLAME
trial, which investigated the combination of nivolumab
with abemaciclib in HR*/HER2™ MBC, reported objective
response rates of 54.5% and 40% in the fulvestrant and
letrozole treatment groups, respectively.®® Collectively,
these results suggest that the combination of CDK4/6
inhibitors with immunotherapy holds promise as a viable
treatment strategy for individuals with HR*/HER2" breast
cancer.

The criteria for identifying the most suitable
patients for combinations of CDK4/6 inhibitors with
immunotherapy are still being explored.”” Numerous
clinical trials are underway to assess this approach, such as
the InmunoADAPT trial, which is investigating the use of
palbociclib in conjunction with avelumab for early-stage
estrogen receptor-positive breast cancer.®**® Preliminary
findings from this trial suggest a trend toward better
PFS with the combination of fulvestrant, palbociclib, and
avelumab, achieving a median PFS of 8.1 months. However,
this enhancement did not reach statistical significance
when compared to fulvestrant monotherapy (hazard
ratio = 0.75, 90% confidence interval: 0.50-1.12, p=0.23).
In addition, the phase II PACE study (NCT03147287),
which evaluated palbociclib combined with avelumab in
HR*/HER2™ MBC patients who had progressed on prior
CDXK4/6 inhibitor treatment, concluded that PD-1/PD-L1
inhibitors offer limited efficacy in this context without a
more refined patient selection process.*

7. Discussion

7.1. Synergistic mechanisms underlying the
combination approach

The scientific rationale for combining CDK4/6
inhibitors with ICIs stems from accumulating evidence
demonstrating that these drug classes act through
complementary and potentially synergistic mechanisms.

This combination strategy simultaneously targets multiple
hallmarks of cancer, addressing both aberrant cellular
proliferation and enhancing antitumor immunity, while
also potentially overcoming resistance mechanisms that
limit the efficacy of monotherapies.****® The interaction
between these agents occurs at multiple levels, creating a
comprehensive antitumor approach with the potential for
broader therapeutic efficacy.

At the cellular level, CDK4/6 inhibition fundamentally
alters cancer cell biology, rendering malignant cells more
susceptible to immune-mediated killing. The drug-induced
GI cell cycle arrest correlates with increased expression
of endogenous retroviral elements, stimulating viral
mimicry responses and subsequent IFN-I/III production.”
This process enhances tumor immunogenicity through
multiple mechanisms, including increased neoantigen
presentation, upregulation of MHC-I molecules,
and chemokine-mediated recruitment of cytotoxic T
lymphocytes. Concurrently, CDK4/6 inhibitors suppress
the expression of DNA methyltransferase 1, leading
to DNA hypomethylation and further activation of
immunostimulatory pathways.”

Moreover, CDK4/6 inhibitors remodel the TME to
promote enhanced immune cell infiltration, particularly
CD8" T cells and B cells. This augmented immune
infiltration may potentiate the efficacy of PD-1/PD-L1
blockade therapies.®® In certain preclinical models,
the combination of CDK4/6 inhibitors with PD-L1
blockade induced complete tumor regression in a
significant proportion of mice, even in cases where
PD-L1 monotherapy showed limited or no eflicacy.”
Notably, mice that achieved complete responses to either
combination therapy or CDK4/6 inhibitor monotherapy
demonstrated resistance to tumor rechallenge, indicating
the establishment of durable immune memory.? These
findings suggest that combining CDK4/6 inhibitors with
ICIs may represent a promising strategy to enhance
antitumor immunity and improve therapeutic outcomes.

7.2. CDK4/6 inhibitors with ICls tackle resistance

The PALOMA, MONALEESA, and MONARCH trial
series have firmly established CDK4/6 inhibitors as a
fundamental therapeutic for HR*/HER2" advanced breast
cancer.””” These pivotal studies evaluated three distinct
CDK4/6 inhibitors, including palbociclib, ribociclib, and
abemaciclib, in combination with endocrine therapy. Across
these studies, these agents consistently demonstrated
significant improvements in median PFS, ranging from
16 to 28 months in the first-line setting,’>”>’>7”7% and
5 to 20 months in later line therapies.”*”®””” Despite
these advancements, therapeutic resistance typically
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develops after 1-2 years of treatment, posing a significant
challenge for long-term disease management. ICIs have
emerged as a potential strategy to overcome or delay
resistance to CDK4/6 inhibitors.® Pre-clinical evidence
suggests that CDK4/6 inhibition can modulate immune
responses, potentially enhancing the efficacy of ICIs.** This
combination approach offers two potential mechanisms:
Either delaying resistance development when used
concomitantly or restoring treatment sensitivity when
ICIs are introduced after CDK4/6 inhibitor failure. Early
clinical trials evaluating palbociclib combined with
pembrolizumab and endocrine therapy have shown
encouraging response rates and PFS benefits, particularly
in treatment-naive patients and those with stable disease
on prior CDK4/6 inhibition." Introducing ICIs after
CDK4/6 inhibitor failure may be an effective strategy to
restore treatment sensitivity. By reactivating the immune
response against tumor cells, ICIs can overcome resistance
mechanisms, transforming immunologically “cold” tumors
into “hot” ones. In addition, studies have shown that
CDK4/6 inhibitors can enhance the immunogenicity of
tumor cells by modulating the expression of genes related to
antigen presentation, thereby improving the effectiveness
of immunotherapy. This combined treatment strategy
offers new possibilities for addressing resistance issues in
tumor immunotherapy.**®! While these preliminary results
suggest ICIs may help address resistance mechanisms,
further investigation is required to validate these findings
and elucidate the underlying biological interactions.

7.3. Challenges and potential limitations

Despite their proven efficacy, the clinical use of CDK4/6
inhibitors, particularly in HR* breast cancer, encounters
several challenges. First, clinical observations have
highlighted potential adverse effects, including hepatitis
and pneumonitis, which may be linked to increased
secretion of pro-inflammatory cytokines and impaired Treg
function.* Second, combination therapies often require
dose reductions due to overlapping toxicities, resulting in
suboptimal drug exposure and potentially compromised
efficacy® A significant issue with these combination
regimens is the increased toxicity, particularly immune-
related adverse events and hematological toxicities,* which
must be carefully monitored and managed. Determining
the optimal sequence and dosage of these drugs is
essential. Third, approximately 30% of breast cancer
patients exhibit intrinsic resistance to CDK4/6 inhibitors.®
Notably, while these drugs enhance antitumor immunity,
resistance mechanisms frequently involve dysregulated
IFN signaling and SASP. For instance, De Angelis et al.**
demonstrated that high IFN-response gene signatures,
characterized by upregulation of signal transducer and

activator of transcription 1, interferon regulatory factor 9,
and SP100, along with suppression of immunostimulatory
genes, such as inducible T-cell costimulatory (ICOS) and
CD70, are strongly associated with treatment resistance.
The precise mechanisms driving resistance to CDK4/6
inhibitor-immunotherapy combinations remain poorly
characterized, hindering the clinical optimization of these
treatments.

7.4. Future prospective

CDK4/6 inhibitors have shown significant potential in
breast cancer immunotherapy, with ongoing research
targeting several key areas. In early-stage breast cancer,
abemaciclib has demonstrated the capacity to reduce the
risk of recurrence.®® In addition, numerous studies are
investigating the synergistic effects of combining CDK4/6
inhibitors with ICIs to enhance immune responses and
improve clinical outcomes.® Importantly, the therapeutic
applications of these agents have expanded to include
HER2* and triple-negative breast cancer subtypes, where
they have shown clinical benefits.*

Whileresearch on CDK4/6 inhibitorshas predominantly
focused on breast cancer, there is growing interest in their
application to other cancer types. In ovarian cancer, both
preclinical and clinical studies are exploring the potential
of CDK4/6 inhibitors as monotherapy or in combination
treatments.®* Preliminary evidence indicates that, while
BRAF and MEK inhibitors have inherent antitumor
effects, their combination with CDK4/6 inhibitors could
further enhance immune activation. Many clinical
trials are currently assessing the safety and eflicacy of
these combined strategies, aiming to identify predictive
biomarkers for treatment response and resistance. This
would optimize therapeutic outcomes across various
cancers through synergistic CDK4/6 inhibition.*

Recent studies have drawn attention to the potential of
metal ions, such as selenium, zinc, and copper, as critical
immunomodulatory trace elements that may enhance the
efficacy of CDK4/6 inhibitors.®®! This enhancement is
achieved by reprogramming immunometabolic pathways
within the TME. Specifically, selenium bolsters T-cell
resilience against oxidative stress through nuclear factor
erythroid 2-related factor 2-mediated antioxidant responses.*
Meanwhile, zinc aids T-cell proliferation through zeta-chain
of T-cell receptor-associated protein kinase 70 signaling and
modulates PD-L1 expression on dendritic cells.”*** These
mechanisms indicate promising opportunities for synergistic
combination therapies that target both cell cycle regulation
and immunometabolic checkpoints.

It is crucial to note that present evidence largely stems
from early-phase clinical trials and pre-clinical models.
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Large-scale, randomized, placebo-controlled phase III
trials are necessary to confirm both the efficacy and
safety profiles of these treatments. Patients whose tumors
develop resistance through immune evasion mechanisms
may benefit more from the addition of ICIs. The gut
microbiome may also play a role in predicting responses to
ICI combination therapies.” Further research is needed to
identify specific biomarkers that can predict which patients
will benefit most from this approach.

8. Conclusion

CDK4/6 inhibitors modulate antitumor immunity through
multifaceted mechanisms, including direct regulation
of T-cell activity, remodeling of the immunosuppressive
TME, and regulation of immune checkpoint expression.
These immunomodulatory effects provide a mechanistic
rationale for combining CDK4/6 inhibitors with IClIs,
which may overcome resistance and amplify therapeutic
efficacy in cancer treatment. Future studies should
focus on elucidating the differential impacts of CDK4/6
inhibition across diverse immune cell populations, refining
combinatorial strategies with immunotherapy, and
validating these observations across a broader spectrum of
tumor malignancies.
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Abstract

Homologous recombination deficiency (HRD) affects genomic stability and has
potential as a biomarker for the effectiveness of poly (ADP-ribose) polymerase (PARP)
inhibitorsandimmune checkpointinhibitors. However, the clinicaland molecular profile
of HRD in non-small cell lung cancer (NSCLC), particularly in the Chinese population,
remains poorly characterized. Based on the next-generation sequencing data of 158
Chinese NSCLC patients, we analyzed the HRD scores of mutations in homologous
recombination repair (HRR) genes and dissected the correlation between HRD state
and programmed death-ligand 1 (PD-L1) expression. Alterations in HRR genes were
observed in 8.9% of the patients, with ATM and BRCA2 being the most commonly
affected genes. HRD-high (HRD-H) status was significantly associated with advanced
disease stage (=lll) and lung squamous cell carcinoma (LUSC). Transcriptomic analysis
revealed distinct gene expression profiles between HRD-H and HRD-low (HRD-L)
subgroups, with HRD-H tumors exhibiting predominantly downregulated genes. While
EGFR mutations occurred at similar frequencies across HRD status, TP53 mutations
were significantly enriched in HRD-H cases. HRD-H status correlated with higher PD-L1
positivity in NSCLC overall, but not within the lung adenocarcinoma (LUAD) subgroup in
our cohort. The Cancer genome atlas analysis showed higher PD-L1 protein expression
in HRD-H LUAD, but not in LUSC. Kyoto Encyclopedia of Genes and Genomes analysis
identified enrichment of complement and coagulation cascades, ABC transporters,
and bile secretion pathways in HRD-H tumors, suggesting links to immune evasion
and drug resistance. This study elucidates the genomic landscape of HRD in Chinese
NSCLC patients and provides insights into its potential clinical utility for therapeutic
targeting. Our findings suggest that integrated HRD scoring may guide the application
of PARP inhibitors and immunotherapy in specific NSCLC patient subgroups. Further
prospective clinical studies are needed to validate the predictive value of HRD scoring
in NSCLC treatment and to optimize patient selection strategies.

Keywords: Homologous recombination deficiency; Immunotherapy biomarkers;
Next-generation sequencing; Non-small cell lung cancer; Programmed death-ligand 1
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1. Introduction

Lung cancer is the most common type of cancer (accounting
for 11.6% of all cancer cases) and the leading cause of cancer
death worldwide (accounting for 18.4% of all cancer deaths).
Lung cancer is one of the leading causes of cancer-related
death in China, and its 5-year survival rate is only 19.8%.'
Roughly 80 - 85% of lung cancers are categorized as non-
small cell lung cancer (NSCLC), with lung adenocarcinoma
(LUAD) and lung squamous cell carcinoma (LUSC) being
the predominant subtypes of NSCLC.? Recent innovations
in NSCLC management involve the use of targeted
therapies, immunotherapies, and the synergistic pairing of
chemotherapy and immunotherapy.’ Nevertheless, around
one-third of individuals diagnosed with LUAD and most
patients with LUSC lack oncogenic driver mutations that
can be targeted for treatment.*® NSCLC patients without
identifiable oncogenic driver alterations can undergo
chemotherapy or chemo-immunotherapy, depending on
the cancer subtype and the expression of the programmed
death ligand-1 gene (PD-LI1).” However, only a small
percentage (<20%) of unselected NSCLC patients respond
to immunotherapy, and some of these patients experience
severe immunotoxicity.® Hence, there exists an unmet need
to explore potential novel and effective treatment modalities
to improve the therapeutic outcomes for NSCLC.

Homologous recombination is pivotal for maintaining
genome stability through the repair of DNA double-strand
breaks (DSBs) and stalled DNA replication forks.” Tumors
exhibiting deficiencies in homologous recombination still
require intact mechanisms for the repair of DNA lesions
that are critical for cell viability, and thus shift their reliance
to other functional DNA repair pathways.'® Targeting these
dependent pathways in DNA damage response (DDR)-
deficient cancer cells induce a synthetic lethality effect,
thereby inhibiting cancer cell proliferation.'* Poly (ADP-
ribose) polymerase (PARP) inhibitors selectively eradicate
cells with homologous recombination repair (HRR)
deficiencies through synthetic lethality interactions.'
This synthetic lethality has been extensively applied in
breast, ovarian, and prostate cancers with BRCA1 and
BRCA2 mutations."” Therefore, BRCA mutations and the
status of homologous recombination deficiency (HRD)
serve as biomarkers for predicting the efficacy of PARP
inhibitors." Alterations in genes of the homologous
recombination pathway have been extensively studied,
leading to the development of HRD scoring algorithms
utilizing various assays to quantify the extent of genomic
instability. These algorithms rely on metrics associated
with loss of heterozygosity, telomeric allelic imbalance,
and large-scale state transitions.”® The breast cancer
susceptibility genes BRCAI and BRCA2 are the most well-

known genes associated with HRD.'S Other genes, such as
ataxia telangiectasia mutated (ATM), BRCAI associated
RING domain 1 (BARDI), and BRCAI interacting protein
C-terminal helicase 1 (BRIPI), have been identified as
participants in homologous recombination and related
pathways.” Numerous studies have demonstrated
the presence of HRD in lung cancer.'®* However, the
expansion of PARP inhibitors into the field of lung cancer
through experimental and clinical studies is still limited,
and considerable efforts are needed before their application
in lung cancer.

Deficiency of homologous recombination, or HRD,
arises from defects in DNA repair pathways, particularly the
HRR system responsible for repairing DSBs. Abnormalities
in HRR can be attributed to germline or somatic mutations
of some genes including BRCAI, BRCA2, ATM, RAD51,
and BARDI. These genetic alterations result in genomic
instability, a hallmark of cancer development.?*?! The
specific HRD features include large-scale state transitions,
loss of heterozygosity, and telomeric allelic imbalances.
These genomic characteristics have been used to predict
response to PARP inhibitors in ovarian and breast cancers,
and have been associated with improved overall survival in
patients with BRCA mutations, ovarian and breast cancers,
and high HRD scores.”? However, HRD could also be both
hereditary and secondary; some tumors become HRD
even without BRCA mutations, but this makes it useful for
more cancer types.

Beyond conferring sensitivity to PARP inhibitors,
HRD is also linked to increased tumor immunogenicity.
Several investigations have shown that the mutation rate in
HRD-positive tumors is higher and that these mutations
may give rise to neoantigens and increased infiltration of
tumor tissue by immune cells.? HRD is associated with
increased expression of immune checkpoint proteins such
as PD-L1 and activation of interferon signaling pathways,
suggesting a potential interaction between HRD and
immunotherapy.** For example, in microsatellite stable
cancers, it has been demonstrated that the utilization of
HRD increases the effectiveness of immune checkpoint
inhibitors (ICI), including anti-PD-1 and anti-PD-L1
agents.”® The combination of PARP inhibitors and ICIs
is based on pre-clinical evidence that PARP inhibition
releases intracellular DNA to activate the cGAS-STING
pathway, enhancing immunity against the tumor. That
is why today there are many clinical trials of such
combinations for various malignancies. For example, the
MEDIOLA trial exposed a relatively favorable outcome
of combining olaparib and durvalumab in BRCA-mutant
metastatic breast cancer with a high response rate and
disease control.?
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Despite these advances, studies specifically addressing
the clinical and molecular landscape of HRD in NSCLC,
particularly in East Asian populations, remain scarce. Most
large-scale HRD studies have focused on breast, ovarian,
and prostate cancers, where HRD is more prevalent and
its prognostic and predictive value is well established.?” In
NSCLC, the prevalence, clinical significance, and biomarker
potential of HRD, especially the commonly mutated genes
such as EGFR, TP53, and ALK are not well characterized,
and evidence from Chinese populations is particularly
limited. At present, the mainstream HRD score is based
on the Food and Drug Administration-approved Myriad
HRD assay, which uses a threshold of 42.%® In this study,
the HRD threshold was set at 43, determined according
to the genomic database of the Chinese population. This
threshold better reflects the practical value of our research
in Asian NSCLC patients.

In addition, evidence has shown that cancers with
HRD exhibit enhanced immunogenicity, and checkpoint
inhibitors demonstrate potential efficacy.” Numerous
oncological studies have illustrated the potential of HRD
as a biomarker for immunotherapy.***® One previous
study observed the disparities in PD-L1 expression status,
genetic backgrounds, and exposure to the environment
between Asia and the United States.®? Thus, there is a
need for region-specific research on the applicability and
predictive/prognostic values of HRD. Further investigation
into HRD could be crucial for identifying new therapeutic
targets in NSCLC.

In this study, we aim to describe the correlation between
HRD scores and clinical characteristics in Chinese patients
with NSCLC, as well as the mutation status in HRD-
related genes. Furthermore, we attempted to analyze the
relationship between HRD scores and PD-L1 expression,
providing foundational data for selecting biomarkers in
future clinical targeted therapies for NSCLC.

2. Materials and methods
2.1. Patient cohort and sample collection

This study is a retrospective study conducted on 158
pathologically proven NSCLC patients treated at the
Chongqing University Three Gorges Hospital. The cohort
included 148 patients with LUAD and 10 patients with
LUSC, which are the two most common subtypes of
NSCLC.

Patients were enrolled consecutively according to
the order of their thoracic surgery admissions over a
6-month period, from August 2023 to January 2024. The
inclusion criteria are as follows: (i) age between 18 and
75 years; (ii) histologically confirmed diagnosis of NSCLC

(LUAD or LUSC); (iii) availability of sufficient formalin-
fixed paraffin-embedded (FFPE) tumor tissue for DNA
extraction, with tumor cellularity >30%; (iv) availability
of matched germline peripheral blood samples; (v) ability
to provide written informed consent; and (vi) complete
clinicopathological and demographic data.

The exclusion criteria are as follows: (i) prior
neoadjuvant chemotherapy, radiotherapy, or targeted
therapy before tissue sampling, to avoid treatment-induced
genomic alterations; (ii) insufficient tumor cellularity
(<30%) in FFPE samples; (iii) poor DNA quality or quantity
after extraction; (iv) diagnosis of small cell lung cancer or
other rare NSCLC subtypes; and (v) presence of medical
or psychiatric conditions that precluded the possibility of
obtaining informed consent.

These criteria were established to ensure high-quality
genomic data and accurate HRD assessment and to
reduce confounding factors that could artificially alter the
observed HRD-related mutation frequency. By excluding
patients with prior systemic therapy, inadequate tissue or
DNA, or inability to provide informed consent, we aimed
to capture the true prevalence of HRD-related mutations in
treatment-naive, representative Chinese NSCLC patients.
Informed consent was obtained from all patients, and the
study protocol was approved by the institutional ethical
review committee.

2.2. DNA extraction and quality control

Total genomic DNA from FFPE tumor tissues was isolated
using the Paraffin-Embedded Tissue DNA Extraction
Kit (centrifugal column method) from Novogene
Biotechnology, Tianjin, China; it is a modified protocol
of a standard DNA extraction kit that provides high yield
and quality of purified DNA from the fragmented genomic
DNA from FFPE samples. For germline DNA, leukocyte
from the peripheral blood sample was used, and the DNA
was extracted using the Tienken Blood DNA kit of Tiangen
Biotech, Beijing, China. DNA yield and quality were
determined by using a Qubit Fluorometer (Thermo Fisher
Scientific, Waltham, USA) and Agilent 2,100 Bioanalyzer
(Agilent Technologies, Santa Clara, USA).

2.3. Gene panel design and sequencing

Targeted next-generation sequencing (NGS) was done on
a DNAseq custom hybrid capture panel consisting of 188
cancer genes and 37,000 genome-wide single nucleotide
polymorphism (SNP) markers. This panel was selectively
used to detect somatic and germline mutations in the
genes related to HRR and to assess the HRD score based
on genomic instability. The panel includes comprehensive
coverage of EGFR mutation hotspots and other driver
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alterations that occur at significantly higher frequencies
in East Asian NSCLC patients compared to Western
populations. The selected genes include some known
oncogenes and DDR-associated genes that are involved
in tumor development and therapy response. Sequencing
libraries were prepared with 0.5 ug of good-quality DNA
per sample. DNA was sheared to 180 - 280 bp using a
Covaris M220 ultrasonicator (Massachusetts, USA).
End-repair was then performed, followed by A-tailing
and adapter ligation, and the samples were finally
subjected to polymerase chain reaction enrichment
using index primes. DNA samples were purified using
AMPure XP beads (Beckman Coulter, USA) and all the
libraries were then quantified using a high-sensitivity
DNA assay kit from Agilent. DNA sequencing was done
in the Illumina NovaSeq 6,000 where the tool used was 2
x 150 bp paired-end. With a significance level at p<0.05
and power of 0.90, a minimum average coverage depth
was set for targeted genes and SNPs loci at x1,000 and
%200, respectively, to ensure an adequate HRD scoring
and mutation detection.

2.4. Bioinformatics pipeline and variant calling

The raw sequencing data were then filtered using FASTP
version 0 (HaploX Biotechnology, China) with adapters
trimming and removing low-quality reads. The clean reads
were then mapped to the target human genomic reference
sequence, specifically the hgl9 or the NCBI Build 37.
Sambamba was used in the process of sorting the BAM
files and Samblaster in identifying the duplicate reads.
Somatic and germline single nucleotide variants, as well as
small insertion-deletions were called from the tumor and
normal samples using VarScan2 (Washington University,
USA). All variants were filtered with an in-house pipeline
and were then validated using Integrative Genomics
Viewer (Broad Institute, USA) to ensure that these were
accurate.

2.5. Calculation of HRD score and classification

For the evaluation of HRD, we utilized the scarHRD R
package (https://github.com/sztup/scarHRD) to calculate
HRD scores based on three genomic instability metrics:
loss of heterozygosity, telomeric allelic imbalance, and
large-scale state transitions. The use of 37,000 genome-wide
SNP markers provided high-resolution detection of these
events, tailored to the genetic background of Chinese
patients. The patients were further divided into two
subgroups according to their scores of the HRD as follows:
e HRD-High (HRD-H): Score 243

e HRD-Low (HRD-L): Score <43.

This threshold has been taken from other previously
validated works?* and is a biologically significant cut-off to

signify patients with high genomic instability and therefore
possible responders to therapeutics.

2.6. Biomarker and clinical feature integration

Expression  of PD-L1  was  assessed  using
immunohistochemistry, and mutation status for key
oncogenes was determined from sequencing data. This
comprehensive biomarker assessment allows for an analysis
of HRD'’s clinical significance in the Chinese context.

2.7. Statistical analysis

In this study, we performed the statistical analysis and
visualization using the R package map tools. Landscape
analyses, statistical tests, and other pertinent studies were
made easier by this package.! For comparisons between
two categorical and continuous variables, Fisher’s exact
test and the Mann-Whitney U tests were used. In addition,
the software used for differential analysis of the cancer
genome atlas (TCGA) transcriptomic data was limma, and
the software used for differential analysis of HRD-RNAseq
data was DESeq2. The criteria for selecting differentially
expressed genes (DEGs) were |log2FC| > 1 and adjusted
p<0.05, and all other tests were also performed at the
statistically significance level <0.05.

3. Results

3.1. Mutational landscape of HRR genes in Chinese
NSCLC patients

To study the association between HRD score and NSCLC
clinicopathological and genetic features, we employed
an NGS test covering 188 cancer-related genes and more
than 37,000 SNPs distributed across the human genome.
Among 158 NSCLC patients, 8.9% (14/158) harbored
somatic genomic alterations in HRR genes. Within these
14 patients, we identified 17 mutations in HRR genes,
with the majority (88.2%) being missense mutations. In
addition, 24.7% (39/158) of patients exhibited germline
genomic alterations in the HRR genes. Among these
39 patients, we identified 49 mutations in the HRR genes,
with 18.4% being classified as pathogenic mutations
(Figure 1A). In our cohort of Chinese NSCLC patients,
ATM emerged as the most frequently somatically mutated
HRR gene, occurring in 4.4% of cases. The most common
germline mutated gene among the HRR genes was BRCA2,
present in 7.0% of cases, followed by ATM at 3.2%, BRIP1
at 3.2%, and BARDI at 2.5% (Figure 1A). Our analysis
revealed that EGFR alterations were mutually exclusive
with many other genetic alterations, suggesting that EGFR
mutations represent the most potent driver events in
NSCLC. Conversely, we observed that changes in multiple

I Accessible at http://bioconductor.org/packages/release/bioc/
vignettes/maftools/inst/doc/maftools.html
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Figure 1. Genomic HRD score and mutation landscape in Chinese non-small cell lung cancer (NSCLC) patients. (A) Landscape of HRR genes and clinical
characteristics in 158 Chinese NSCLC patients sorted by HRD score. In this cohort, 8.9% (14/158) exhibited somatic genomic alterations in HRR genes,
identifying 17 mutations predominantly of the missense type (88.2%). Germline genomic alterations were observed in 24.7% (39/158) of the cohort with
49 mutations identified, and 18.4% were categorized as pathogenic. ATM was the most frequently mutated somatic HRR gene (4.4%), while BRCA2 was
the most commonly mutated germline HRR gene (7.0%), followed by ATM (3.2%), BRIPI (3.2%), and BARDI (2.5%). (B) Co-occurring and mutually
exclusive somatic mutations in the cohort are illustrated. EGFR alterations showed mutual exclusivity with many other genetic alterations, underscoring
its potential as a major driver event in NSCLC. Significant co-occurrences of mutations were found particularly between ERCC3 and TSC2, and between

MSHG6 and FANCM (p<0.01).

Note: p-values were calculated using Fisher’s exact test: *p<0.01, p<0.05.
Abbreviations: BER: Base-Excision Repair; FA: Fanconi Anemia; HRD: Homologous recombination deficiency; HRR: Homologous recombination repair;
LOH: Loss of heterozygosity; LST: Large-scale state transition; LUAD: Lung adenocarcinoma; LUSC: Lung squamous cell carcinoma; MMR: Mismatch
Repair; NER: Nucleotide Excision Repair; NSCLC: Non-small cell lung cancer; TAI: Telomeric allelic imbalance.
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genes often occur simultaneously, suggesting potential
synergistic effects among these genes. Particularly, the
concurrent mutations in the ERCC3 and TSC2 genes, as
well as the co-mutations in the MSH6 and FANCM genes,
demonstrated significant statistical importance (p<0.01)
(Figure 1B).

3.2.The relationship between clinicopathological
characters and the HRD score in NSCLC

To further illustrate the clinical value of HRD score
in NSCLC, we analyzed the relationship between
clinicopathological ~characteristics and HRD score
(Figure 1A). Patients with advanced-stage (stage III and
above) NSCLC are more likely to have high HRD scores
compared to those with early-stage (stage I and II) disease
(Table 1), but not in the TCGA cohort. Furthermore,
individuals with LUSC have a higher incidence of HRD than
patients with LUAD, which was consistent with the TCGA
cohort. No significant differences in clinical characteristics,
including age, smoking history, and gender, were observed
between HRD-H and HRD-L patients (Table 1).

To further analyze the transcriptomic differences
between HRD-H and HRD-L subgroups, RNA
sequencing (RNA-seq) data from both the TCGA dataset
and our NSCLC cohort were analyzed. Volcano plots
(Figure 2A and C) revealed a higher number of DEGs
in HRD-H compared to HRD-L, with a predominance

Table 1. Clinical characteristics of HRD-H and HRD-L
patients

Characteristics HRD-H (n=19) HRD-L (n=139) p-value

Age (%) 0.3354
Young (<60 years) 8 (42.11) 76 (54.68)
Old (>60 years) 11 (57.89) 63 (45.32)

Gender (%) 0.9999
Female 9 (47.37) 70 (50.36)
Male 10 (52.63) 69 (49.64)

Stage (%) 4<0.0001
Early (<III) 10 (55.56) 122 (93.13)
Late (>III) 8 (44.44) 9 (6.87)

Histology (%) **0.0032
LUAD 14 (73.68) 126 (96.18)
LUSC 5(26.32) 5(3.82)

Smoking (%) 0.3075
Yes 9 (47.37) 47 (33.81)
No 10 (52.63) 92 (66.19)

Notes: **p<0.01, **p<0.001.

Abbreviations: HRD-H: Homologous recombination deficiency-high;
HRD-L: Homologous recombination deficiency-low; LUAD: Lung
adenocarcinoma; LUSC: Lung squamous cell carcinoma.

of downregulated genes. This suggests that HRD-H may
suppress certain transcriptional programs, potentially
linked to genomic instability caused by homologous
recombination defects. Heatmaps (Figure 2B and D)
validated these findings, demonstrating consistent
expression patterns of DEGs across distinct samples. These
results highlight systematic transcriptomic disparities
between HRD-H and HRD-L subgroups, underscoring
their potential as biomarkers for NSCLC stratification.

3.3. Genetic alterations between HRD-H and HRD-L
patients in LUAD

To gain deeper insights into the genomic alteration
spectrum associated with the HRD phenotype in LUAD
patients, we assessed and contrasted the frequencies of
gene mutations between individuals classified within
HRD-H and HRD-L groups. EGFR and TP53 were the
most commonly mutated genes in both the HRD-H and
HRD-L groups (Figure 3A). In the HRD-H group, 10 out of
14 cases exhibited mutations in the EGFR gene. TP53 gene
was more frequently mutated in HRD-H than in HRD-L
patients (Figure 3B and Figure Al in the Appendix).

3.4. Association between HRD status and PD-L1
expression

In our study, we assessed the PD-L1 expression status in
154 patients. Out of these patients, 36.4% (56/154) tested
positive for PD-L1 expression. We found that the positive
rate of PD-L1 expression was significantly higher in the
HRD-H group compared to the HRD-L group in NSCLC
(Figure 4A and Figure A2 in the Appendix). Nevertheless,
there was no correlation of HRD phenotype with PD-L1
expression in either the HRD-H or the HRD-L group in
LUAD (Figure 4B). In addition, we analyzed the PD-L1
expression in the TCGA database. The TCGA PD-L1
expression data of LUSC and LUAD datasets were directly
pulled down from the UCSC Xena RPPA TCGA hub.?
These data include 352 LUAD patients and 321 LUSC
patients. Since the PD-L1 status in the TCGA database
cannot be classified as positive or negative, we examined
its relationship with HRD status by comparing numerical
values. Our analysis revealed that in TCGA-LUAD, the
mean protein expression of PD-L1 was significantly higher
in the HRD-H group compared to the HRD-L group
(Figure 4C). However, in TCGA-LUSC, there was no
significant difference observed (Figure 4D).

3.5. Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis in TCGA and
study cohorts

KEGG pathway enrichment analysis of HRD-H and HRD-L

2 https://xenabrowser##net/datapages/
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Figure 2. Differentially expressed genes between HRD-H and HRD-L RNA-seq. (A) Volcano plot depicting DEGs between HRD-H and HRD-L subgroups
in the TCGA database. A greater number of DEGs are observed in HRD-H compared to HRD-L, with predominance of downregulated genes, indicative of
potentially suppressed transcriptional programs linked to homologous recombination defects. Genes with significant differential expression (upregulated,
red; downregulated, blue) are highlighted. (B) Heat map illustrating the expression patterns of DEGs between HRD-H and HRD-L groups in the TCGA
dataset. Consistent expression patterns are noted across samples, validating the differential expression observed in the volcano plot. (C) Volcano plot of
DEGs between HRD-H and HRD-L in RNA-seq data from 40 NSCLC cases in China. Similar to the TCGA analysis, HRD-H samples exhibit more DEGs,
with a significant number of downregulated genes highlighted (blue) compared to upregulated genes (red). (D) Heat map showing consistent expression
patterns of DEGs in HRD-H and HRD-L groups in the cohort of 40 Chinese NSCLC patients, reinforcing the observed transcriptomic disparities between
the HRD subgroups.

Abbreviations: DEGs: Differentially expressed genes; HRD-H: Homologous recombination deficiency-high; HRD-L: Homologous recombination
deficiency-low; NSCLC: Non-small cell lung cancer; RNA-seq: RNA sequencing; TCGA: The Cancer Genome Atlas.

subgroups in both the TCGA cohort and our study cohort pathway-level insights underscore the potential value
(Figure 5A-D) revealed distinct metabolic, immune, and of HRD as a biomarker for guiding precision therapy in
drug-response signatures in HRD-H tumors. In the TCGA NSCLC.

cohort (Figure 5A and B), HRD-H tumors exhibited . .

significant downregulation of the protein digestion and 4. Discussion

absorption pathway (P.gus = 0.10) and pancreatic secretion In this study, we investigated the epidemiologic
pathway, suggesting impaired nutrient metabolism that characteristics of HRD in Chinese NSCLC patients and
may exacerbate genomic instability. Concurrently, the discussed the rationale for using HRD as a biomarker
complement and coagulation cascades pathway (Rich factor in treatment strategies. The results showed that 8.9%
>10) was markedly enriched in HRD-H tumors (Figure 5B), of NSCLC patients had somatic variants in HRR genes,
indicating complement-dependent immune evasion. of which ATM and BRCA2 were most affected. This
In our cohort (Figure 5C and D), recurrent enrichment observation is clinically significant, as patients with HRD,
of the complement and coagulation cascades pathway particularly those harboring BRCA1/2 or ATM mutations

(Pugjue < 0.05) further validated the immunosuppressive may be candidates for PARP inhibitor therapy. PARP
phenotype of HRD-H. Strikingly, upregulation of the ABC inhibitors have been known to be effective in patients with

transporters pathway (Rich factor >15) and bile secretion HR-positive breast and ovarian cancers and its applicability
pathway (Figure 5D) highlighted enhanced drug efflux as a to NSCLC patient has been explored and found effective in
potential resistance mechanism in HRD-H tumors. These patients who meet genomic instability criteria.
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Figure 3. Comparison of genomic alterations between the HRD-L and HRD-H groups of Chinese NSCLC patients. (A) Mutational landscapes of HRD-L
(n = 134) and HRD-H (n = 14) groups highlighting the frequencies of gene mutations. EGFR and TP53 genes were the most frequently mutated in both
HRD-H and HRD-L groups. Notably, 71% of HRD-H cases harbored mutations in the EGFR gene, and TP53 was more frequently mutated in HRD-H
(86%) than in HRD-L patients (26%). (B) Forest plot depicting the enrichment of gene mutations in HRD-L and HRD-H groups, measured by logarithmic
odds ratio (*p<0.05). The x-axis shows the log odds ratio. Despite the higher mutation rates of EGFR and TP53 in the HRD-H group, these did not reach
statistical significance in the comparative analysis. Other genes, including PIK3CA, ATM, KRAS, and MSH6, also showed variations in mutation frequency
between the two groups, without statistically significant differences.

Note: NS denotes not significant.

Abbreviations: HRD-H: Homologous recombination deficiency-high; HRD-L: Homologous recombination deficiency-low; NSCLC: Non-small cell lung cancer.

Furthermore, this study provides valuable insights into harboring both HRD-H and TP53 mutations might be
the genetic and clinical differences between HRD-H and more sensitive to DNA-damaging agents, such as platinum-
HRD-L patients. Notably, HRD-H patients were more based chemotherapy and PARP inhibitors,” due to their
frequently diagnosed at advanced stages and exhibited a impaired ability to repair DNA damage. On the other hand,

higher prevalence of TP53 mutations, further supporting the presence of TP53 mutations has been associated in
the association between HRD and genomic instability.” some studies with resistance to certain therapies and with
The co-occurrence of HRD-H status and TP53 mutations a more immunosuppressive tumor microenvironment,
is particularly noteworthy, as both features are individually which could influence response to ICIs.*® Therefore, the
associated with aggressive tumor biology and poor prognosis dual presence of HRD-H and TP53 mutations may define a

in NSCLC.** TP53 mutations can compromise cell cycle subset of patients with both high therapeutic vulnerability
control and apoptosis,** while HRD leads to defective DNA and high risk, showing the need for tailored treatment

repair and increased genomic instability.* The combination strategies and close clinical monitoring. Further research is
of these alterations may synergistically promote tumor warranted to clarify the prognostic and predictive value of
progression, resulting in more advanced disease at diagnosis this co-occurrence and to optimize therapeutic approaches
and potentially poorer clinical outcomes. This synergistic for these patients.

effect is evident in our cohort, where patients with HRD-H
status exhibited significantly higher rates of advanced disease
(stage ITIB-IV) compared to HRD-L patients (approximately
60% vs. 40%). This association likely reflects the aggressive
phenotype driven by extreme genomic instability when both
alterations are present.

Apart from the management of PARP inhibitors, HRD
may have applicability in identifying the patients who
would benefit from the use of ICIs. In contrast to the
TCGA-LUAD set, a priori-defined HRD was not associated
with PD-L1 expression in our LUAD cohort, although
previous reports also indicated that the latter had higher

From a therapeutic perspective, this co-occurrence immunogenicity in cancers with HRD.*” Molecularly, HRD
may have complex implications. On the one hand, tumors results in DNA damage that can activate the cGAS-STING
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Figure 4. The association of HRD status with PD-L1 expression in this cohort and TCGA cohort. (A) Comparison of the number of PD-L1 positive and negative
cases between the HRD-H (n = 14) and HRD-L (n = 140) groups in NSCLC. The HRD-H group exhibited a significantly higher rate of PD-L1I positive expression
compared to the HRD-L group. (B) Comparison of the number of PD-L1 positive and negative cases between the HRD-H and HRD-L groups in LUAD. No
significant correlation was observed between HRD phenotype and PD-L1 expression in LUAD. (C) Comparison of normalized scores of PD-L1 expression between
the HRD-L (n=321) and HRD-H (1 = 31) groups in the TCGA-LUAD dataset. The mean PD-L1 protein expression was significantly higher in the HRD-H group
compared to the HRD-L group. (D) Comparison of normalized scores of PD-L1 expression between the HRD-L (n = 317) and HRD-H (n = 31) groups in the
TCGA-LUSC dataset. No significant difference in PD-L1 expression was observed between the HRD-L and HRD-H groups in the TCGA-LUSC dataset.
Note: *p<0.05, NS denotes not significant.
Abbreviations: HRD-H: Homologous recombination deficiency-high; HRD-L: Homologous recombination deficiency-low; LUAD: Lung adenocarcinoma;
LUSC: Lung squamous cell carcinoma; NSCLC: Non-small cell lung cancer; PD-L1: Programmed death-ligand 1; RPPA: Reverse phase protein array;
TCGA: The Cancer Genome Atlas.

pathway and release type I interferons, thus increasing Although in our LUAD cohort, pre-defined HRD was not
immune cell infiltration.®® This process may upregulate significantly associated with PD-L1 expression, this does not
immune checkpoint molecules, including PD-L1, thereby rule out the potential for synergy between PARP inhibitors
increasing tumor immunogenicity. Clinically, this suggests and ICIs in NSCLC. Previous studies in other solid tumors

that HRD-positive tumors could be more responsive
to ICIs. Recent clinical evidence strongly supports this
dual biomarker approach. In the CheckMate-9LA study,
patients with both HRD positivity and PD-L1 >1% who
received nivolumab plus ipilimumab combined with
chemotherapy achieved a remarkable 3-year overall
survival rate of 38%, significantly outperforming patients

have demonstrated that combining PARP inhibitors with
ICIs can enhance anti-tumor immune responses, as seen in
the MEDIOLA and TOPACIO trials.* Therefore, integrating
HRD status and PD-L1 expression into clinical decision-
making could help stratify patients: Those with both
high HRD scores and elevated PD-L1 expression may be

positive for only one biomarker.® Therefore, HRD status, prioritized for combination therapies, while those with only
in combination with PD-L1 expression, could serve as a one or neither biomarker may be directed toward alternative
composite biomarker to identify patients most likely to strategies. 'This approach could optimize therapeutic
benefit from immunotherapy or combination regimens. outcomes and minimize unnecessary toxicity.
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Figure 5. KEGG pathway analysis. (A and B) KEGG pathway analysis for TCGA databases. (C and D) KEGG pathway analysis for our study participant’s
RNA-seq data. (A and C) Bar plots display the number of genes involved in significantly enriched KEGG pathways for HRD-H tumors compared to HRD-L
tumors. The bar color gradient indicates the adjusted p-value significance, from yellow (less significant) to purple (more significant). (B and D) Bubble
plots summarizing KEGG pathway enrichment, with the y-axis listing pathways and the x-axis showing the Rich factor, a measure of pathway enrichment.
Abbreviations: HRD-H: Homologous recombination deficiency-high; HRD-L: Homologous recombination deficiency-low; KEGG: Kyoto Encyclopedia of
Genes and Genomes; RNA-seq: RNA sequencing; TCGA: The Cancer Genome Atlas.

However, there are several limitations in this study. First,
the sample size was relatively small for certain subgroups,
such as HRD-H and LUSC, limiting the statistical power to
detectadditional associations. Second, thisis a retrospective
study. Without prospective data collection, we were unable
to systematically capture important clinical outcomes
such as survival data and treatment response rates. The
retrospective design also precluded the assessment of the
HRD score as a direct predictor of treatment efficacy or
as a prognostic factor under specific therapeutic regimens.
Moreover, the discrepancy between our cohort’s data and
the TCGA-LUAD data on PD-L1 mainly implies that
genetic factors such as ancestry, tumor microenvironment,
and immune system might affect the association between
HRD and immunogenicity on a population level. These
limitations underscore the necessity for larger, prospective,
population-specific studies to fully elucidate the clinical
utility of HRD as a biomarker in NSCLC and to validate
our preliminary findings. Despite these constraints,

our study provides valuable insights into the genomic
landscape of HRD in Chinese NSCLC patients and lays
important groundwork for future investigations into
targeted therapeutic approaches.

5. Conclusion

The present study provides preliminary evidence supporting
the implementation of HRD status to subclassify NSCLC and
to guide precision therapy strategies. HRD may serve not only
asabiomarker for selecting patients likely to benefit from PARP
inhibitors but also as a potential predictor of immunotherapy
efficacy. Future large-scale, prospective studies that integrate
comprehensive clinical data and evaluate combination
treatment regimens are warranted to further validate the
prognostic and therapeutic value of HRD in NSCLC.
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Figure Al. Distribution of gene mutations in the HRD-H and HRD-L groups, showing the distribution of mutation status (mutated/unmutated) of
different genes in patients. X-axis: Group (HRD-H, HRD-L). Y-axis: Gene name (EGFR, TP53). Each point represents a patient, with mutation/unmutated
marked by color.

Abbreviations: HRD-H: Homologous recombination deficiency-high; HRD-L: Homologous recombination deficiency-low.
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Figure A2. The difference in PD-L1 expression distribution between the HRD-H and HRD-L groups, visually presenting the PD-L1 expression status of
each data point (patient). X-axis: Group (HRD-H, HRD-L). Y-axis: PD-L1 expression level (percentage). Each point represents a patient.

Abbreviations: HRD-H: Homologous recombination deficiency-high; HRD-L: Homologous recombination deficiency-low; PD-L1: Programmed death-
ligand 1; TPS: Tumor proportion score.
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Abstract

Prognosticating survival in palliative cancer patients has been a longstanding
challenge. While different tools and approaches may ease prognostication,
biological variability limits their accuracy. Assessment of physical status is
important for prognostication, along with evaluating the degree of systemic
inflammation and patient-reported symptom burden. The distribution of survival
was examined among palliative cancer patients with different functional status
(Eastern Cooperative Oncology Group Performance Status), inflammation-related
markers (modified Glasgow prognostic score [mGPS]), and self-reported symptom
intensities (the eleven-point numeric rating scale [0 — 10]). Physical status and
biomarkers of systemic inflammatory responses yielded important prognostic
information in patients with advanced cancer. Among 147 hospitalized patients,
median survival was longer for those continuing anti-cancer treatment, those with
better functional status, and those with normal levels of C-reactive protein and/or
albumin. Regarding the functional status categories, patients with PS 2 exhibited
the widest range of survival. All categories, except PS 4, included patients with
actual survival of almost 1 year or more. In terms of inflammatory markers, the
widest survival range was observed among patients with mGPS 0. All categories
included patients with actual survival of more than half a year, and mGPS 0 and 1
included patients with survival of more than one and a half years. No statistically
significant differences in survival were identified between patients with mild and
higher intensities of the symptoms under investigation. A wide range of survival
outcomes at the group level makes prognostication for individual patients
particularly challenging.
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1. Introduction

More than 50 years ago, a highly ranked medical journal
stated that the survival of cancer patients not receiving
active treatment is difficult to predict and that lifespan
estimates should be interpreted with great caution.'
However, prognostication is considered a core clinical
skill important for robust decision-making.> To address
both challenges and requirements, many different
procedures have been developed to improve forecasting
accuracy.” Prognoses may be communicated by a variety
of techniques and can be expressed as, for instance,
anticipated remaining lifespan, possibility of death, or
probability of survival within a defined time frame. In
addition, survival prediction is a continuous process, as
prognostic factors may change throughout the disease
trajectory. The most common prognostic approach is
clinician prediction of survival (CPS).? Clinical prediction
of survival represents a complex process that, based on
expertise and experience, attempts to estimate the patients’
expected lifespan.*> As prognostic accuracy varies by
the patient population under consideration, setting, and
time frame, CPS may be supplemented by designated
and appropriate instruments.*® Many specific prognostic
tools include objective observations, but also subjective
symptom scores may be relevant in prognostication, as
cancer patients experience a higher intensity of certain
symptoms towards the end of life.*””

The European Society for Medical Oncology (ESMO)
has published a clinical practice guideline for prognostic
evaluation in patients with advanced cancer.® This
guideline emphasizes the importance of CPS and promotes
clinical predictions with varying degrees of supplementary
information from prognostic factors and multivariable
models. For patients receiving disease-modifying
treatment (DMT), additional assessments of physical
function and inflammation are recommended, whereas
the use of multivariable prognostic models is considered
optional. For patients no longer receiving DMT and
being closer to death, CPS remains important, along with
relevant measures of prognostic factors and clinical signs
of impending death.® In everyday clinical practice, the
traditional diagnostic work-up consists of patient-reported

information, physical examination, and laboratory
findings.'® Consequently, information on performance
status (PS), biomarkers of systemic inflammatory

responses, and PROMs may also be routinely available for
prognostication purposes.

Formal assessments of physical function, such as the
Karnofsky Performance Scale Index and the Eastern
Cooperative Oncology Group PS (ECOG PS), were
originally developed to evaluate chemotherapy tolerability

and responses.'* Although calibrated differently, both
systems share the fundamental idea of evaluating patients’
ability to carry out normal activities and their dependence
on nursing care. For years, these scales have been found
relevant and applicable in the prognostication process.”*"
PS independently predicts survival, and some authors
have been described it as a cornerstone of prognosis in
advanced cancer.* A frequently cited paper, based on
data from more than 1,600 participants, reported that
patients with advanced cancer and ECOG PS 1 had a
median survival of just under 200 days; those with PS 2,
approximately 100 days; those with PS 3, approximately
50 days; and patients with end-stage cancer and PS 4, a
median remaining lifespan of approximately 25 days."

Inflammation represents another cornerstone of
prognosis in advanced cancer.* While PS assessments
include elements of subjective judgment and clinical
evaluation, biomarkers of systemic inflammatory responses
are strictly objective measures.'*!*"” The presence of a
systemic inflammatory response may be due to increased
disease activity and cancer progression, and research
has shown that combined assessment of C-reactive
protein (CRP) and serum albumin has independent
prognostic value.’® This combination was named as the
Glasgow prognostic score (GPS)." Both the GPS and the
modified GPS (mGPS) utilize CRP and albumin levels
to score patients into three different categories, and the
system has been extensively validated for different cancer
diagnoses.'**#2°22 Higher scores correspond to a more
dismal prognosis, and the mGPS is recommended by the
ESMO for prognostic evaluation in patients with advanced
cancer receiving DMT.

The presence of certain clinical signs and symptoms,
such as some of the anorexia-cachexia syndrome, dyspnea,
and delirium or cognitive failure, has been demonstrated
to carry prognostic significance in patients with advanced
cancer.” Accordingly, the existence of particular clinical
signs and symptoms are incorporated to varying extents
into prognostic tools for this group of patients.”* A
study of more than 10,000 cancer patients followed over
the last 6 months of their lives showed that the PROMs
for tiredness, loss of appetite, reduced well-being, and
drowsiness increased dramatically towards the end of life.®
In fact, most of the patients described the intensities of
these four symptoms as moderate to severe during the last
weeks of life.® Additionally, dyspnea tends to intensity as
death approaches and is used in several prognostic tools for
patients with advanced cancer.”®* The optimal thresholds
for classifying symptom intensity as mild or moderate
on the eleven-point numeric rating scale (NRS 0 - 10)
are debated.”®” For the Edmonton Symptom Assessment
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Scale (ESAS), optimal thresholds may even differ by
symptom.” Personalized NRS 0 - 10 symptom goals for
patients with advanced cancer have been investigated, and
it is demonstrated that NRS 3 represents a symptom goal
for many patients.”® Additionally, a symptom intensity of
NRS 4 or higher has been recommended as a trigger for
further measures.? This threshold may thus be relevant for
distinguishing between mild and more severe symptom
intensities.

Despite clinical skills and access to both laboratory
results and PROMs, prognostication of the remaining
lifespan is encumbered with inaccuracy, as the exact
timing of death cannot be predicted with certainty.*
The introduction of novel treatments, such as targeted
anticancer therapy and immunotherapy, has further
complicated prognostication.” Patients receiving such
interventions may experience either major temporary
improvements or sustained long-term responses.”
Furthermore, when prognosticating median survival,
defined as the midpoint in an organized dataset,
approximately half of the patients will live shorter and half
longer than the anticipated time frame.* Therefore, clear
measures of variability may provide information equally
important as measures of central tendency, both in terms
of fostering hopes and establishing realistic expectations
for the individual patient.* Hence, information on
expected survival may be challenging to formulate and
even more difficult to apprehend.’’ In addition, various
prognostic assessments may be considered as tests
with defined sensitivities, specificities, and positive
and negative predictive values.’® For practitioners, this
implies that results must be interpreted from a clinical
perspective and delivered both with caution and
careful consideration. Awareness of the potential for
contradictory information to arise can further promote
sound clinical practice.

By using our previously published data, we aimed
to study the inherent uncertainties of commonly used
prognostic methods in patients with advanced cancer.”
Survival was examined across different ECOG PS
categories, separate mGPS groups, and among patients
with mild or higher intensities of self-reported symptoms
known to increase towards the end of life. Additionally,
characteristics of patients with both short and longer
survival durations were further described.

2. Methods
2.1. Design

The current paper is based on data from a study published
by the research group in 2021.%* The primary study reported

on interventions conducted and symptom relief achieved
in patients with advanced cancer admitted to an acute
palliative care unit (APCU) at a tertiary cancer clinic. The
palliative care unit at the cancer clinic, St. Olavs Hospital,
Trondheim University Hospital, Norway, comprises 12
beds and receives approximately 450 admissions each year.
The clinic has for years been a certified ESMO-designated
center of integrated oncology and palliative care. In the
primary study, all patients admitted to the APCU between
January 15,2019, and January 15, 2020, were assessed. This
paper presents secondary and supplementary analyses of
the data collected.

2.2. Patients

The patients referred to the APCU are adult persons with
advanced cancer, and for whom palliative care interventions
are considered relevant and beneficial. Ongoing anti-
cancer treatment does not preclude referral to the APCU,
but patients with hematological, gynecological, and
pulmonary malignancies are treated at their respective
university hospital departments. These patients are only
referred to the APCU for follow-up on neuraxial pain
management. The present analysis included all patients
with available ECOG PS registrations, relevant biomarkers
of systemic inflammatory responses, and intensities of self-
reported symptoms. Readmissions of previously included
patients were excluded from the analysis.

2.3. Assessments

For the current research, data registered at the time of
admission were used. ECOG PS registrations, the serum
biomarkers CRP and albumin, and patient-reported
symptom intensities for tiredness, loss of appetite, reduced
well-being, drowsiness, and dyspnea (NRS 0 - 10) were
retrieved. The assessment period for PROMs covered
the past 24 h. In addition, information was collected on
patient demographics, cancer diagnosis, metastatic status,
care trajectory (ongoing anti-cancer treatment along with
palliative care versus palliative care alone), and survival
from admission.

2.4. Analyses

Descriptive statistics were used for demographics and
to report survival (in days) for the entire cohort, across
different care trajectories, and among different PS groups.
Similarly, survival was calculated in patients classified into
mGPS categories 0, 1, and 2, respectively.® Patients with
CRP < 10 mg/L scored 0, patients with CRP > 10 mg/L and
albumin > 35 g/L scored 1, and patients with CRP > 10
and albumin <35 g/L scored 2."® PROMs for tiredness, loss
of appetite, reduced well-being, drowsiness, and dyspnea
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were each dichotomized into scores of <3 (mild symptom
intensities) and scores of >4 (higher symptom intensities),
and survival was computed accordingly for patients with
mild and higher symptom intensities.****

In accordance with ESMO guidance, patients were
categorized based on survival time after admission into
days (0 - 13 days), weeks (14 - 55 days), or months
(=56 days), with respect to care trajectories, ECOG PS
categories, mGPS classes, and symptom intensity levels
assessed for the study.® Patients with ECOG PS 3 surviving
months or longer, and patients with PS 2 surviving only
weeks, were further studied with respect to biomarkers of
systemic inflammatory responses.

Due to the non-normal distribution of data, non-
parametric tests were used for group survival comparisons.
Medians were used as the measure of central tendency,
and range as the measure of dispersion. The Mann—
Whitney U test was used for comparisons between two
independent groups, while the Kruskal-Wallis test was
used for comparisons involving more than two groups.
To investigate which pairs that were different, the Dunn
procedure was performed. p<0.05 were considered
statistically significant.

All calculations were conducted using STATA v17
(Stata Corporation LP; College Station, TX, USA).

2.5. Ethics

The Regional Committee for Medical Research Ethics,
Health Region Central Norway (REK) (2018/925/REK
midt and 2021/212312/REK midt) defined the primary
study and secondary analyses as healthcare improvement
activities. In accordance with Norwegian health care
legislation, explicit informed consent was not needed.

3. Results
3.1. Demographics

Altogether, 195 readmissions among 451 hospitalizations
were excluded from the study. Of the 256 unique patients,
147 had recorded registrations of ECOG PS, CRP, albumin,
and self-reported symptom registrations for tiredness,
appetite, well-being, drowsiness, and dyspnea at admission.
These 147 patients were included in the current analysis and
their characteristics are presented in Table 1. The median
age was 73 years, 67.3% were males, gastrointestinal and
urological cancers were the most common diagnoses,
89.1% had metastatic disease, and 38.8% received anti-
cancer treatment. Median overall survival was 52 days
(range 3 - 708 days), with significantly longer median
survival observed in those receiving anti-cancer treatment
(Tables 1 and 2, Figure 1).

Table 1. Demographic and clinical characteristics

Characteristic Sample %
Age (median, range) 73 (29 -92)
Gender
Male 99 67.3
Female 48 32.7
Cancer diagnosis
Gastrointestinal 66 44.9
Breast 10 6.8
Prostate 22 15.0
Other urological 15 10.2
Other 34 23.1
Metastases
Yes 131 89.1
No 16 10.9
Survival in days (median, range) 52 (3 -708)
Care trajectory
Ongoing anti-cancer treatment 57 38.8
Palliative care alone 89 60.5
Missing 1 0.7
ECOGPS
1 15 10.2
2 55 37.4
3 69 46.9
4 8 54
mGPS
0 24 16.3
1 75 51.0
2 48 32.7

Abbreviations: ECOG PS: Eastern cooperative oncology group
performance status; mGPS: Modified glasgow prognostic score.

3.2. PS and survival

Atadmission, 15 patients (10.2%) were categorized as ECOG
PS 1, 55 (37.4%) as PS 2, 69 (46.9%) as PS 3, and 8 (5.4%) as
PS 4. Survival after admission for patients in each category
is described in Table 2 and illustrated in Figure 2. Median
survival varied across groups, with no statistically significant
difference observed between patients with ECOG PS 1 and
PS 2. The range for survival also varied and was largest for
patients with PS 2. Except for those with PS 4, all categories
included patients who survived almost 1 year or more. All
categories also included patients who survived <1 month.

3.3. Biomarkers and survival

At admission, 24 patients (16.3%) were scored as mGPS 0,
75 (51.0%) as mGPS 1, and 48 (32.7%) as mGPS 2. Survival
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Table 2. Care trajectory, performance status, biomarkers,
symptom intensities, and days of survival

n Median Range p-value*
Care trajectory
Ongoing anti-cancer 57 82 3-629 <0.01
treatment
Palliative care alone 89 40 6-708
Missing 1
ECOG P$?
1 15 122 19-368  ref. category
2 55 79 10 - 708 0.23
3 69 42 3-320 <0.01
4 8 19 6-33 <0.01
mGPS*
0 24 68 13 -708  ref. category
1 75 68 6 - 629 0.44
2 48 30 3-273 <0.01
Tiredness
Mild symptom 28 81 3-629 0.08
intensity
Higher symptom 119 44 6-708
intensity
Loss of appetite
Mild symptom 56 60 6-708 0.09
intensity
Higher symptom 91 45 3-368
intensity
Reduced well-being
Mild symptom 55 52 6-361 0.74
intensity
Higher symptom 92 52 3-708
intensity
Drowsiness
Mild symptom 40 75 3-629 0.16
intensity
Higher symptom 107 45 6-708
intensity
Dyspnea
Mild symptom 84 64 6-708 0.13
intensity
Higher symptom 63 42 3 -439
intensity

Note: *Variables with two categories were compared with the
Mann-Whitney U test, and variables with more than two categories
with the Kruskal-Wallis test and the Dunn procedure.
Abbreviations: ECOG PS: Eastern cooperative oncology group
performance status; mGPS: Modified glasgow prognostic score.

after admission for patients with the respective scores is
delineated in Table 2 and illustrated in Figure 2. Median
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Figure 1. Survival variability in the study population. Zero on the y-axis
represents median survival for the entire study population. The vertical
bars represent negative and positive deviations from the median survival
(in days) for each patient.
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Figure 2. Selected patient characteristics and median survival for the
respective groups

Notes: *Eastern cooperative oncology group performance status (ECOG
PS); *Modified glasgow prognostic score (mGPS); ‘Mild and higher
symptom intensities; “The dotted horizontal line represents the median
survival for the entire study population; “Median survival was similar for
patients with mGPS 0 and 1, as well as for those with mild and higher
symptom intensities related to reduced well-being.

survival was similar for patients with mGPS 0 and 1, but
significantly different in patients with mGPS 2. The range
for survival varied and was largest for patients with mGPS
0. All categories included patients who survived more than
half a year, whereas those with mGPS 0 and 1 included
patients who survived over one and a half years. All
categories also included patients who survived <1 month.

3.4. Symptom intensity and survival

Details on dichotomized symptom intensities for
tiredness, loss of appetite, reduced well-being, drowsiness,
and dyspnea related to survival are depicted in Table 2
and illustrated in Figure 2. No statistically significant
differences in survival were observed between patients
with mild and higher intensities of these symptoms.
Except for well-being, there was a non-significant trend
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towards decreased survival for those with higher symptom
intensity scores. All categories included patients who
survived approximately a year or more, as well as patients
who survived <1 week.

3.5. Characteristics of patients who survived days,
weeks, and months

Fourteen patients (9.5%) survived 0 — 13 days, 65 patients
(44.2%) survived 14 - 55 days, and 68 patients (46.3%)
survived 56 days or more after admission. The distribution
of the respective care trajectories, ECOG PS categories,
mGPS classes, and symptom intensity levels assessed
for the study purpose is shown in Table 3. Patients with
longer actual survival had better functional status and less
systemic inflaimmation, and anti-cancer treatment was
withdrawn in most patients who survived only days. No
patients with ECOG PS 4 lived for months, and no patients
with PS 1 survived only days. However, 25 patients with
ECOG PS 3 lived for months or longer, and 22 patients
with PS 2 survived only weeks. Further analyses (not
shown in the tables) demonstrated that the percentage of
patients with mGPS 2 was similar (7/25 [28.0%] vs. 6/22
[27.3%], respectively) in these two groups and that almost
one third (6/22 [27.3%]) of patients with PS 2 and only
weeks of survival had mGPS 0.

4, Discussion
4.1. Statement of principal findings

As demonstrated in previously published research,
ECOG PS status and biomarkers of systemic
inflammatory responses yielded important information
for prognostication in patients with advanced cancer.
Notably for the clinician, some patients with reduced
functional status and systemic inflammation lived for
months or longer, and some with better function or little
inflammation survived only days. Although no patients
with ECOG PS 4 lived for months and no one with PS 1
survived only days, the studied factors could not accurately
predict the timing of death for the individual patient. In
this single-center study with a limited number of patients
included, statistically significant survival differences for
patients with mild and higher intensities of the symptoms
under investigation were not demonstrated.

4.2, Appraisal of methods

As evidence-based practice is an important basis for
palliative cancer care, appreciating the study design
employed to answer a particular research question is
critical.** Retrospective analyses exhibit important design
limitations that should be considered.* However, they
have a place in research, earn their utility, and contributed
to important discoveries, such as the association between

Table 3. Characteristics of patients who survived days,
weeks, and months

Days Weeks Months
(n=14) (n=65) (n=68)
n % n % n %
Care trajectory
Ongoing anti-cancer 2 143 20 308 35 515
treatment
Palliative care alone 12 857 44 677 33 485
Missing 1 1.5
ECOGPS
1 0 0 4 6.2 11 16.2
2 1 7.1 22 338 32 471
3 10 714 34 523 25 3638
4 3 214 5 77 0 0
mGPS
0 1 7.1 11 169 12 176
1 3214 29 446 43 632
2 10 714 25 385 13 19.1
Tiredness
Mild symptom intensity 2 143 10 154 16 235
Higher symptom intensity 12 857 55 846 52 765
Loss of appetite
Mild symptom intensity 3 214 25 385 28 412
Higher symptom intensity 11 786 40 615 40 588
Well-being
Mild symptom intensity 5 357 24 369 26 382
Higher symptom intensity 9 643 41 631 42 618
Drowsiness
Mild symptom intensity 3 214 16 246 21 309
Higher symptom intensity 11 786 49 754 47 69.1
Dyspnea
Mild symptom intensity 6 429 34 523 44 647
Higher symptom intensity 8 571 31 477 24 353

Abbreviations: ECOG PS: Eastern cooperative oncology group
performance status; mGPS: Modified glasgow prognostic score.

smoking and lung cancer’** However, retrospective
studies are subjected to biases and are unable to display
causal relationships.* The results should be interpreted with
caution but may provide hypotheses for future prospective
studies.” The current paper presents secondary analyses
of data collected with the intent to describe interventions
and symptom relief in an APCU.** Consequently, the data
were gathered for purposes other than to address the study
objectives.®® In addition, this study did not investigate
the recommended use of combinations of techniques to
improve prognostication accuracy.® Furthermore, the
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small sample size and study context, with a single-center
design and a highly selected patient population, represent
other factors affecting the risk of false results, incorrect
associations, and limited external validity.*** Moreover,
the current study included patients from two different
care trajectories with significantly different prognoses, and
both sample size and survival variability affect statistical
power.*

4.3. Comparison with previous work

Prognostic information is important at several levels for
patients, their families, and health care providers.® For
patients and their next of kin, it may guide and facilitate
realistic future planning when time is limited, addressing
both opportunities and limitations. For health care
providers, prognostic information may represent a valuable
tool for optimizing resource utilization and ensuring
quality of care.® Therefore, previous research conducted
to improve the accuracy and precision of prognostication
methods and to describe associations with quality of life is
highly relevant.?>*-#

Clinicians should use their clinical experience to predict
the survival of patients with advanced cancer, and it is
suggested that they supplement their judgment with input
from multiple professionals.® In addition, over the years,
it has become increasingly evident that combining several
factors improves prognostication accuracy.***** The
ESMO Clinical Practice Guideline on prognostic evaluation
in patients with advanced cancer in the last months of
life also endorses this practice.® After the development
of the Palliative Performance Scale, which is a modified
Karnofsky Performance scale, more complex scoring
systems and predictor models have been developed.***’ To
varying degrees, comprehensive tools such as the palliative
prognostic index, the palliative prognostic score, the Feliu
prognostic nomogram, and the prognosis in palliative care
study incorporate knowledge based on patient-reported
information, laboratory findings, as well as physical
examination and evaluations.”* The goal was neither to
validate established approaches nor to suggest new ones;
the focus was solely to underline that prognostication
implies dealing with uncertainties that must be considered
from a clinical point of view."*"***'Properly addressing
these uncertainties includes gauging the patients’ baseline
understanding of their prognosis and gathering knowledge
about the type of information they would like to discuss.®

Patients with advanced cancer may suffer from sudden
and unexpected worsening and clinical crises, often
regarded as oncological emergencies.”” In the dataset
on which the current study is based, 302 out of 451
admissions (67%) were due to emergencies, and during 57

hospitalizations (13%) the patient died.”> With emerging
therapies, more oncology patients are expected to live
longer but also face the risk of undergoing a rapid and
unpredicted decline.®>* This emphasizes the importance
of available contextual information in the prognostication
process.

Functional performance typically dwindles as cancer
patients are approaching death, and ECOG PS is strongly
associated with survival in patients with late-stage
disease.*** PS is incorporated into existing tools and
evaluated for its prognostic capacity across different clinical
settings.®”!*1%338 The ESMO clinical practice guideline on
prognostic evaluation in patients with advanced cancer
during the last months of life also recommends the use of
PS for prognostication purposes.® However, variability in
individual survival within each ECOG PS group has been
demonstrated in populations with both shorter and longer
median survival than reported in the current study.’***
These findings, combined with the current results,
underscore the challenges of using group data to treat or
prognosticate individuals.”® Nevertheless, communicating
prognosis based on declined functional performance may
represent an easily understandable starting point for both
shared decision-making and advance care planning.®

Inflammation and tumor progression are closely
linked, and from a prognostic perspective, CRP and
albumin have been studied in thousands of patients.'*
These two measures constitute the components of the
mGPS, with increased CRP levels recognized as a reliable
negative prognostic factor, particularly when accompanied
by decreased albumin levels.5'®* The ESMO clinical
practice guideline on prognostic evaluation in patients
with advanced cancer during the last months of life also
advises the inclusion of systemic inflammation markers
in the prognostic assessment.® Nevertheless, as observed
for ECOG PS categories, a large individual variability in
survival exists within each mGPS group. Furthermore,
median survival values for groups do not allow precise
predictions for individual patients. Additionally, palliative
cancer patients face a high risk of serious infections, and
alternative explanations for the presence of systemic
inflammatory biomarkers should also be considered.®

Patients with advanced cancer may experience a
multitude of symptoms.®> Many of these symptoms are
clustered, with four common groupings identified: Anxiety-
depression, nausea-vomiting, nausea-appetite loss, and
fatigue-dyspnea-drowsiness-pain.® Both the presence and
severity of certain symptoms, as well as overall symptom
intensity scores, have been shown to negatively correlate
to survival’®®® However, when interpreting results on
symptom burden and survival, it is important to consider
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that even the mere exposure of NRS 0 - 10 assessments
may be positively associated with survival.* Nonetheless,
higher symptom scores are associated with an increased
risk of death, and many patients report increased tiredness
and drowsiness, decreased appetite and well-being, and
dyspnea towards the end of life.** Based on the limited
number of patients with a wide range in survival times,
statistically significant differences between low and
higher symptom intensities could not be demonstrated
for symptoms previously demonstrated to increase near
the end of life.>** With a large sample size and a different
patient population, the results may have been different.

The remaining lifespan of palliative care patients varies,
and although predictions are often inaccurate, survival
may be expressed and presented as median days, weeks, or
months.®*¢4% To fully convey prognostic information, it is
essential to present not only measures of central tendency
but also interpretable and understandable measures of
biological variability.*®® In this context, the range provides
information into both the minimum and maximum
expected survival times.%® Effectively communicating the
uncertainty, limitations, and unreliability of prognostic
information is an important clinical skill.>® To illustrate
the intrinsic restrictions of established methods of
prognostication, this study examined functional status,
systemic inflammation, and self-reported symptoms in
patients who survived for days, weeks, or months after
admission to an APCU. Although functional status and
degree of systemic inflammation provide important
prognostic information, outliers complicate the clinical
interpretation and reduce the predictive value of parameters
registered at a single time point when estimating the
remaining lifespan for individual patients.

4.4. Future work

Directions for future research on prognostication in
advanced cancer have been published.® These include
ten important themes with the potential to advance
prognostication science. Emphasis is placed on improving
prognostication accuracy while acknowledging inherent
uncertainty and considering how prognostic information
can be used in everyday clinical practice.* For tools to
be relevant to palliative care physicians, they must be
simple enough for practicality and complex enough to
be effective.%® This study illustrated the limitations and
pitfalls of using variables recorded at a single time point
to prognosticate the dynamics trajectory of palliative
cancer care.® For instance, dynamic changes in systemic
inflammatory markers may provide important information
regarding cancer aggressiveness.”” Employing information
from repeated assessments is considered as good clinical
practice in palliative cancer care and may be widely utilized

in prognostication research.”” Such an approach would
also be more robust in accounting for intercurrent events
that can affect functional status, laboratory findings, and
symptom presentation.

5. Conclusion

Commonly used prognostic markers have demonstrated
utility at the population level. However, for individual
patients, statistical measures of central tendency may have
limited clinical value. Palliative cancer care patients who
present with favorable prognostic factors may live shorter
than expected, whereas others with disadvantageous
markers may outlive the expectancy. Prognostic
communication should acknowledge and incorporate this
inherent uncertainty.
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Abstract

The traditional paradigm of gene expression dysregulation emphasizes log-fold
differential expression, with differentially expressed genes presumed to play
key roles in relevant biological processes. In cancer, where normal tissue and
tumors occupy non-overlapping regions in gene expression space, we propose an
alternative and broader framework based on differentially expressed only-tumor
genes (T-genes) and non-differentially dysregulated only-normal genes (N-genes).
N-genes exhibit expression intervals found exclusively in normal samples, while
T-genes display intervals exclusive to tumor samples. These N- and T-genes serve
as markers that can be combined into small gene panels capable of perfectly
discriminating between normal and tumor tissues. In most cases, these panels
highlight biologically significant properties, such as altered glutamine metabolism
in tumors. We provide an inventory of perfect gene panels for 12 cancer types, with
potential applications in diagnostics and immunotherapy. Significance: Highly
specific and sensitive combinatorial gene panels for the identification of 12 types
of solid tumors in humans were derived from RNA sequencing expression profiles
reported by The Cancer Genome Atlas network (https://www.cancer.gov/ccg/
research/genome-sequencing/tcga). The corresponding software is available at the
GitHub repository https://github.com/gabriel-gil/GenePan. This study revisits the
concept of cancer-related gene expression dysregulation by introducing N-genes
and T-genes as novel dysregulation patterns that can be leveraged in diagnosis,
tumor classification, and therapeutic interventions.

Keywords: Cancer; Combinatorial gene panel; Expression dysregulation; Only-normal
genes; Only-tumor genes

1. Introduction

The Human Genome Project of the 1990s opened the door to many large-scale omics
catalogs.! In the following decade, the field advanced further with the advent of
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high-throughput microarrays and next-generation RNA
sequencing (RNA-seq).”? These technologies enabled
the development of increasingly specialized databases
with a focus on biomedical applications.> A prominent
example is The Cancer Genome Atlas (TCGA), which
provides potentially crucial information on cancer
detection, treatment, and the fundamental biology
of oncogenesis.*> TCGA hosts extensive genomic,
epigenomic, transcriptomic, and proteomic data on tumor
and normal tissue samples for 33 cancer types.® All of
this data are publicly available for mining and analysis
in pursuit of discovering specific genetic markers and
targets.® As expected, the current analyses of TCGA data
reflect the scale and complexity of this experimental feat
of collecting such a vast amount of data.”® However, a
definitive consensus on the most adequate set of genes for
diagnosis and therapy remains elusive.

Gene discovery relevant to carcinogenesis and tumor
progression is partially guided by the assessment of gene
dysregulation based on both statistical and biological
significance.’ The paradigmatic kind of gene dysregulation
is differential expression,'® whereby a gene is expressed
differently in a tumor compared to a normal tissue.
Conventionally, differential expression is associated with
cancer only when there is a marked deviation from normal
expression levels, typically defined in terms of average
values across tumor and normal samples. However, as
emphasized by several authors,"*** framing gene expression
dysregulation solely in terms of central tendency can
hinder gene discovery in translational cancer research.
Indeed, gene expression levels in tumor or normal tissue
samples may differ in their variance or distribution, even
when mean values remain unchanged. Consequently, the
detection of differential dispersion'** and differential
distribution' provides a broader perspective on human
cancer-related genes by addressing the shortcomings of
standard differential expression protocols. Despite their
important contributions, these alternative techniques often
rest on distributional assumptions that may not reflect
the regulatory dynamics of many genes, such as those
involved in circadian rhythm control.® To the best of our
knowledge, the field still lacks sufficiently flexible methods
to detect diverse patterns of gene expression dysregulation
beyond changes in central tendency.

In this context, we identify novel candidate genes for
cancer therapy and diagnostics by applying an original
non-parametric approach to gene expression profiles
from the TCGA database. Rather than relying on uniform
characterizationsbased onaveragesorspecificdistributional
shapes, we explore gene-dependent definitions of normal
and tumor-like expression using intervals that encompass

either all normal or all tumor samples. This allowed us to
identify genes that serve as classifiers without false positives
or false negatives when distinguishing tumor and normal
tissue within the training data. We refer to these as T-genes
(differentially expressed only-tumor genes) and N-genes
(non-differentially dysregulated only-normal genes). These
genes are characterized by specific expression intervals
that are exclusively populated by tumor and normal tissue
samples, respectively. By combining N- or T-genes, we
constructed compact gene panels — referred to as “perfect
gene panels” - that perfectly discriminate between tumor
and normal samples within the training data.

Our core procedure resembles formal concept
analysis'®* and rough set theory (RST),** both with a
growing number of applications in omics. The main scope
of these techniques is to discover patterns (namely, formal
concepts or rough sets) in multivariate data, where a set of
attributes is made to correspond to a set of objects through
a specific relation.***! This is precisely the framework
under consideration, with the following mapping: genes
take the role of attributes, clinical samples correspond to
objects, and gene expression profiles define the relation
between them."® Our sets of N-genes and T-genes define
both formal and attribute-oriented concepts,***! where the
extents of these concepts correspond to either tumor or
normal samples, depending on the concept type. Moreover,
the perfect gene panels align with the notion of a reduct in
RST,** in the sense that none of their gene members can
be removed without compromising the panels ability to
perfectly classify samples.

Perfect gene panels appear in various forms, depending
on the location of tumor-exclusive or normal-exclusive
intervals within the gene expression space. Some of these
panels have a clear interpretation within the state-of-the-
art taxonomy of driver genes, provided an interventionist
proof of their causal power. For instance, certain panels
feature a single gene whose over-expression signals a
tumor - a behavior akin to oncogenes. Conversely, for
other panels, a single non-silenced gene is an indication of
a tumor-free sample, which fits our current understanding
of tumor suppressor genes. Other panels may include
cooperative tumor suppressor genes, oncogenes, and
oscillatory genes.

In this paper, we explore 12 solid tumors among the
33 cancer types in TCGA. For each tissue analyzed, we
identify perfect gene panels with potential applications in
diagnosis and therapy. By design, perfect panels achieve
zero false positives or false negatives within the training
data. Notably, one T-gene panel for lung adenocarcinoma
(LUAD) also demonstrated high sensitivity and specificity
in an external dataset.
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The remainder of the article is structured as follows.
Section 2 (Materials and Methods) provides a detailed
and thorough account of our methodology. In Section 3
(Results), we illustrate our workflow for a case in point
(namely, LUAD) and summarize our findings for the
other selected cancer types. In addition, we provide a
validation analysis of our gene panels in different datasets.
Section 4 (Discussion) addresses gene dysregulation as
conceptualized in this study, highlighting how it enables us
to better understand homeostasis and cancer. We further
examine potential applications of the proposed gene panels
and their role in tumorigenesis. Section 5 (Conclusion)
summarizes the key findings and offers an outlook for
future translational research based on this framework.

2. Materials and methods
2.1.Data

TCGA is a publicly accessible database of gene expression
profiles drawn from cohort studies involving hundreds of
normal tissue and solid tumor biopsy samples, classified
by histopathological techniques.® Expression profiles were
obtained through RNA-seq, capturing 60,483 genes per
sample. TCGA reports gene expression values using the
standard units of fragments per kilobase of transcript per
million mapped reads. The size of the dataset varies with
the cancer type and is consistently skewed toward tumor
samples.

We selected 12 cancer types from TCGA for a systematic
analysis (Table 1). These cancers manifest as solid tumors,
particularly affecting the liver, breast, colon, head and neck,

Table 1. Cancer types, the cancer genome atlas abbreviations,
and the number of samples

Cancer types Abbreviation Normal Tumor
samples samples
Breast invasive carcinoma BRCA 112 1,096
Colon adenocarcinoma COAD 41 473
Head and neck squamous cell HNSC 44 502
carcinoma
Kidney renal clear cell carcinoma KIRC 74 539
Kidney renal papillary cell KIRP 32 289
carcinoma
Liver hepatocellular carcinoma LIHC 50 374
Lung adenocarcinoma LUAD 59 535
Lung squamous cell carcinoma LUSC 49 502
Prostate adenocarcinoma PRAD 52 499
Stomach adenocarcinoma STAD 32 375
Thyroid carcinoma THCA 58 510
Uterine corpus endometrial UCEC 23 552

carcinoma

kidneys, lungs, prostate, stomach, thyroid, and uterus. We
included five (out of six) of the most common cancer types
(breast, lung, colon, prostate, and stomach), each with
an incidence of over a million cases in 2020. Among the
selected cancer types, there were also the most common
causes of cancer death (lung, colon, liver, stomach, and
breast), each accounting for over half a million deaths in
2020 (worldwide statistics reported by the World Health
Organization®).

The selection of cancer types for our systematic study
was motivated by the number of normal samples available
in the data. For the cases under study, TCGA reports more
than 20 normal samples per cancer type. Notably, achieving
a reliable discrimination between normal and tumor
tissues based on gene expression profiles required both
normal and tumor samples to be adequately represented
in the datasets.

2.2. Pre-processing of data

Gene expression distributions tend to be heavy-tailed,
with many low-frequency outliers.”” RNA-seq is known to
be inaccurate at detecting low expression levels and may
produce spurious null readings for genes that are nearly
silenced.®® To avoid artifacts associated with the low-
expression region, we set all values below 0.1 fragments per
kilobase of transcript per million mapped reads to zero.
Moreover, we excluded all genes with non-zero expression
in fewer than 5% of normal samples and fewer than 10% of
tumor samples from the analysis.

2.3. Expression dysregulation patterns

We searched for genes that exhibit specific dysregulation
patterns. In our framework, a gene conforms to a
“differential expression” pattern if all normal samples
express it in a certain manner (specified below), while a
significant number of tumor samples exhibit a distinctly
different expression. Conversely, a gene conforms to a “non-
differential dysregulation” pattern if all tumor samples
express it in a certain way, while a substantial number of
normal samples express it differently. Non-differential
dysregulation can be interpreted as the dual category of
differential expression, achieved by swapping the roles of
normal and tumor samples. By monitoring the expression
values of a differentially expressed or non-differentially
dysregulated gene, we can classify samples with no type I
errors — i.e., no false positives for tumors in the case of
differential expression and no false positives for normal
samples in the case of non-differential dysregulation.

For simplicity, this study focuses on four types of gene
sets, each named to reflect the classificatory potential of its
individual gene members. Let x represent a class of samples,
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either normal (N) or tumor (T). Genes that are only intervals may not be sufficient to be included in the only-
expressed above or below a threshold level for class x are N-below class.
referred to as “only x above” or “only x below;” respectively.

» o«

Specifically, we examined the “only-T-above,” “only-T- 2.5. statistically significant expression

below;” “only-N-above,” and “only-N-below” gene sets. By dysregulations

combining the “above” and “below” within the same class, The significance of dysregulation patterns within the
we obtained the full sets of T-genes and N-genes. Notably, T-only and N-only sample subsets can be assessed using
a single gene may simultaneously belong to both the only- Fisher’s exact test” to filter out genes exhibiting such
T-above and only-N-below groups. patterns by chance.

2.4. Data digitalization Verifications show that with a p=0.01 and the sample

sizes in Table 1, a dysregulation pattern is significant
when observed in approximately 5% of normal samples
(N-only subset) or 10% of tumor samples (T-only subset).
We applied these thresholds, respectively, across all cancer
types. This threshold justifies the exclusion of certain genes

from analysis and explains why some genes identified in

Figure 1 shows the distribution of expression values for the previous subsection do not appear in the only-N-below
PYCRI1, ALDHI8A1, and TRIM27 genes in normal lung set.

and LUAD samples. Notably, all three genes contain only-T
intervals above the common N-T region. The number of 2.6. Expression dysregulation matrix
tumor samples in the only-T interval is significant (above
90% of the tumor population). Thus, they may be included
in the only-T-above set of genes.

We explicitly defined normal and tumor expression
intervals for each gene. In each case, the populated
expression space can be segmented into three regions:
“N-only,” “N-T,” and “T-only” subintervals, which were
associated with the ternary values -1, 0, and 1, respectively.

Gene expression profiles were encoded into a matrix where
each column corresponded to a clinical sample and each
row represented a significantly dysregulated gene. The

These genes also show N-only intervals below the N-T matrix entries, derived from the prior data digitalization
region. However, the number of samples in the N-only step, were assigned values of -1, 1, and 0, indicating
ALDH18A1 TRIMZ7
PDF PDF
0.25
0.4
0.20
03 f—
0.15 Normal
~—— Tumor
0.10 2% 4
0.05 0.1
:
000 FPKM 00 5 1 15 20 2
PYCR1
PDF No of samples
0.35¢
030! 400
0.25}
300
0.20}
0.15! 200
0.10;
100
0.05}
89 2 % ) so M 10 15 20 25 30 35 40 o0

Figure 1. The Cancer Genome Atlas-Lung adenocarcinoma gene expression data for three “only-T-above” genes forming a perfect panel. Smooth
probability density functions (PDF) are shown as solid lines, whereas the maximum of the normal set of values (the threshold) is marked by a dashed line.
There are intervals for each gene common to both normal and tumor samples (expression values below the threshold), and “T-only” intervals populated
only by tumor samples (expression above the threshold). The histogram shows that there is at least one dysregulated gene, i.e., with expression above the
threshold, for each tumor sample; thus, the panel correctly classifies all of the normal samples with 0 dysregulated genes and all of the tumors, which show
at least one dysregulated gene.

Abbreviation: FPKM: Fragments per kilobase of transcript per million mapped reads.
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whether the gene’s expression interval was N-exclusive,
T-exclusive, or shared by N and T. This matrix structure
provided all the necessary information for constructing
perfect gene panels.

2.7. Perfect panels

Differentially =~ expressed  and  non-differentially
dysregulated genes often form large pools containing over
a thousand members, which are impractical for real-world
applications. In genetic-based hereditary risk assessment,
diagnostics, and therapy, smaller gene panels (comprising
5 - 50 genes) are often preferred.”

Due to the low dimensionality of the gene expression
data,” it is possible to extract compact panels from these
large gene sets. In particular, panels can be designed
to perfectly classify all normal and tumor samples
collectively, with the additional requirement that removing
any member from the panel would compromise this
classification accuracy.

These panels can be identified using a concept similar
to, but distinct from, reducts in RST,*>** which we termed a
formal-concept reduct. To the best of our knowledge, this is
the first presentation of formal-concept reducts,* although
more stringent related concepts have been proposed by
Zhang.*®

Our algorithm for constructing perfect panels is based
on progressively maximizing sensitivity. At each step, we
iteratively add the differentially expressed genes that are
most dysregulated in tumor samples not yet identified by
the current panel (i.e., those samples where the included
genes show no dysregulation), until all tumor samples are
discovered.

The equivalent procedure involves iteratively adding
the non-differentially dysregulated gene that most
frequently exhibits normal regulation in the remaining
undiscovered normal samples (i.e., those in which the
genes already included are dysregulated) until all normal
samples are discovered. If, at any iteration, there is gene
selection ambiguity, we prioritize the most redundant
candidate - ie., the gene whose dysregulation pattern
overlaps maximally with existing panel members across
already classified samples. Further ambiguities are resolved
by arbitrarily selecting the first candidate in the list.

Panels constructed this way are minimal: no gene can
be removed without compromising perfect classification.
However, they are not necessarily the smallest collection of
genes achieving such goal nor are they necessarily unique.
Modifying ambiguity-resolution criteria may give rise to
different and/or smaller gene sets that can achieve perfect
discrimination between normal and tumor samples, while

remaining irredundant. In practice, these panels comprise
1 - 20 genes, making them suitable for cancer diagnostics.*

In the example considered in Section 2.4, the three-gene
set constitutes a perfect panel for the only-T-above class. In
its expression dysregulation matrix, normal samples show
expression values of —1 or 0. Every tumor sample has at
least one dysregulated gene (value 1) in the panel, as shown
in the histogram of Figure 1. Thus, this panel exhibits no
false negatives or false positives.

3. Results

First, we note that, in the average cancer type, only nearly
3% of the genes qualify as N-genes. The observation that
more than one-third of the genome, and the vast majority
of classifier genes, fall within the T-gene category aligns
with cancer’s characterization as a high-entropic state of
gene regulatory networks>* and is an indication of the
abundance of potential genetic triggers for cancer.

Perfect panels constructed according to our procedure
are summarized in Table 2. When no perfect panel exists,
we reported the size of the minimal gene set that classifies
the largest sample subset. Notably, only-T-above and
only-T-below panels may include oncogenes and tumor
suppressors, respectively. As shown in Table 2, all 12 cancer
types exhibit perfect panels of both T-types.

Conversely, perfect panels with only-N-above or only-
N-below genes appear irregularly in some tissues (Table 2).
Specifically, breast invasive carcinoma (BRCA), head and
neck squamous cell carcinoma, kidney renal clear cell
carcinoma, kidney renal papillary cell carcinoma, LUAD,
prostate adenocarcinoma, and thyroid carcinoma contain
only only-N-above, uterine corpus endometrial carcinoma,
colon adenocarcinoma (COAD), lung squamous cell
carcinoma, and stomach adenocarcinoma contain both
N-types, while liver hepatocellular carcinoma contains
only only-N-below.

An inventory of perfect gene panels for the 12 types of
cancer under study is presented in the Supplementary File.
Notably, some cancer types can be perfectly classified using
a single gene. This is the case for COAD with SCARAS5,
kidney renal papillary cell carcinoma with UMOD, and
uterine corpus endometrial carcinoma with either PLSCR4
or TBCI1D7.

4, Discussion

4.1. Gene expression dysregulation

Dysregulation in gene expression can promote cancer.”
Within this phenomenon, differential expression — where
genes show altered expression in tumors versus normal
tissues — represents the most extensively studied subset."
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Table 2. Summary of classifier genes per tissue

Set of genes LIHC BRCA COAD HNSC KIRC KIRP LUAD LUSC PRAD STAD THCA UCEC
Only-T-above *3/23,986 *6/15,361 ®2/17,536 °4/13,293 °4/22,654 *3/11,447 *3/20,274 *2/19,596 *8/8,093 °3/13,773 °5/5,744 *1/7,825
Only-N-above 11/40 210/739 *1/876 28/1,903 3/780 1/1,140 5/613 23/1,198  °14/1,415 °5/1,244 *11/794  *1/993
Only-T-below  *5/3,812  %6/6,701  °1/8,418  °5/2,093  °3/9,132 °1/10,263 *4/8,285  *2/9,404 *°15/3,865 °5/1,499 ?6/5,376 *1/7,443
Only-N-below *5/1,246 12/682 *2/297 6/1,339 8/191 5/214 8/449 *3/985 15/915  *5/2,536 17/92 *1/506

Note: Each column identifies a cancer type based on The Cancer Genome Atlas terminology. Each row represents a different set of classifier genes
(see main text for shorthand notation). Within each cell, we show the minimal number of genes that classify the largest number of samples, together
with the total number of genes of the same sort. *marks the minimal gene sets that constitute perfect panels.

Abbreviations: BRCA: Breast invasive carcinoma; COAD: Colon adenocarcinoma; HNSC: Head and neck squamous cell carcinoma; KIRC: Kidney
renal clear cell carcinoma; KIRP: Kidney renal papillary cell carcinoma; LIHC: Liver hepatocellular carcinoma; LUAD: Lung adenocarcinoma;
LUSC: Lung squamous cell carcinoma; N: Normal; PRAD: Prostate adenocarcinoma; STAD: Stomach adenocarcinoma; T: Tumor; THCA: Thyroid

carcinoma; UCEC: Uterine corpus endometrial carcinoma.

In cancer research, differential expression is often
deemed significant only when the deviation from
normal expression is substantial, consistent (i.e., always
upregulated or downregulated), and present across most
tumors.® A common practice is to define the lower and
upper bounds of normal gene expression as x0.5 and x2
a reference level, respectively.* Therefore, a gene can be
differentially expressed only if most tumors express either
>x2 or <x0.5 the reference value. In turn, any such gene
is considered differentially expressed when its expression
level crosses the specific threshold above or below which
most tumors are expressed.

From the outset, we contend that gene expression
dysregulation = comprises broader patterns than
conventional differential expression. Certain dysregulation
forms do not conform to either our definition of differential
expression or the conventional one used in the field. As a
result, these patterns are often overlooked in the analysis of
gene expression data.

For example, consider a gene with bimodal expression
distribution under normal conditions, such as those
governed by circadian oscillations. If these oscillations
are lost in tumor tissue, the gene may fall into the only-T-
inside category. While such genes were identified through
our data mining, they are not reported in this paper. Other
underreported categories, like the only-T-outside genes,
were also encountered.

Conversely, what we term as non-differential
dysregulation, corresponding to N-genes, is typically
overlooked. In our study, we focused on the only-N-above
and only-N-below classes, although the only-N-outside
and only-N-inside groups may likewise be present in
specific tissues.

It is worth emphasizing that in single-cell RNA-seq
expression analyses,® gene markers are routinely identified
for individual cell types under normal conditions.
However, to the best of our knowledge, this is the 1% time

that markers are introduced specifically for whole normal
tissue samples.

4.2. Panel validation

We provided two examples of panel validation using other
datasets. The first involves the SCARA5 gene in COAD.
Microarray readings from Khamas et al.”” demonstrate the
perfect classification capability of SCARAS5 (data available
at NCBI GEO,® accession GDS4382). Notably, this gene
has also been independently identified as a biomarker for
colorectal cancer.”

The second case concerns the LUAD dataset from a
comprehensive study of a Chinese cohort,® which includes
RNA-seq profiles from 51 tumor and 49 control samples.
We evaluated the performance of our perfect only-T-above
panel on this dataset. As shown in Figure S1, the genes
TRIM27, PYCRI, and ALDHI8AI fall within the only-
T-above class, as they exhibit significantly populated
T-exclusive intervals above the shared N-T expression
range. The histogram in Figure S1 confirms that the panel
remains perfect, achieving both maximal sensitivity and
specificity in classification. However, within this particular
cohort, the TRIM27 gene proves redundant and can be
removed without any loss in classification accuracy.

This finding raises an important question regarding the
minimal number of genes required to assemble a perfect
panel, and the extent to which that number remains robust
to variations in cohort size.

4.3. The minimal number of genes needed to
identify a tumor

The LUAD dataset® is particularly noteworthy, not only
because its cohort differs markedly from that of TCGA
but also due to its substantially smaller size, approximately
an order of magnitude fewer samples. Specifically, the
TCGA LUAD dataset comprises 59 normal and 535 tumor
samples. This prompts the question: how does the number
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of genes required for a perfect panel depend on the size of
the tumor sample set?

The results, summarized in Figure S2, revealed that in
the smaller external dataset, a single gene identifies 98%
of the tumor samples, and the addition of a second gene
completes the panel, achieving maximal sensitivity and
specificity without requiring TRIM27. In contrast, for
the larger TCGA dataset, the first gene alone covers only
95% of tumors, and the two-gene panel still leaves 1% of
samples unclassified. In that case, TRIM27 is necessary
to achieve full classification. These observations suggest
rare tumor variants emerge only in larger datasets. Their
low frequency means that they are often absent in smaller
cohorts, where simpler panels may suffice.

For illustration, a hypothetical cohort of 5,000 tumor
samples is also considered in Figure S2. In that scenario,
the 3-gene panel covers 99.7% of tumors, indicating that
a fourth gene would likely be needed to achieve complete
coverage. The figure also shows that saturation is reached
very quickly: the number of classified tumor samples
increases steeply with the addition of genes to the panel.
This strongly supports our assertion that a small number
of genes can effectively capture the global state of the Gene
Regulatory Network, consistent with the effective reduced
dimensionality of the tumor manifold.*

In summary, the expression distribution functions
used to define the panels depend on the sample set size.
When the sample size reaches the order of hundreds, the
distribution appears “saturated,” showing only minor
changes when the number of samples is further increased.

This insight allowed us to evaluate how our panels
would change with an increased number of normal
samples. For instance, assuming that the distribution
functions are saturated in BRCA (112 normal samples
and 1094 tumor samples), we performed re-sampling
to assess the performance of the six-gene only-T-above
panel found for BRCA (Supplementary File) under highly
imbalanced situations, such as 20 normal samples and 500
tumor samples. The results, shown in Figure S3, indicate
that while the panel size tends to decrease in the reduced
sets, notably, two genes from the original panel still classify
more than 95% of samples in all cases.

Thus, we expect, for example, that the single-gene
only-T-above panel found for uterine corpus endometrial
carcinoma (23 normal samples) may change as the normal
sample size grows, but the original gene will continue to
cover at least 85% of the tumor samples.

It is worth noting that Figure S3 can also be interpreted
as a form of validation of the six-gene only-T-above panel
for BRCA across different experimental conditions.

4.4. Cancer diagnosis, tumor taxonomy, and gene
therapy

Our construction of perfect gene panels follows a data-
driven approach to gene expression profiles that do
not require prior domain knowledge of the biological
relevance of individual genes in a given tissue. These
panels have an apparent value as candidate combinatorial
biomarkers for diagnosis, which could be further enhanced
by incorporating information about gene ontology and
function into our data mining process.

In addition, the perfect T-gene panels could be leveraged
in tumor taxonomy. Typically, tumor classification and
the associated therapeutic decisions are made based on
the most frequently mutated genes in a given tumor (for
example, Ruiz-Cordero et al.,** for lung cancer). However,
the classification is often incomplete, with a subset of
tumors assigned to the so-called “wild-type” category,
meaning that none of the genes in the reference panel
are mutated. In our framework, any perfect T-gene panel
enables a complete classification of tumors by providing the
list of dysregulated genes in each tumor sample. Moreover,
since multiple perfect panels may exist for a given tissue,
tumors could be fully classified under different but equally
valid criteria.

Consider, for example, the only-T-above panel for
LUAD, examined above. Both ALDHI10A1 and PYCRI
genes, related to glutamine metabolism, are known to
play an important role in lung cancer.®*%® The taxonomy
based on this panel indicates that around 98 % of LUAD
tumors rely on glutamine metabolism to foster cell
proliferation and induce an immune-suppressive tumor
microenvironment. In the remaining 2% of tumors,
cell proliferation is regulated by TRIM27 through the
SIX homeobox 3-f-catenin signaling pathway.®* These
statements reflect the known role of these genes and their
dysregulation frequencies in the tumor subpopulation.
Nevertheless, further research is needed to validate
these findings and translate them into therapeutic
recommendations.

Moreover, N- and T-genes included in the perfect
panels may have important applications in gene therapy.
Consider, for instance, a gene belonging to both N- and
T-groups, such as the AGER gene in LUAD. This gene
is silenced in tumors and strongly expressed in normal
samples. What happens if, through a transfection vector,
its expression were shifted from the N-region to the
T-region or vice versa? Such an experiment has already
been conducted on cellular lines,* and the results indicate
a significant change in the proliferation rate and invasion
capacity of both tumor and normal cells. These astonishing
results warrant further investigation.

Volume 4 Issue 3 (2025)

64

doi: 10.36922/TD025190035


https://dx.doi.org/10.36922/TD025190035

Tumor Discovery

Highly accurate gene panels for cancer screening

4.5. Other challenges

Several other challenges remain, such as the role of low-
expressed genes, the method’s performance in highly
heterogeneous tumors, and the possible impact of batch
effects. In principle, our gene panels are robust against
these concerns. Specifically, our N- and T-genes exhibit
distinct expression intervals populated only by a significant
fraction of N and T samples, respectively. They are not low-
expressed genes. Regarding batch effects, the TCGA data
used for panel discovery is largely free from such biases, as
all samples were processed using a consistent technological
framework and standardized procedures. For each tissue,
there is a single batch of normal samples and a single batch
of tumor samples. Concerning tumor heterogeneity, because
the taxonomy derived from a panel is comprehensive, the
panel should be capable of detecting tumors regardless of
their mosaic composition or degree of heterogeneity.

5. Conclusion

We have shown that it is possible to construct a
combinatorial gene panel that acts as a perfect biomarker
for cancer. By monitoring the gene expression profile of
the panel members, samples can be accurately classified as
either normal or tumorous. In some cases, it is possible to
classify a sample as tumorous based on the overexpression
of a single gene. However, this represents just one example
among various panel types, all of which are highly sensitive
and specific.

Our study analyzed 12 cancer types from the TCGA
database, encompassing many of the most prevalent
cancers in the world. Panels are provided on a per-
cancer-type basis, tailored to each specific context.
A comprehensive inventory of these panels can be found in
the Supplementary Information. Despite the fact that other
panels combining classifier genes could be constructed,
these are not discussed in the present paper.

While a single gene can have sufficient discriminative
power in one tissue, other tissues require panels of up
to nine genes to achieve the same level of accuracy.
Figure S4 shows the relationship between panel length
and the distance between the centers of the normal and
tumor sample clusters in gene expression space.®®% It is
evident that the shorter inter-cluster distances correspond
to greater overlap between normal and tumor expression
profiles, complicating classification and necessitating
larger panels. The figure also suggests that the inter-cluster
distance in gene expression space functions as a global
tumor classifier, a factor often overlooked in tumor studies.

Our gene discovery framework extends beyond the
paradigm of differential expression by introducing the

concepts of N-genes and T-genes, characterized by gene
expression intervals populated only by normal and tumor
samples, respectively. The construction of perfect gene
panels represents the first practical application of these
concepts, which we anticipate can be translated into
flexible and effective diagnostic tools.

In addition, this paper presents arguments supporting
the use of perfect panels in tumor taxonomy and highlights
their gene members as candidate targets of therapeutic
applications. Other potential applications, such as early
diagnosis and efficacy monitoring, alongside challenges,
like technical standardization and cost considerations in
clinical implementation, are particularly important and
warrant further attention. Research in this direction is
currently in progress.
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Magnesium-28: A theorical novel self-theranostic
strategy targeting metabolic enzyme disruption
and intracellular irradiation

Tran Van Luyen*

KLT Research and Application Center, Saigon Scientific and Technological Development Institute,
Ong Lanh bridge Ward, Ho Chi Minh City, Vietham

Abstract

The limitations of conventional cancer therapies, such as low selectivity and
significant side effects, necessitate innovative approaches. This study proposes a
pioneering self-theranostic strategy using magnesium-28 (Mg-28) alone, enabling
simultaneous diagnosis, therapy, and treatment monitoring. Exploiting the elevated
Mg ion demand in cancer cells, Mg-28 selectively targets Mg-dependent enzymes
(e.g., DNA/RNA polymerases, hexokinase, telomerase) within intracellular organelles,
such as the nucleus and mitochondria, without requiring biochemical carriers or
nanoparticles, as in recent methods. A theoretical model based on the Mg-uptake
coefficient predicts selective Mg-28 accumulation in tumors following intravenous
administration. The Mg-28 decay chain—progressing through Aluminum-28 to
stable Silicon-28—delivers highly localized irradiation through beta particles, Auger
electrons, and recoil ions to critical intracellular structures, while simultaneously
disrupting essential Mg-dependent enzymes. This results in a dual mechanism of
radiotherapy and multi-enzyme inactivation. Simulations of linear energy transfer,
radiation range, and absorbed dose show that nanogram-scale amounts of Mg-28
can deliver 60-400 Gy to tumors ranging from 0.03 mg to 500 g, suggesting potent
cytotoxicity across a broad range of tumor sizes and stages. This potential is grounded
in the universal metabolic reliance of cancer cells on Mg. Moreover, gamma emissions
from Mg-28 and its daughter isotopes support early tumor detection and real-time
treatment monitoring, enhancing therapeutic precision. As the first proposed single-
isotope theranostic approach leveraging Mg dependency, this innovative strategy
provides a robust foundation for future pre-clinical and clinical investigations aimed
at validating its therapeutic efficacy, pharmacokinetics, and biosafety—thereby
inaugurating a novel hypothesis for cancer therapy.

Keywords: Magnesium-28; Intracellular irradiation; Multienzyme inactivation; Precision
metabolic targeting; Self-theranostics; Magnesium uptake

1. Introduction

Cancer remains a paramount global health challenge, responsible for approximately
10 million deaths worldwide in 2020.' Despite significant progress in medical oncology,
conventional treatment modalities—such as surgery, chemotherapy, radiotherapy, and
immunotherapy—are often limited by reduced efficacy in advanced stages, debilitating
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systemic side effects, and the persistent issue of tumor
relapses due to incomplete eradication of cancer cells.”

The advent of targeted therapies, including nanoparticle
delivery systems,” monoclonal antibodies, peptides,’
clustered regularly interspaced short palindromic-Cas9,®
and chimeric antigen receptor-T cells,” has improved
the precision of cancer cell targeting. However, these
approaches predominantly focus on extracellular
targets and often require complex delivery mechanisms.
A critical gap persists in our ability to effectively target key
intracellular processes, particularly the enzymes essential
for cancer cell metabolism and replication.

Whileradioisotopes,suchasiodine-131,phosphorus-32,
lutetium-177, holmium-166, and yttrium-90 have advanced
the field of extracorporeal radiotherapy, including
techniques, such as brachytherapy,>® these methods
typically rely on carriers to deliver isotopes to the vicinity
of tumors and primarily exert their effects extracellularly.
As a result, their impact on the intracellular machinery
of cancer cells remains limited.” For instance, although
iodine-131 is effective in treating thyroid cancer, its use
carries the risk of inducing secondary malignancies."

A fundamental challenge in current cancer treatment is
the failure to comprehensively disrupt the core processes
that drive cancer progression, namely, uncontrolled
proliferation, limitless replicative potential (immortality),
invasion, metastasis, and the sustained energy supply
required to support these processes. Intriguingly, all these
critical functions are heavily reliant on magnesium ions
(Mg*), which serve as an essential cofactor for numerous
Mg-dependent enzymes." Tumor cells characterized by
rapid proliferation and heightened metabolic demands,
exhibit a significantly elevated requirement for Mg*
compared to normal cells. This metabolic vulnerability
presents a unique and underexplored therapeutic
opportunity.

Historically, magnesium-28 (Mg-28) has been utilized
as a valuable tracer in metabolic studies, particularly in
plant biology and in investigations into the pathophysiology
of diabetes.'”'* However, it’s potential as a therapeutic
agent for cancer remains largely unexplored. This study
introduces Mg-28 as a dual-action agent that combines
targeted intracellularirradiation with the direct inactivation
of Mg-dependent enzymes. A potential concern regarding
the use of Mg-28 stems from the fact that Mg?* is a cofactor
for over 300 enzymes, raising questions about potential
off-target effects in vital organs, such as the lungs, liver,
and brain. However, this research demonstrates the
contrary: Mg-28 exhibits a strong propensity to selectively
concentrate on malignant tumors—the very sites where
cell survival, proliferation, invasion, and metastasis require

Mg levels far exceeding those of healthy tissues. Following
intravenous administration, Mg-28 is hypothesized
to selectively accumulate within these tumor cells,
competitively replacing stable Mg* in crucial enzymes.
The subsequent decay of Mg-28 emits beta particles, Auger
electrons, and recoil ions that directly target intracellular
structures, such as the nucleus and mitochondria. This
dual mechanism aims to overcome therapeutic resistance,
minimize off-target effects, and enable self-theranostic
applications by integrating both therapy and diagnostics
within a single agent.

The overarching objective of this work is to
comprehensively analyze the Mg-28 approach and
demonstrate its feasibility as a groundbreaking strategy
that combines the precision of targeted intracellular
chemotherapy with radiotherapy, while minimizing
damage to healthy tissues and enabling early diagnosis and
dynamic monitoring of therapeutic progress. This research
seeks to unlock the transformative potential of Mg-28 as
a next-generation theranostic platform in the ongoing
fight against cancer. In fact, this approach may serve as a
foundation for pre-clinical and clinical evaluation in the
future.

2. Methodology

This theoretical study evaluates the feasibility of Mg-28 as a
precision cancer therapy through a comprehensive analysis
encompassing five key aspects: (1) The fundamental
principles of metalloenzyme inactivation; (2) the
mechanism of Mg-dependent multienzyme disruption
due to changes in cofactor valence and ionic radius; (3) the
calculation of linear energy transfer (LET) and the range of
emitted radiation particles, including recoil effects; (4) the
quantification of absorbed dose in tumors of varying
volumes and the assessment of systemic dose; and (5) the
tumor-specific uptake of Mg ions driven by the metabolic
demands of cancer cells. This approach builds upon the
basic principles of metalloenzyme inactivation detailed in
our previous publications.''¢

2.1. Principles of metalloenzyme inactivation

The strategy is based on the substitution of stable metal ion
cofactors in metalloenzymes with suitable radioisotopes
to induce enzyme inactivation. Ideal radioisotopes for this
purpose should emit beta particles or Auger electrons and
possess a half-life (T,/,) that is neither excessively long (to
minimize prolonged radiation exposure) nor too short (to
allow for clinical utility). Furthermore, their decay products
should be isotopes of elements that do not function as
cofactors at the enzyme’s active site. Mg-28 (T1/, = 21 h)
meets these criteria for targeting Mg-dependent enzymes,
decaying into Aluminum-28 (Al-28) and subsequently
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Silicon-28 (Si-28), with emissions capable of disrupting the
function of these critical enzymes in cancer cells."”

2.2. Mechanism of Mg-dependent enzyme
inactivation

Mg* typically stabilizes the active sites of Mg-dependent
enzymes by forming six-coordinate bonds with oxygen
atoms from carboxylate and phosphate groups.’**! This
coordination is essential for substrate binding and catalytic
activity. Upon radioactive decay, Mg-28 transforms
into AI** and then Si**, both of which possess higher
charges and smaller ionic radii (AI*": 0.50 A; Si**: 0.40 A)
compared to Mg®* (0.72 A)* This substitution disrupts
the electrostatic interactions within the active site, leading
to structural stress, distortion, weakened substrate
binding, and ultimately, impaired or abolished catalytic
efficiency. In addition, the recoil of Al-28 and Si-28 ions
during decay (with a displacement of 0.022-1.5 A) can
cause local distortions at the enzyme active site. Given the
precise spatial requirements for enzymatic catalysis, such
displacements can further impair enzyme functionality.
The high-LET particles (beta particles and Auger
electrons) emitted during decay also contribute to enzyme
inactivation by breaking covalent and non-covalent bonds
within the apoenzyme and generating free radicals that
denature surrounding proteins.

2.3. LET and radiation range

The LET and the range of beta particles, Auger electrons,
and recoil ions emitted during Mg-28 decay were
calculated using the NIST ESTAR program* and Medical
Internal Radiation Dose (MIRD) data.'”* For recoil ions
(Al-28 and Si-28), recoil energies were derived using
Equation I, based on the principle of conservation of
momentum following beta particle emission from the
parent Mg-28 nucleus.

EZ
E =—_*_ )
recoil 2MC2
where E s the recoil energy of the daughter

nucleus (Al-28 or Si-28); EP is the energy of the emitted
beta particle; M is the mass of the daughter nucleus; and
c’=9 x10'*m?/s*is the square of the speed of light.

These resulting energy values were then used to model
the LET and range of these recoil ions in different tissue

types.
2.4. Absorbed dose calculations

Absorbed dose calculations were performed for tumors
of different volumes (T -T,) and for the whole body of a
60-kg individual using the MIRD program?® and publicly

available nuclear data.'” Modeled scenarios assumed the
administration of Mg-28 in doses ranging from 0.1 to 6.2 ng
and included three delivery scenarios: (1) Intravenous
injection without tumor-specific uptake, (2) intravenous
injection with high tumor-specific uptake (based on the Mg
uptake coefficient of tumor cells), and (2) direct injection
into the tumor. In addition, absorbed doses were evaluated
for different treatment regimens involving 62, 300, and
400 Mg-28 ions/cell. These correspond to different levels
of inhibition, with the aim of inactivating approximately
300 Mg-dependent enzymes.

2.5. Tumor-specific Mg uptake

The selective accumulation of Mg** by cancer cells,
compared to their normal counterparts, forms the
foundation for employing the radioisotope Mg-28 in
targeted cancer therapy. This differential uptake arises
primarily from the significantly higher replication rates
of cancerous tissues, leading to an increased demand for
Mg?**—a crucial cofactor for numerous enzymes involved
in DNA replication, protein synthesis, and energy
metabolism.""* Although intracellular concentrations
of stable Mg”* may be similar in individual normal and
cancerous cells, the dynamic process of rapid cell division
leads to a significantly greater overall Mg** uptake at the
tissue level in tumors.

To quantify this difference, we model the reproductive
capacity of healthy and cancerous tissues over time. The
proliferation of healthy and cancerous tissues can be
calculated using Equations II and III, respectively, while the
growth ratio between the two types of tissues is expressed
as in Equation IV.

Healthytissue: A = 2(”“);(11“ = % j (ID)

Cancer tissue: B = 2("“;(nb = % ) (111)
b

B/A — 2("»"%) — Zt(%h_%a) (IV)

where A and B are the number of healthy cells and
cancer cells, respectively; n and n, are the number of
doubling periods of healthy tissue and cancerous tissue,
respectively; t is the actual copy time; and T and T, are
the replication cycle of healthy cells and cancer cells,
respectively.

By introducing the doubling time ratio k = T /T, which
reflects the differences in cell division dynamics, Equation
IV can be transformed to Equation V.

B/ _ /Tbx(l—llk)
/A_2

(V)
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where A and B are the number of healthy cells and
cancer cells, respectively; t is the actual copy time; T, is
the replication cycle of cancer cells; and k is the doubling
time ratio.

Unlike normal cells, cancer cells are not regulated
by cyclin-dependent kinases,” which ensure genomic
integrity, accurate protein synthesis, and complete DNA
repair in healthy cells. For this reason, their replication is
faster—resulting in k >1.

Rapid replication in cancer cells creates a
disproportionately high demand for resources essential
for survival and division, including Mg*. This demand
doubles during the M phase of the cell cycle. Therefore,
this ratio, when normalized to the initial number of cells,
is known as the Mg-28 uptake coeflicient. This preferential
Mg uptake by cancer cells is the cornerstone of the Mg-28
therapy. The elevated demand for Mg?** in rapidly dividing
cancer cells acts as a natural driving force for the selective
accumulation of the Mg-28 radioisotope within the tumor
microenvironment. This intrinsic targeting mechanism
eliminates the need for complex biochemical carriers or
nanoparticles, simplifying the treatment process and reducing
potential off-target toxicities. The high Mg-uptake coefficient
not only enhances the intracellular delivery of Mg-28 for
enzyme inactivation and irradiation but also underpins
its potential for early diagnosis and real-time monitoring,
as even small tumors exhibit a measurable increase in Mg
accumulation. This coefficient is also the basis for calculating
absorbed doses and enzyme inactivation in intravenous
treatment regimens, where energy transfer from Mg-28
decay within the cancer cell microenvironment leads to the
disruption of molecular bonds.

3. Results
3.1. Mg-uptake coefficient

The Mg-uptake coefficient (B/A), a key determinant of
Mg-28 distribution, was calculated by Equation V with
an assumed value of k = 2. The results demonstrate a
significant increase in the coeflicient with tumor size and
the number of replication cycles.

As demonstrated in Table 1, the coefficient increases
dramatically with the number of replication cycles (n,) and
the value of k. For instance, even with a modest k value
of 2, the Mg-uptake coefficient escalates from 1.8 x 10% at
15 cycles (T, tumor) to 7.1 x 10° at 39 cycles (T, tumor).
This highlights the profound ability of growing tumors
to selectively accumulate Mg ions. This trend reflects the
elevated Mg demand of rapidly proliferating cancer cells,
which enhances the selective targeting of Mg-28 to larger
and more metabolically active tumors compared to smaller
or less active ones, and significantly more than to normal
cells.

3.2. LET and particle range

The LET values and corresponding ranges for the particles
emitted during Mg-28 decay are presented in Table 2 and
illustrated in Figure 1.

Electron Auger, Beta particles (3), and recoiled ions?**’

Electron Auger of Mg-28 is KLL(Mg-28); E = 0.0014 MeV
Electron Auger (1) of Al-28 is (Al-28) KLL; E =0.00159 MeV
Electron Auger (2) of Al-28 is (Al-28) KLX; E = 0.00170 MeV
Electron Auger (3) of Al-28 is (Al-28) KXY; E=0.00181 MeV

B1 Mg-28 E = 0.0659 MeV
B2 Mg-28 E =0.1559 MeV
B 3 Mg-28 E =0.3192 MeV
B Al-28 E=1.124 MeV

Recoiled ion Al-28: from B1 of Mg-28; E = 0.0039 eV
Recoiled ion Al-28: from (32 of Mg -28; E = 0.0109 eV
Recoiled ion Al-28: from 33 of Mg -28; E = 0.0366 eV
Recoiled ion Si-28: from 1 of Al-28; E=0.171 eV

Beta-minus particles exhibit LET values of
0.002-0.09 eV/A with a range of 0.07-6.11 mm. Auger
electrons demonstrate higher LET values, ranging
0.81-1.6 eV/A, but with a shorter range of 88-224 nm.
Recoil ions (Al-28 and Si-28) have LET values between

Table 1. Tissue characteristics and magnesium-28 absorbtion coefficient

Content Tissue level

T, T, T, T, T, T,
Mass (g) 3.1E-05 5.0E-03 5.0E-02 5.0E-01 5.0E+00 5.0E+02
Number of cells 3.1E+04 5.0E+06 5.0E+07 5.0E+08 5.0E+09 5.0E+11
Number of cell cycles, n, 15 22 27 29 32 39
Absorption coeflicient 1.8E+02 3.2E+03 7.1E+03 2.2E+04 7.1E+04 7.1E+05

Notes: T, was defined using Equation III after n, =15 cycles, where B=2"and (nb = % ) The absorption coefficient is calculated based on the
b

cumulative uptake over successive cell cycles, assuming k=2.
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a b ¢ d e f g h i A28 (&)
e 41.28: from B1 of Mg-28 emmmDNA polymerase
e 41-28: from (2 of Mg-28
— 41.28: from B3 of Mg-28 e Hexokinase
e 51 -28: from (1 of Al-28
LET of the backing ions can break Van der Wall, hydrogen and P-O bonds The range of action of the recoil ions lies entirely within the enzymes.
Cc LET of electron Auger in tissues (eV/A) D Range of Auger electron in tisues (jun)
a
16 ) 100
1L (Mg-28)
1.2 KL (A1-28)
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LET of Auger electrons can break Van der Wall, hydrogen, P-O, colombic, N-N and Auger electron impact range of action is well within cancer cells.

S-S bonds.
E LET of beta minus particles in tisues (eV/4) F The range of beta minus in tignes (mm)
0.1 10
/ — ] Mg-28
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LET of minus electrons can break Van der Wall, and hydrogen bonds. The range of action of minus electrons is 6 mm beyond the tumor side

Figure 1. LET and range of different particles in biological tissues, derived from Table 2 and Table 3. (A and B) LET and range of recoil ions from Mg-28 and Al-28
decay. LET of the recoil ions can break Van der Wall, hydrogen, and P-O bonds, and their range of action lies entirely within the enzymes. (C and D) LET and
range of Auger electrons from electron shell transitions (KLL, KLX, KXY). LET of Auger electrons can break Van der Wall, hydrogen, P-O, coulombic, N-N, and
S-Sbonds, and their impact range of action is well within cancer cells. (E and F) LET and range of beta-minus particles from different isotopes of Mg-28 and Al-28.
LET of the electrons can break Van der Wall and hydrogen bonds, and their range of action is 6 mm beyond the tumor side. Labels (a-i) indicate different tissue
types: (a) Water; (b) Soft tissue (ICRP); (c) brain; (d) Musculoskeletal (ICRP); (e) lung; (f) blood; (g) skin (ICRP); (h) M-E liquid, Sucrose; (i) Cortical bone (ICRP).
Abbreviations: Al-28: Aluminium-28; ICRP: International Commission on Radiological Protection; KLL, KLX, KXY: Auger electron transitions between
electron shells (K, L, X, Y); LET: Linear energy transfer; M-E: Mass-equivalent; Mg-28: Magnesium-28; P-O: Phosphorus-oxygen; S-S: Sulfur-sulfur.

Table 2. LET and range of Auger electrons, beta-minus 0.1 eV/A and 021 eV/A and a very short range of
particles, and recoil ions 0.022-1.5 A. The values in Table 3 indicate that Auger
Particle LET (eV/A) Range electrons possess the highest LET and medium range,
Auger electron 0.81-1.6 88224 nm enabling‘ th'em to effectively break a variety of mo'lecular
Beta minus 0.002-0.09 0.07-6.11 mm bonds within tumor cells. I.Examples of such bonds include

N . Van der Waals, hydrophobic, coulombic, P-O (ATP/ADP),
Recoil ion 0.1-0.21 0.022-15A

N-N, and S-S bonds. Recoil ions, despite their limited range

Notes: LET is expressed in eV/A, equivalent to keV/jum using the and relatively weaker overall effect, can effectively disrupt

conversion factor 1 keV/um=0.1 eV/A. Conversion constants: o . i
1 keV=10° eV; 1 MeV=10° eV; 1 um=10° nm=10"A. enzyme bonds due to their highly localized action at the

Abbreviation: LET: Linear energy transfer. molecular level, targeting coulombic, hydrophobic, and
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Van der Waals bonds. In contrast, beta-minus particles,
due to their long range and lowest LET, primarily affect
hydrophobic and Van der Waals bonds and produce free
radicals along their path. The therapeutic impact can thus
be characterized by the focused molecular-level action of
recoil ions, the intracellular effect of Auger electrons, and
the extended influence of beta-minus particles up to 6mm
beyond tumor margins. These distinctions are further
illustrated in Figure 1.

3.3. Absorbed dose

Absorbed dose calculations by the MIRD code,* with
0.1 ng of Mg-28 administered intravenously over 21 h
(Table 4), showed the potential for highly effective tumor
cell killing with minimal impact on healthy tissues.
Three regimens were modeled: (a) Whole-body cell dose,
(b) Mg-uptake coeflicient-based cell dose, and (c) direct
tumor cell dose. In regimen (a), the doses ranged from

Table 3. Impact of linear energy transfer (LET) from magnesium-28 (Mg-28) decay on the dissociation of biological molecular bonds

Bond type Length (A) Bond energy (kJ/mol) Beta minus (kJ/mol) Auger electron (kJ/mol) Recoiled ions (kJ/mol)
Van der Waals 3.0-4.0 ~2.4-4 7.08-34.84 311.81-612.41 38.12-81.08
Hydrogen bond 1.5-2.0 ~4-40 3.54-17.42 155.91-306.21 19.06-40.54
P-O (in ATP/ADP)** ~1.60 ~30.5 2.83-13.94 124.72-244.96 15.25-32.43
Ionic 2.0-4.0 ~20-200 7.08-34.84 311.81-612.41 38.12-81.08
N-N ~1.45 ~163 2.57-12.63 112.88-222.00 13.82-29.39
S-S 2.05 ~250 3.64-17.82 156.31-381.20 19.46-41.54

Notes: (1) *Bond energy released when ATP hydrolyzes to ADP; 1eV=96.485 kJ/mol. (2) Van der Waals interactions (3.0-4.0 A) are weak but critical
for stabilizing protein side chains and stacked DNA bases. Hydrogen bonds (1.5-2.0 A) maintain DNA base pairing (A=T, G=C) and play a key role
in enzyme-substrate interactions. Ionic (Coulombic) interactions (2.0-4.0 A) are prominent between oppositely charged side chains of proteins and
in ATP-Mg?*coordination complexes. Phosphodiester (P-O) bonds (~1.60 A) form the DNA/RNA backbone and are targets for strand cleavage
during radiation damage. Disulfide bridges (S-S) (~2.05 A) stabilize the tertiary/quaternary structure of many enzymes, particularly in oxidative
environments. Nitrogen-nitrogen (N-N) bonds (~1.45 A) are present in some nucleotide base pairs and enzyme cofactors (e.g., flavins). The LET
values from Mg-28 decay are sufficient to break all the above interactions, directly impairing nucleic acid integrity and enzymatic function essential to

cellular integrity, especially in cancer cells.

Table 4. Absorbed dose to tumors across different regimens and the amount of magnesium-28 (Mg-28) required

Content Regimen Cancer type
T, T, T, T, T, T,
Number of cells 3.28E+04 5.00E+06  5.00E+07  5.00E+08  5.00E+09  5.00E+11
Intravenous cell dose, uniformly distributed throughout  a 1.01E-11  1.55E-09 1.55E-08 1.55E-07  1.55E-06  1.55E-04
the body (Gy)
Intravenous cell dose with Mg absorption coefficient (Gy) b 1.83E-09  3.46E-06  1.09E-04  3.46E-03  1.09E-01  1.09E+02
Cell dose injected directly into the tumor (Gy) c 3.04E+04 2.23E+02  2.23E+01  2.23E+00  2.23E-01  2.23E-02
Tumor dose (Gy) a 3.31E-07  7.75E-03 7.75E-01 7.75E+01  7.75E+03  7.75E+07
b 6.00E-05 11.15E+00 11.15E+03 11.15E+05 11.15E+08 11.15E+13
c 9.97E+08 38.75E+08 38.75E+08 38.75E+08 38.75E+08 38.75E+09
d 6.01E+01  6.01E+01 6.01E+01 6.01E+01 6.01E+01  6.01E+01
e 3.12E+02  3.12E+02  3.12E+02  3.12E+02  3.12E+02  3.12E+02
f 4.15E+02 4.15E+02  4.15E+02  4.15E+02  4.15E+02  4.15E+02
Whole-body absorbed dose (Gy) d 3.52E-01  2.03E-02  8.91E-03  2.82E-03  8.91E-04  8.91E-05
e 1.72E+00  9.81E-02 4.42E-02 1.44E-02 4.42E-03 4.42E-04
f 2.33E+00  1.32E-01 5.92E-02 1.92E-02 5.92E-03  5.92E-04
Amount of Mg-28 required (ng) d 9.31E-01 5.33E-02 2.42E-02 7.51E-03 2.44E-03 2.44E-04
e 4.62E+00  2.63E-01 1.22E-01 3.71E-02 1.22E-02 1.22E-03
f 6.21E+00  3.51E-01 1.63E-01 5.04E-02 1.63E-02  1.63E-03

Note: All absorbed dose calculations are based on a 21-h decay duration. Regimen (d) assumes 62 Mg-28 ions/cell, regimen (e) assumes 300 ions/cell,

and regimen (f) assumes 400 ions/cell.
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107" to 10™* Gy for T -T, tumors (0.03 mg-500 g). For the
same tumors, the doses increased from 10~ to 10* Gy in
regimen (b) but decreased from 10* to 10~ Gy in regimen
(c). These results indicate that applying the Mg-uptake
coeflicient significantly increases the cell dose compared to
a uniform whole-body distribution.

Based on these results, we proposed three additional
intravenous regimens: (d) 62, (e) 300, and (f) 400 Mg-28
ions/cell. These regimens were capable of targeting 20%,
100%, and 133% of the total 300 Mg-dependent enzymes,
respectively. They achieved absorbed doses ranging from
60 to 415 Gy across T -T, tumors, with a total Mg-28
quantity of only 6.2 ng. Notably, the highest effective
systemic absorbed dose among the regimens remained
below 2.4 Gy, indicating a favorable safety profile. These
results demonstrate that Mg-28 delivers sufficient
absorbed doses to induce significant cytotoxicity in cancer
cells across a wide range of tumor sizes, with minimal
damage to surrounding healthy tissues and limited overall
radioisotope exposure. These results are shown in Figure 2.

4, Discussion
4.1. Tumor growth, replication cycle, and Mg uptake

Cancer cell replication cycles are known to vary depending
on tumor type and microenvironmental conditions. Our
data, presented in Table 1, indicate a clear relationship
between tumor size, the number of replication cycles, and
the Mg-uptake coefficient. For instance, a microscopic
tumor at stage T, (mass ~3.1 x 10~ g, approximately
3.1 x 10* cells) after 15 replication cycles exhibits an
Mg-uptake coefficient of 1.8 x 10% As the tumor progresses
through stages T -T, with increasing mass and number of
replication cycles, the Mg-uptake coeflicient demonstrates
a significant upward trend, reaching 7.1 x 10° for a large
T, tumor (mass ~500 g, ~5.0 x 10" cells) after 39 cycles,

1.00E+04
1.00E+03

1.00E+02

1.00E+01

1.00E+00 - - = -
1.00E-01 T0 Ti T2 T3 T4 T5
1.00E-02

assuming a replication cycle ratio (k) of 2 between
cancerous and healthy tissue.

This substantial increase in the Mg-uptake coeflicient
with tumor growth underscores the elevated Mg demand
of rapidly proliferating cancer cells. As tumors expand,
their metabolic and replicative requirements for Mg—a
crucial cofactor for numerous enzymes involved in these
processes—escalate. Consequently, Mg-28 is preferentially
accumulated in larger and more aggressive tumors, making
it an increasingly effective agent for targeted radiotherapy
in advanced stages.

Furthermore, the relatively high Mg-uptake coeflicient
observed even in early-stage T tumors suggests a promising
avenue for early cancer detection, which will be discussed
further in the subsequent section. The dependence of the
Mg-uptake coeflicient on the number of replication cycles
and the k-factor highlights the importance of considering
tumor growth dynamics in optimizing Mg-28-based
treatment strategies. Tumors with faster replication rates
(higher k values) are expected to exhibit even greater
Mg-28 accumulation, potentially enhancing therapeutic
efficacy and reducing the required dosage.

4.2. Early diagnosis and real-time monitoring

The exceptionally high Mg-uptake coefficient observed
even in early-stage, microscopic tumors (TO: 1.8 x 107
as shown in Table 1) provides a strong foundation for
early cancer diagnosis. This preferential accumulation
of Mg-28 in nascent tumors allows for robust imaging
signals through gamma rays, Bremsstrahlung, and X-rays,
enabling detection through positron emission tomography
(PET) or single-photon emission computed tomography
(SPECT) imaging. The ability to visualize tumors as small
as ~3.1 x 107° g (approximately 31,000 cells) represents
a significant advancement over many current diagnostic

B Tumor dose -d
® Tumor dose -e

B Tumor dose - f

= Whole body absorbed dose

case d (Gy)
1.00E-03 ® Whole body absorbed dose
1.00E-04 case ¢ (GY)
: : mWhole body absorbed dose
1.00E-05 case f (Gy)

Figure 2. Comparison of absorbed radiation dose delivered to tumors and the whole body across different regimens. The tumor-specific and systemic
absorbed dose are computed from Table 4. Regimens d, e, and f correspond to assumptions where 62, 300, and 400 magnesium-28 ions were taken up per
cancer cell to inactivate magnesium-dependent enzymes. Tumor doses range between 60 Gy and 415 Gy, while whole-body doses are from 1.0 x 10~ Gy

to 2.4 Gy, indicating high therapeutic selectivity and patient safety.
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modalities that may only detect larger tumor masses.
Traditional methods usually diagnose cancer at the
milligram scale using PET-computed tomography (CT) or
SPECT-CT.>#?

Moreover, the continuous uptake of Mg-28 by tumor
cells, sustained throughout the treatment period, facilitates
real-time monitoring of therapeutic response. Changes
in Mg-28 concentration within the tumor, as visualized
through imaging, can provide immediate feedback on
treatment efficacy, allowing for timely adjustments to the
therapeutic regimen. This dual diagnostic and therapeutic
(theranostic) functionality, achieved with a single isotope,
simplifies the clinical workflow and eliminates the need
for paired diagnostic and therapeutic agents, representing
a key advantage of the Mg-28 method. Current methods
often use two or more radioactive isotopes for diagnosis
and treatment monitoring, such as Tc-99m + Y-90 or
Tc-99m + Lu-177 with SPECT-CT, and F-18 + Y-90 or
F-18 + Lu-177 with PET-CT.>%*

4.3. Enzyme inactivation and intracellular
irradiation

Data from Table 2 reveal the LET and range of the particles
emitted during Mg-28 decay. Auger electrons exhibit
the highest LET (0.81-1.6 eV/A), followed by recoil
ions (0.1-0.21 eV/A), while beta-minus particles have a
lower LET (0.002-0.09 eV/A) but a much longer range
(0.07-6.11 mm).

The high LET of Auger electrons and recoil ions is
particularly significant for enzyme inactivation and
intracellular damage. As shown in Table 3, the energy
deposited by these particles per unit length is sufficient
to break various critical biological bonds, including the
relatively strong covalent bonds, such as S-S (disulfide)
and P-O (in ATP/ADP), as well as weaker non-covalent
bonds, such as Van der Waals and hydrogen bonds
that are crucial for maintaining the three-dimensional
structure and function of enzymes and DNA. The recoil
of Al-28 and Si-28 ions, although occurring over a very
short range (0.022-1.5 A), can directly disrupt the active
sites of enzymes due to the momentum transfer and local
structural distortion. These effects, together with the
difference in charge and ionic radius from Mg** to AI** to
Si**, will certainly inactivate Mg-dependent enzymes once
Mg-28 replaces stable Mg in these enzymes. Specifically,
the inactivation of DNA/RNA polymerases, helicase,
topoisomerase, and DNA repair enzymes disrupts or
arrests the S phase of the cell cycle, leading to apoptosis.
Targeting telomerase prevents cancer cells from achieving
immortality, thus limiting tumor growth and reducing the
potential for invasion. Furthermore, the inactivation of

matrix metalloproteinases (MMPs) impairs the ability of
cancer cells to invade surrounding tissues and metastasize.
By disrupting key metabolic enzymes, such as hexokinase,
kinases, and ATPases, Mg-28 deprives cancer cells of
essential energy, leading to metabolic collapse and necrosis.

Beta-minus particles, despite their lower LET, have a
longer range that allows them to traverse larger cellular
distances, generating free radicals along their path. These
free radicals can indirectly damage DNA, proteins, and
other cellular components, contributing to the overall
cytotoxic effect of Mg-28. The combined action of direct
bond breakage by high-LET particles and indirect damage
by free radicals ensures a multifaceted attack on essential
cellular machinery.

Targeted irradiation within the nucleus and
mitochondria is achieved through the selective uptake
of Mg-28, where crucial Mg-dependent enzymes, such
as DNA/RNA polymerases, hexokinase, and telomerase
reside. The subsequent decay of Mg-28 directly induces
localized irradiation through beta particles, Auger
electrons, and recoil ions, resulting in a concentrated
release of damaging particles close to their molecular
targets, thus maximizing enzyme inactivation and cellular
destruction. Traditional inhibitors or modern methods*”
usually use one inhibitor for one specific enzyme or one
biochemical agent for one determined molecular target.

4.4, Precision targeting and safety profile

The distinct ranges of the emitted particles from Mg-28
decay contribute to its precision targeting and favorable
safety profile. The very short range of recoil ions
(0.022-1.5 A) ensures that their destructive energy is
deposited within nanometer distances, primarily affecting
the enzyme molecules in their immediate vicinity. Auger
electrons, with a slightly longer range (88-224 nm), also
deposit their energy within the subcellular compartments,
causing localized damage to organelles, such as the nucleus
and mitochondria.

In contrast, the longer range of beta-minus particles
(up to 6.11 mm) might suggest the potential for off-target
effects. However, the preferential uptake of Mg-28 by
cancer cells, as indicated by the high Mg-uptake coeflicient,
concentrates the source of these beta particles within the
tumor tissue. Furthermore, the energy deposition per unit
length (LET) of beta-minus particles is lower compared
to Auger electrons and recoil ions, meaning that while
they can travel further, the density of ionization events
along their path is less intense. This localized delivery of
radiation, particularly the high-LET emissions within
the tumor cells, minimizes the exposure of surrounding
healthy tissues to significant radiation doses.
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The absence of a need for bulky biochemical carriers
or nanoparticles further enhances the precision and safety
of Mg-28 therapy. As a naturally recognized ion, Mg-28
is efficiently transported into cancer cells, ensuring direct
intracellular irradiation without the complexities and
potential drawbacks of exogenous delivery systems. This
intrinsic targeting mechanism contributes to the high
local dose within the tumor while minimizing systemic
toxicity.

4.5. High local dose with minimal systemic toxicity

Simulation results using the MIRD code (Table 4)
demonstrate the potential of Mg-28 to deliver a high
absorbed dose to tumors while maintaining minimal
systemic toxicity. The calculations, performed over 21 h
(approximately one half-life of Mg-28), considered different
treatment regimens based on the number of Mg-28 ions
internalized per cancer cell.

Assuming a regimen of 400 Mg-28 ions/cell (regimen f),
a tumor absorbed dose of 415 Gy can be achieved across all
tumor stages (T -T,). This dose is significantly above the
generally accepted therapeutic threshold of around 50 Gy
required for effective tumor control. Notably, the total
amount of Mg-28 needed to deliver this high local dose is
remarkably small, with a maximum of only 6.2 ng required
for even the largest T, tumors. This high efficacy at the
nanogram scale underscores the potency and economic
viability of the Mg-28 approach.

Conversely, the corresponding whole-body absorbed
dose for the same regimen (regimen f) remains
consistently low, with a maximum of 2.33 Gy observed
for the smallest T tumors, decreasing to the mGy range
for larger tumors (e.g., 59.2 mGy for T, and 5.92 mGy for
T,). This significant disparity between the high local tumor
dose and the low systemic exposure highlights the inherent
safety advantage of Mg-28 therapy, minimizing potential
damage to healthy organs and tissues.

The enhanced Mg uptake by cancer cells, driven by
their elevated metabolic and replicative demands, further
contributes to this favorable dose distribution. This
biological preference ensures that Mg-28 is selectively
concentrated within the tumor microenvironment,
maximizing the therapeutic effect while sparing normal
cells.

The data in Table 4 also illustrate the dose-response
relationship with varying numbers of Mg-28 ions/cell
(regimens d, e, and f). Even with lower intracellular
concentrations of Mg-28 (62 and 300 ions/cell),
therapeutically relevant tumor doses (60.1 Gy and 312 Gy,
respectively) can be achieved with correspondingly lower
systemic exposure and amounts of Mg-28 required. This

flexibility in dosing regimens allows for tailored treatment
strategies based on tumor characteristics and patient-
specific factors.

4.6. Summary of key advantages

The Mg-28 therapy presents a transformative and
biologically intelligent approach to cancer treatment,
offering several key advantages that distinguish it from
conventional modalities.

4.6.1. Dual mechanism of action for enhanced efficacy

By  simultaneously  targeting  multiple  critical
Mg-dependent enzymes essential for cancer cell survival
and proliferation (DNA/RNA polymerases, hexokinase,
telomerase, and MMPs) and delivering highly localized
intracellular irradiation through its decay products (beta
particles, Auger electrons, and recoil ions), Mg-28 offers
a synergistic therapeutic effect. This can overcome drug
resistance and achieve comprehensive tumor control—a
key advantage over single-target traditional inhibitors.

4.6.2. Intrinsic and highly selective tumor targeting

The therapy leverages the inherent metabolic vulnerability
of cancer cells, characterized by their rapid proliferation
and elevated demand for Mg. The quantified Mg-uptake
coefficient demonstrates a significant preferential
accumulation of Mg-28 within tumor tissues, eliminating
the need for complex and potentially toxic biochemical
carriers or nanoparticles. This natural targeting mechanism
ensures a high concentration of the therapeutic agent
directly within the tumor microenvironment.

4.6.3. Integrated self-theranostic capability

Mg-28 uniquely combines diagnostic and therapeutic
functionalities within a single radioisotope, embodying
a self-theranostic approach. Its gamma emissions
allow for early tumor detection using PET or SPECT
imaging—even at microscopic stages—while its continuous
uptake facilitates real-time monitoring of treatment
response, enabling personalized and adaptive therapeutic
strategies without the need for additional agents.

4.6.4. Maximized local efficacy with minimized
systemic toxicity

Simulation data indicate that Mg-28 can deliver cytotoxic
radiation doses directly to tumor cells at the nanogram
scale, while the absorbed dose to surrounding healthy
tissues remains remarkably low. This favorable therapeutic
index is attributed to the selective tumor uptake and the
short-range, high-LET emissions of its decay products,
which concentrate the destructive energy within the tumor
volume.
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4.6.5. Broad applicability and potential for expanded
therapeutic horizons

The fundamental principle of exploiting the increased
metabolic demands of rapidly dividing cells suggests that
Mg-28 therapy holds promise across a wide spectrum of
cancer typesand stages. In addition, the concept of targeting
host cell enzymes essential for pathogen replication opens
avenues for exploring its utility in treating other diseases,
such as viral infections—including coronaviruses that rely
on host cell RNA polymerase for replication. Furthermore,
this approach may be extended to other cofactors, such as
copper, iron, manganese, zinc, and selenium.

5. Conclusion and future directions

The Mg-28 method represents a revolutionary and
multifaceted approach to cancer therapy, characterized
by its dual mechanism of action: The targeted inactivation
of crucial Mg-dependent enzymes and highly localized
intracellular irradiation.

The intrinsic selectivity of this approach is biologically
elegant, driven by the elevated Mg demand of rapidly
proliferating cancer cells. This phenomenon, quantified
by the Mg-uptake coeflicient, allows for natural tumor
targeting without the need for complex biochemical
carriers or nanoparticles—thereby enhancing both
treatment precision and safety.

Preliminary analytical modeling and LET-dose
simulations  support the foundational hypothesis,
demonstrating that nanogram-scale doses of Mg-28 can
achieve therapeutic cytotoxic thresholds. Importantly, the
behavior of Mg-28 within the tumor microenvironment
embodies a form of natural biological targeting, where cancer
cells, fueled by their metabolic and replicative demands,
act as selective attractors for Mg*". This pathway allows
Mg-28 to efficiently infiltrate intracellular compartments,
particularly the nucleus and mitochondria, where it disrupts
the enzymatic machinery critical for cancer progression.

Furthermore, the inherent gamma emissions of Mg-28
confer an integrated self-theranostic capability, enabling
earlytumor detection and real-time monitoringoftreatment
response, thus offering unparalleled precision in cancer
management. Significantly, this approach holds promise
for application across all cancer types and stages, a distinct
advantage over many existing therapies. Beyond oncology,
the principle of targeting host cell enzymes extends to
infectious diseases. For instance, Mg-28 may disrupt the
replication cycle of viruses—such as coronaviruses—by
inactivating host RNA polymerase, thus offering a novel
antiviral strategy. This innovative approach sets a strong
foundation for future research and deserves in-depth
exploration through pre-clinical (in vitro and in vivo) and

clinical studies to evaluate its efficacy, pharmacokinetics,
and biosafety. Ultimately, Mg-28 therapy could inform the
development of a new paradigm in cancer and infectious
disease treatment.

Despite its promising potential, several challenges
must be addressed to translate Mg-28 therapy from theory
to practice. The clinical safety and therapeutic efficacy
require extensive, rigorous validation. In addition, Mg-28
production is costly and technically complex, and the
clinical trials and regulatory approval processes demand
significant logistical and financial investments. The short
half-life of Mg-28 necessitates extremely rapid and efficient
transportation and administration systems to ensure
effective delivery.

To overcome these challenges and pave the way for
clinical translation, the following strategic actions are
recommended on duct: (1) Conduct in vitro and in vivo
studies to validate the model; (2) establish cancer treatment
centers near nuclear facilities; (3) invest in research and
development of on-site Mg-28 production systems; and
(4) design and implement prioritized transportation
networks for timely delivery of Mg-28 to treatment centers.
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Sorafenib generates microvesicle particles in
non-small cell lung cancer
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Abstract

Despite the improved clinical outcomes resulting from the use of sorafenib, the
development of resistance mechanisms continues to undermine its treatment
efficacy. Recent studies have implicated the role of a phospholipid mediator,
platelet-activating factor receptor (PAFR) pathway, and extracellular vesicles known
as microvesicle particles (MVP) in influencing cellular behavior and the efficacy of
therapeutic agents. In this study, we determined the impact of the PAFR pathway
and the acid sphingomyelinase (aSMase), which is required for the biogenesis of
MVP, on sorafenib-induced effects on lung cancer growth and MVP release. Using
A549 and H1299 non-small cell lung cancer (NSCLC) cell lines, we showed that
sorafenib treatment reduced cell viability in a dose and time-dependent manner.
Notably, sorafenib also enhanced MVP formation in both NSCLC cell lines. This
MVP release was significantly attenuated by pharmacologic inhibition of the PAFR
pathway through the WEB2086 compound and the aSMase inhibitor, imipramine,
indicating the involvement of the PAFR and aSMase in sorafenib-induced MVP
biogenesis. Moreover, co-treatment with imipramine enhanced the cytotoxic
effects of sorafenib, suggesting that targeting MVP-associated pathways may
improve sorafenib response. Collectively, these findings offer mechanistic insight
into how sorafenib modulates MVP release and supports the therapeutic potential
of combining tyrosine kinase inhibitors with agents that disrupt MVP biogenesis in
NSCLC.

Keywords: Non-small cell lung cancer; Tyrosine kinase inhibitors; Sorafenib; Platelet-
activating factor-receptor; Acid sphingomyelinase; Microvesicle particles

1. Introduction

Lung cancer is the leading cause of cancer-related mortality in the United States and
worldwide.! It is estimated that 234,580 new cases and 125,070 deaths (~20% of all
cancer-related deaths) are attributed to lung cancer.? Of the two subtypes, non-small
cell lung cancer (NSCLC) accounts for about 80 — 85% of all lung cancer cases.” The
management of NSCLC includes chemotherapy, immunotherapy, and targeted treatments
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that have enhanced survival outcomes, particularly in
patients with early-stage or resectable disease.” Notably,
advances in immune checkpoint inhibitors and targeted
therapies have provided tailored options based on tumor
characteristics such as programmed cell death ligand 1
(PD-L1) expression and specific genetic mutations (i.e.,
epidermal growth factor receptor [EGFR] and anaplastic
lymphoma kinase) leading to better disease control and
prolonged survival’ Despite these advances, emergence
of resistance mechanisms remains a significant challenge,
which includes on-target mutations, bypass pathways, and
histological transformation.?

Among targeted therapies, tyrosine kinase inhibitors
(TKIs), including sorafenib, have been used to treat
NSCLC.>*  Sorafenib, a multikinase inhibitor, has
emerged as a promising agent targeting multiple
pathways involved in tumor progression, angiogenesis,
and resistance mechanisms.* Notably, reactive oxygen
species (ROS) generation is one of the key mechanisms
through which TKIs induce cytotoxic effects; however,
elevated ROS levels activate resistance mechanisms
enabling the tumor to evade therapy and continue to
grow.” For example, oxidative modifications of EGFR and
associated downstream signaling pathways enhance tumor
progression and resistance to EGFR TKIs.® These findings
highlight the paradoxical nature of ROS in NSCLC therapy.
While ROS generation is critical for the effectiveness of
TKIs, the adaptive responses of NSCLC cells to oxidative
stress underscore the need for combination strategies
that both amplify ROS cytotoxicity and inhibit resistance
pathways to improve therapeutic outcomes. Among these
signaling pathways, ROS non-enzymatically cleaves lipid
membranes to produce oxidized glycerophosphocholines
(Ox-GPCs) that exhibit platelet-activating factor (PAF)
agonistic properties, which mediate angiogenesis, tumor
growth, metastasis, and immune modulation.”*® In
addition, PAF-like molecules are often upregulated in
response to radiation and chemotherapy, exacerbating
immune suppression and therapy resistance.’*** Our
group has shown that in NSCLC models, both tumor
and its environment are modulated by PAF and platelet-
activating factor-receptor (PAFR) signaling.”'*'> Moreover,
PAFR plays a significant role in vesicular formation and is
dependent on pathways such as mitogen-activated protein
kinase (MAPK), nuclear factor kappa B (NF-kB), and acid
sphingomyelinase (aSMase).'*"* Notably, formed vesicles
have been shown to contain PAF-like agonists and serve as
bioactive molecules.'**

Mounting evidence points to these large extracellular
vesicles, also referred to as microvesicle particles (MVP),
as critical mediators of treatment resistance, including

NSCLC.#* By sequestering and exporting oncogenic
proteins, nucleic acids, and even chemotherapeutic agents,
MVP can diminish drug accumulations in tumor cells and
modulate the surrounding microenvironment to favor
cancer progression.”?* It has been demonstrated that
PAF and related lipid mediators can be packaged within
MVP, enabling inflammatory and immune-modulating
responses that further compromise treatment efficacy.'$2%
These findings underscore that in addition to targeting
primary oncogenic pathways, strategies that disrupt MVP
release may aid in overcoming drug resistance.

Imipramine, a tricyclic antidepressant, has garnered
attention as an effective aSMase inhibitor that disrupts
ceramide biosynthesis, a key lipid mediator in MVP
formation and NSCLC pathophysiology.”’** By reducing
ceramide production, imipramine decreases the budding
of vesicles, thus curtailing MVP release.”** Therefore,
imipramine and other sphingolipid-targeted drugs have
been of interest as adjunct therapies.”***” For example,
studies by Irep et al.,”” have demonstrated enhanced
inhibitory effects on cisplatin/etoposide by targeting
small extracellular vesicles (also referred to as exosomes)
synthesis and trafficking in a small cell lung cancer model.
In NSCLC, sorafenib’s efficacy has also been shown to
significantly improve with dual-therapy approaches.****
However, no approach to aSMase inhibition, such as with
imipramine, has been investigated.

2. Materials and methods
2.1. Reagents

Culture media was obtained from GE Healthcare
Biosciences (Marlborough, MA, USA), with fetal bovine
serum (FBS) from Corning (Corning, NY, USA). Penicillin-
streptomycin was acquired from Hyclone (Logan, UT,
USA) and antibiotic-antimycotic solution was purchased
from Gibco (Gaithersburg, MD, USA). The PAFR agonist
carbamoyl-PAF (CPAF), the antagonist WEB2086, and
the aSMase inhibitor imipramine were all obtained from
Cayman Chemicals Co. (Ann Arbor, MI, USA). Sorafenib
tosylate was procured from Millipore Sigma (St. Louis,
MO, USA). All other reagents were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

2.2. Cell lines

Human NSCLC lines, A549 and H1299, were used for
all experiments as both express PAFR at similar levels."
These cell lines were a kind gift from Dr. Weiwen Long
(Department of Biochemistry and Molecular Biology
at Wright State University). A549 cells were maintained
in F-12K medium supplemented with 10% FBS, 2.5 mL
penicillin-streptomycin, 2.5 mL antibiotic-antimycotic,
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and 15 uL of 2 M magnesium chloride. H1299 cells were
grown in RPMI-1640 medium containing 10% FBS, 2.5 mL
penicillin-streptomycin, 2.5 mL antibiotic-antimycotic,
2.25 mL of 40% glucose, and 5 mL of 100 mM sodium
pyruvate. All cell cultures were maintained at 37°C with
95% humidity and 5% CO,.

2.3. Cell survival assay

As per our previous reports, sulforhodamine-B (SRB) assay
was used to assess cell survival.'** H1299 and A549 cells
were plated into 96-well plates at a seeding density of 5 x
10° cells per well and treated with 0.1% dimethyl sulfoxide
(DMSO) as control, or with sorafenib at concentrations
ranging from 1 to 16 uM. In separate experiments,
sorafenib was used at a concentration of 4 uM, imipramine
at 20 uM, and their co-treatment at given concentrations.
After 24, 48, and 72 h, cells were fixed with 100 uL of 10%
trichloroacetic acid followed by incubation at 4°C for 1 h.
Fixed cells were gently rinsed with distilled water three
times and stained using 100 uL 0.4% (w/v) SRB (prepared
in 1% acetic acid), followed by 15-min incubation at room
temperature in the dark. Excess dye was removed by triple
rinsing with distilled water containing 1% glacial acetic acid
and then allowed to air dry. Bound SRB dye was solubilized
using 150 uL of 10 mM Tris base (tris(hydroxymethyl)
aminomethane) while placing the plates on a shaker for
10 min. Absorbance was measured at 570 nm using a
Synergy H1Mf plate reader. Cell viability for each group
was normalized to its respective vehicle-treated control
(0.1% DMSO).

2.4. MVP isolation and quantification

Isolation and quantification of MVP were performed using
methods previously described by our group.'***** Briefly,
A549 and HI1299 cells were grown to approximately
80-90% confluency, after which cultures were rinsed three
times with serum-free Hanks Balanced Salt Solution
(HBSS, Cytiva, USA). Cells were then incubated with
0.1% DMSO for negative control, or 100 nM CPAF and
phorbol myristate acetate (PMA) for positive controls,
and sorafenib at various concentrations (4, 8, and 16
uM) in HBSS containing 1% free fatty acid. Similarly,
combination experiments used pre-treatments with the
PAFR antagonist, WEB2086 (10 uM), and imipramine
(20 uM) for 1 h, followed by treatment with or without
sorafenib (8 uM). After 4 h of incubation, the conditioned
medium was centrifuged at 2,000 xg for 20 min at 4°C to
remove residual cells and debris. The clarified supernatant
was centrifuged at 20,000 xg for 70 min at 4°C to pellet
MVP. Pellets were then resuspended with 100 uL of sterile-
filtered phosphate-buffered saline (PBS) to prepare for
nanoparticle tracking analysis. MVP concentration was

assessed using the NanoSight NS300 instrument (Malvern
Instruments, UK). MVP counts were normalized with the
cell number as per previous reports.'*!#"

2.5. Statistical analysis

All statistical analyses were conducted using GraphPad
Prism software version 10 (GraphPad Software, San Diego,
CA, USA). Each in vitro experiment was performed
independently at least three times using biological
replicates. Data were analyzed by unpaired Student’s t-test
or one-way analysis of variance (ANOVA) with post hoc
Dunnets multiple comparison tests. The p<0.05 was
considered statistically significant.

3. Results

3.1. Sorafenib inhibits the survival of NSCLC cell
lines in a time- and dose-dependent manner

Our first studies tested the dose- and time-response effects
of sorafenib treatment on the survival of A549 and H1299
NSCLC cell lines through the SRB assay. These cell lines
have been widely used as NSCLC models to determine the
mechanisms and cellular responses of sorafenib alone or its
combination with other agents.**** It was observed that
the survival of A549 and H1299 cell lines was inhibited
by sorafenib in a dose- and time-dependent manner
(Figure 1A and B).

Interestingly, despite both A549 and HI1299 cells
lacking EGFR mutations and being inherently resistant to
EGFR-TKIs,* A549 cells demonstrated greater sensitivity
to sorafenib compared to H1299 cells. This observation is
consistent with previous report showing that A549 cells,
which harbor a KRAS G128 mutation, are more susceptible
to sorafenib’s effects, likely due to its inhibition of RAF-
dependent signaling.* Given that sorafenib also targets
vascular endothelial growth factor receptor (VEGFR)
and platelet-derived growth factor receptor (PDGFR), its
anti-proliferative effect on A549 cells may also involve
angiogenic signaling pathways.*”

Despite being p53-null and KRAS wild-type, H1299 cells
also exhibited a significant reduction in cell viability with
sorafenib treatment. However, the degree of inhibition was
lower than in A549 cells at comparable doses. This suggests
that sorafenib’s mechanism of action may be more effective
in KRAS-mutant NSCLC models, aligning with findings
from previous studies utilizing A549 and PC-9 cells.*

3.2. PAFR and aSMase pathways mediate sorafenib-
induced MVP release

Given that exposure to EGFR-TKIs induces MVP release,
which have been shown to carry PAF agonists and serve
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as mediator of PAFR-induced effect,’® our next studies
evaluated if sorafenib treatment can induce MVP release.
Furthermore, as MVP release is an earlier event, which
significantly peaks at 4 — 8 h time points," and could
impact tumor cell behavior in responses to therapeutic
agents, we tested three different doses (4, 8, and 16
uM) of sorafenib from the cell viability assay shown in
Figure 1A and 1B, that resulted in differential cytotoxic
response. To that end, A549 and H1299 cell lines were
separately treated with vehicle (0.1% DMSO) as a negative
control, CPAF (a known PAFR agonist, 100 nM) and PMA
(PAFR-independent agonist, 100 nM) as positive controls,
and various doses of sorafenib. After 4 h, we extracted and
analyzed MVP as per our published reports.'*'®" The data
demonstrated that sorafenib induces MVP release from

both cell lines in a dose-dependent manner as compared
to vehicle control (Figure 2A and B). In addition, we found
that sorafenib-mediated MVP release was comparable to
CPAF and PMA treatments (Figure 2A and B).

As PAFR activation mediates MVP release, and the
aSMase is a key mediator of MVP biogenesis,'"* our
next studies determined the underlying mechanisms,
particularly, the roles of the PAFR signaling and an
aSMase using the optimal dose (8 uM) of sorafenib. To
that end, A549 and H1299 cell lines were pre-treated
with a well-known PAFR antagonist, WEB2086 (10
UM)," or an aSMase inhibitor, imipramine (20 uM),*
followed by the treatments with or without CPAF, PMA,
or sorafenib. After 4 h, we extracted and analyzed MVP.
Our studies demonstrated that the WEB2086 compound
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Figure 1. Effects of sorafenib on cell survival. (A) Dose response curve of sorafenib effect on A549 cells. (B) Dose response curve of sorafenib effect on
H1299 cell lines. Data are presented as mean + scanning electron microscope of four independent biological replicates.
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Figure 2. Dose-response effect of sorafenib treatment on MVP release. A549 (A) and H1299 (B) cell lines were treated with vehicle (0.1% DMSO), CPAF
(100 nM), PMA (100 nM), and various doses of sorafenib. After 4 h of incubation, MVP extraction and analyses were performed. Data are presented as
mean + scanning electron microscope of three independent biological replicates, normalized per 1 x 10° cells. Statistically significant differences were

observed between control and other groups.
Notes: *p<0.05, **p<0.01, ***p<0.001.

Abbreviations: CPAF: Carbamoyl-platelet-activating factor; MVP: Microvesicle particle; PMA: Phorbol myristate acetate; SF: Sorafenib.
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significantly blocked CPAF and sorafenib-induced, but cell viability by imipramine alone at the 48-h time point
not PMA-induced MVP release in both the cell lines (Figure 4B and D), indicating a chemopreventive ability
(Figure 3A and B), indicating the involvement of the PAFR of this repurposed drug, providing a rationale for it to be
signaling in MVP release. On the other hand, imipramine explored in combination with other therapeutic agents.
significantly blocked CPAF-, PMA-, and sorafenib-induced
MVP release, indicating that involvement of an aSMase in
MVP release (Figure 3A and B). These data also indicate
that regardless of the nature of the stimuli used, inhibiting
aSMase l?locks MYP release. These data' are consistent with shown in Figure 5. These findings highlight the potential
our previous findings,'*'®'* demonstrating that other ROS- implicati £ imi . h he off ¢
. . © . implication of imipramine to enhance the ethcacy o
generating stimuli induce MVP release in a PAFR and sorafenib in NSCLC.
aSMase-dependent manner.

Taken together, these results suggest that imipramine
enhances the antiproliferative effects of sorafenib, through
its ability to inhibit aSMase-mediated pathways, thereby
reducing ceramide production and MVP release, as

3.3. Imipramine enhances the antiproliferative 4. Discussion

effect of sorafenib As NSCLC continues to pose challenges,'” sorafenib,
a multikinase inhibitor, has demonstrated variable
antitumor effects in NSCLC models by targeting multiple
signaling pathways, including those associated with
angiogenesis and ROS generation.** Although ROS can
mediate cytotoxicity in tumors, elevated levels of ROS may
paradoxically enhance survival and promote resistance
through  compensatory  pathways.>®  Consequently,
combination approaches that both exploit sorafenibs
cytotoxic potential and suppress parallel pro-survival
pathway have garnered significant attention in efforts to
improve NSCLC outcomes.*

1-3

Given that aSMase inhibitors block MVP release and have
been evaluated in cancer patients,*** the next studies
tested if blocking aSMase could increase the efficacy of
sorafenib. To evaluate the synergy of an aSMase inhibitor
on sorafenib-mediated growth inhibition in NSCLC cells,
A549 and H1299 cells were pre-treated with imipramine
(20 uM for 1 h),"* followed by treatment with or without
sorafenib at a lower concentration (4 uM), consistent with
prior studies utilizing lower micromolar concentrations of
sorafenib in combination strategies.**** The cell survival was
assessed using the SRB assay at 24- and 48-h time points. As

shown in Figure 4A-D, imipramine enhanced the cytotoxic A growing body of evidence implicates MVP as a
effect of sorafenib resulting in a significant reduction mediator of therapy resistance, tumor progression, and
in cell viability compared to sorafenib monotherapy. immune evasion in multiple cancer models, including
We also noticed a modest but significant inhibition of NSCLC.#* By encapsulating pro-survival factors,
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Figure 3. Effects of PAFR antagonist and aSMase inhibitor on sorafenib-induced MVP release. A549 (A) and H1299 (B) cells were pre-treated with
WEB2086 (a PAFR antagonist, 10 uM, 1 h) or imipramine (an aSMase inhibitor, 20 uM, 1 h) followed by the treatments with or without CPAF (100 nM),
PMA (100 nM), or sorafenib (8 uM). These cell lines were also treated with vehicle (0.1% DMSO), WEB2086 (10 uM) and imipramine (20 uM) alone.
After 4 h of incubation, MVP were isolated and analyzed. Data are presented as mean + scanning electron microscope of three independent biological
replicates, normalized per 1 x 10° cells. The statistically significant differences were observed between control and CPAF, PMA, and sorafenib alone
groups; CPAF and WEB+CPAF; SF and WEB+SF; CPAF and IMI+CPAF; PMA and IMI + PMA; and SF and IMI + SE.

Notes: **p<0.01, **p<0.001 compared with control; ’p<0.001 compared with CPAF; *p<0.001 compared with SF; ¥p<0.001 compared with CPAF; ¥p<0.05
compared with PMA; *p<0.001 compared with PMA; *p<0.001 compared with SE

Abbreviations: aSMase: Acid sphingomyelinase; CPAF: Carbamoyl-platelet-activating factor; IMI: Imipramine; MVP: Microvesicle particles;

PAFR: Platelet-activating factor-receptor; PMA: Phorbol myristate acetate; SF: Sorafenib; WEB: WEB2086.
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Figure 4. Effect of an aSMase inhibitor on sorafenib cytotoxicity. A549 cells (A, B) and H1299 cells (C, D) were pre-treated with imipramine (an
aSMase inhibitor, 20 uM for 1 h) followed by treatment with or without sorafenib (4 uM). After 24 and 48 h, cell viability was assessed through
sulforhodamine-B assay. Data are presented as mean + scanning electron microscope of three independent biological replicates. Statistically significant
differences were observed between control and imipramine or sorafenib alone, as well as sorafenib and sorafenib with imipramine co-treatment.
Notes: **p<0.01, ***p<0.001 compared with control; Pp<0.05 compared with SF; ¥p<0.001 compared with SE.

Abbreviations: aSMase: Acid sphingomyelinase; IMI: Imipramine; SF: Sorafenib.

oncogenic proteins, or even chemotherapeutic agents,
MVP can attenuate the intracellular accumulation of
drugs and facilitate communications within the tumor
microenvironment that favor cancer cell survival.*** Our
findings indicate that sorafenib treatment increases MVP
release in NSCLC cell lines, aligning with prior work
demonstrating that other anticancer agents also elevate
MVP shedding.'* This phenomenon may represent
an adaptive mechanism by which cancer cells reduce
intracellular drug toxicity and exchange signals conducive
to tumor growth.

Notably, PAFR signaling and aSMase activity both
emerged as critical players in mediating MVP generation.
In line with previous reports, PAFR activation appears

to drive MVP release across various cancers, including
NSCLC.>"*! Similarly, aSMase catalyzes the hydrolysis
of sphingomyelin to ceramide, a lipid known to promote
membrane budding and MVP formation.””?*** Our data
confirm that pharmacological blockade of PAFR (via
WEB2086) or inhibition of aSMase (via imipramine)
substantially diminishes sorafenib-induced MVP release
in NSCLC cell lines. These results underscore a therapeutic
opportunity, indicating that targeting the MVP production
pathways may enhance the efficacy of established anticancer
drugs by reducing the vesicular export of survival signals
and other resistance factors.

Importantly, imipramine, a tricyclic antidepressant,
has garnered attention for its potent aSMase-inhibiting
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Figure 5. Schematic representation of PAFR and aSMase-dependent MVP release. Created in BioRender. Gladkiy, Y. (2025) https://BioRender.com/
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Abbreviations: aSMase: Acid sphingomyelinase; CPAF: Carbamoyl-platelet-activating factor; MVP: Microvesicle particles; PAFR: Platelet-activating
factor-receptor; PKC: Protein kinase C; PMA: Phorbol myristate acetate; WEB: WEB2086.

properties,  restricting  ceramide-dependent MVP
biogenesis.”” In our experiments, co-treatment with
imipramine significantly attenuated MVP generation
triggered by sorafenib, reinforcing the concept that MVP
blockade might resensitize tumor cells to therapy. As
PAFR-mediated MVP release is dependent on pathways,
such as MAPK and NF-kB, which crosstalk with aSMase,
and sorafenib targets MAPK and NF-xB pathways,'**** we
anticipate that these downstream signaling cascades could
be involved in mediating sorafenib-induced MVP release.
Notably, imipramine also enhanced the antiproliferative
effect of sorafenib on both A549 and H1299 cell lines,
echoing prior studies in other lung cancer models
where combined extracellular vesicle inhibition and
chemotherapy improved therapeutic outcomes.”” Given
that MVPs contain PAF-like agonists and serve as bioactive
molecules,'®** these findings point to a potential synergy
wherein sorafenib disrupts key oncogenic pathways, while
imipramine obstructs MVP-mediated drug efflux and
paracrine signaling. Such a combination strategy may thus
counteract adaptive resistance more effectively than either
agent alone.

27

Sorafenib has previously been shown to exhibit
synergistic or additive effects when combined with
other agents, including gemcitabine, pemetrexed, and
erlotinib. % In each case, multi-target inhibition
or blockade of complementary pathways amplified the
overall antitumor response. Our data on the sorafenib-
imipramine partnership extend this notion by focusing
on MVP-mediated resistance, highlighting a novel

mechanism that can be exploited to improve therapeutic
outcomes (Figure 5). Although further in vivo investigation
is warranted, these findings contribute to the broader
literature advocating for rationally designed combination
regimens in NSCLC.

Despite these promising insights, several limitations
must be addressed. First, our work is primarily based on
in vitro models using A549 and H1299 cell lines, which
do not fully represent the complexities of human tumors.
Second, the specific downstream signaling events by which
sorafenib-induced MVP promotes resistance remain
to be fully characterized. Third, while imipramine has
demonstrated its efficacy as an aSMase inhibitor, its clinical
repurposing requires careful consideration of known
dose-dependent toxicities, including anticholinergic side
effects.””>* Further research may benefit from evaluating
more selective aSMase inhibitors and novel drug delivery
systems to improve safety profiles and efficacy.* Finally, the
optimal dosing, timing, and safety profile for combining
imipramine with sorafenib have yet to be delineated,
highlighting the need for rigorous in vivo studies and
ultimately, clinical trials. Identifying patients most likely
to benefit from such a combination — potentially through
biomarkers such as high basal MVP release or elevated
aSMase expression - also represents an important area for
future research.**

5. Conclusion

Overall, our findings underscore the importance of
targeting MVP production to overcome adaptive resistance
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in NSCLC. By combining sorafenib with imipramine, our
studies demonstrated successfully reduced MVP release
and enhanced sorafenibs cytotoxic activity in NSCLC
cells. These observations build on accumulating evidence
that MVP-focused interventions can potentiate the efficacy
of conventional and targeted therapies. Going forward,
additional in vivo validation and clinical exploration
are warranted to determine whether this dual-targeting
strategy can translate into improved outcomes for patients
with NSCLC.
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CASE REPORT

Complete response after two cycles of
enfortumab vedotin in a patient with metastatic
bladder cancer: A case report

Ali Kaan Giiren*{2, Murat Sari’®), and Osman Kostek

Department of Internal Medicine, Division of Medical Oncology, Marmara University School of
Medicine, Istanbul, Turkey

Abstract

Metastatic urothelial carcinoma, the most common subtype of advanced bladder
cancer, remains associated with poor outcomes and limited treatment options
despite systemic therapies. Enfortumab vedotin (EV), an antibody-drug conjugate
targeting Nectin-4, has shown significant improvements in progression-free
and overall survival in platinum- and immunotherapy-pretreated patients, as
demonstrated in the EV-201 and EV-301 trials. In this report, we present a case of
a patient who had previously received platinum-based neoadjuvant chemotherapy
and experienced disease progression under nivolumab maintenance therapy but
subsequently achieved a complete response in a short period with EV treatment. EV
has emerged as a valuable treatment alternative in this aggressive disease, where
survival expectations are generally poor. However, questions remain regarding which
patients benefit most from the treatment and whether the response is correlated
with nectin-4 expression levels.

Keywords: Metastatic urothelial carcinoma; Enfortumab vedotin; Complete response

1. Background

Non-muscle invasive bladder cancer accounts for approximately 75% of all bladder
cancer cases, while muscle-invasive bladder cancer (MIBC) accounts for the remaining
25%. Although the rate of metastatic disease is around 5% at the time of diagnosis, distant
metastases can develop in up to 50% of patients during follow-up despite receiving
radical treatments, especially in patients diagnosed with MIBC.!

Metastatic urothelial carcinoma (mUC) is the most common histological subtype
of advanced bladder cancer.” Despite systemic treatment approaches, mUC remains
associated with poor survival outcomes and limited therapeutic options. Platinum-based
chemotherapy protocols have long been accepted as the standard approach for the first-
line treatment of metastatic disease; however, many patients develop non-response or
relapse. While the use of immunotherapy in mUC has expanded in recent years, effective
targeted therapies are still lacking for those who develop resistance or do not derive
sufficient clinical benefit from these agents.>*

Enfortumab vedotin (EV) is an antibody-drug conjugate targeting Nectin-4, a protein
highly expressed in urothelial carcinoma cells. Upon binding to nectin-4 on the tumor
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cell surface, EV is internalized and releases the cytotoxic
agent monomethyl auristatin E, disrupting microtubule
formation and leading to tumor cell death by apoptosis.’
Phase II EV-201 and Phase III EV-301 clinical trials have
shown significant benefits on progression-free survival
(PES) and overall survival (OS) among patients with locally
advanced or mUC who had previously received platinum-
based chemotherapy and programmed cell death protein
1/programmed death-ligand 1 (PD-1/PD-L1) inhibitor
therapy.®” Given the significance of the findings from these
studies, EV has emerged as an important treatment option
for treatment-resistant mUC. In this context, we present a
case of metastatic bladder cancer treated with EV.

2. Case presentation

A 66-year-old male patient with a known history of arterial
hypertension, managed with amlodipine 10 mg daily, and a
40-pack-year smoking history, presented to our institution
with a 3-month history of painless hematuria, which
had gradually increased in frequency. Ultrasonography
revealed a malignant lesion on the left side wall of the
bladder with increased thickness extending into the bladder
lumen. The patient subsequently underwent transurethral
resection of the bladder tumor. Histopathological analysis
of the transurethral resection of the bladder tumor
specimen revealed high-grade urothelial carcinoma with
a pathological stage of at least T2. Staging with positron
emission tomography/computed tomography (PET/CT)
revealed abnormal bladder wall thickening and multiple
lymph nodes in the perivesical, internal, and external
iliac regions suspicious for malignancy; however, no
distant metastases were detected. Based on the diagnosis
of locally advanced bladder cancer, the patient received
neoadjuvant chemotherapy consisting of gemcitabine
(1,000 mg/m? on days 1 and 8) and cisplatin (70 mg/m*
on day 1) in a 21-day cycle for a total of four cycles. The
patient subsequently underwent radical cystectomy with
pelvic lymph node dissection, followed by orthotopic
neobladder reconstruction. Final pathology revealed
ypT3N2, indicating post-neoadjuvant therapy pathological
staging with tumor invasion into perivesical tissue (T3)
with involvement of multiple regional lymph nodes (N2),
consistent with high-grade urothelial carcinoma. Due to
the presence of residual tumor, adjuvant treatment with
nivolumab was initiated at a dose of 240 mg every 2 weeks.

At the 9" month of treatment, a follow-up PET/CT scan
revealed increased 18 F-fluorodeoxyglucose (FDG) uptake
in several regions. A 12 x 16 mm lymph node located
in the right lateral aspect of the mesorectum adjacent
to the rectum demonstrated a maximum standardized
uptake value (SUVmax) of 7.8. Additional FDG-avid soft
tissue foci were observed adjacent to the left external

iliac vascular structures (SUVmax: 6.5) and in the right
mesorectal fascia (SUVmax: 4.9). A soft tissue mass
measuring 18 x 34 x 30 mm extending from the right side
of the mesorectum to the right mesorectal fascia at the
level of the coccyx showed intense FDG uptake (SUVmax:
13.6). Furthermore, increased pathological FDG uptake
was noted in the soft tissue adjacent to the posterior aspect
of the symphysis pubis (SUVmax: 5.5). PET/CT images are
presented in Figure 1.

Following these findings, the patient was initiated on EV
ata dose of 1.25 mg/kg administered on days 1, 8, and 15 of
a28-day cycle. After two cycles, follow-up PET/CT imaging
demonstrated near-complete to complete morphological
and complete metabolic regression of previously identified
metastatic lesions. Specifically, resolution was noted in
lymphadenopathy located in the right common iliac area,
right mesorectal fascia and its vicinity, and the posterior
aspect of the symphysis pubis, compared to the prior scan.
PET/CT images are shown in Figure 2. During treatment,
the patient experienced grade 1 peripheral neuropathy and
grade 1 cutaneous reactions. These adverse events were
mild and did not necessitate any dose modifications. As
of the 9" month of treatment, the patient remains on EV,
with no radiologically detectable lesions, and maintains a
complete response.

3. Discussion

EV has emerged as a valuable treatment option for patients
with mUC who have previously received platinum-
based chemotherapy and PD-1/PD-L1 inhibitor therapy,
demonstrating significant response rates and survival

Figure 1. Positron emission tomography-computed tomography images
obtained prior to the initiation of enfortumab vedotin therapy

Figure 2. Positron emission tomography-computed tomography images
obtained after two cycles of enfortumab vedotin therapy
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benefit. As an antibody-drug conjugate targeting nectin-4,
it offers high tumor selectivity and, as observed in our
case, can induce a rapid therapeutic response, making it an
effective targeted approach in heavily pretreated patients.
To the best of our knowledge, our case represents one
of the most rapid complete responses to EV reported in
the literature for mUC. This case may serve as a valuable
reference, particularly in symptomatic patients or those
requiring a prompt therapeutic response.

EV was first evaluated in the single-arm phase 2 trial
EV-201, where it demonstrated promising outcomes in
mUC patients previously treated with platinum-based
chemotherapy and immune checkpoint inhibitors. The
study reported a median PFS of 5.8 months and a median
OS of 11.7 months.® Subsequently, the phase 3 EV-301 trial
compared EV with standard chemotherapy options in a
similar patient population. EV achieved a median OS of
12.88 months versus 8.97 months with chemotherapy and a
median PFS of 5.55 months versus 3.71 months, respectively.
In addition, the complete response rate in the EV arm was
4.9%, with a disease control rate of 71.9%.” In our case, the
patient had previously received platinum-based neoadjuvant
chemotherapy and experienced disease progression under
maintenance of nivolumab. Notably, a complete response
was achieved following treatment with EV.

The median time to response for EV was reported as
1.8 months in the EV-201 trial and 1.41 months in the
EV-301 trial.%” These findings suggest that EV provides a
rapid and effective tumor response in patients with mUC.
However, neither study specified the exact time at which
a complete response was achieved among responders.5’
In our case, a complete response was observed after two
cycles (approximately 2 months) of treatment.

Immunotherapeutic agents have gained a significant
role in the treatment algorithm of mUC by markedly
improving OS, particularly through the use of PD-1
and PD-L1 inhibitors. For cisplatin-ineligible patients
with mUC, first-line immunotherapy options include
atezolizumab, as demonstrated in the IMvigor210 trial,®
and pembrolizumab, as shown in the KEYNOTE-052 trial.’
Pembrolizumab has shown an OS benefit in patients with
disease progression after platinum-based chemotherapy,
as demonstrated in the KEYNOTE-045 trial.’* Similarly,
nivolumab demonstrated efficacy as a second-line
treatment in the CheckMate 275 trial.'' In addition,
avelumab provided a survival advantage as a maintenance
therapy in patients who responded to platinum-based
chemotherapy, according to the findings of the JAVELIN
Bladder 100 trial.'> The CheckMate 274 trial demonstrated
that adjuvant treatment with nivolumab significantly
prolonged disease-free survival in high-risk patients

following radical cystectomy.” Although the indications
and sequencing of PD-1/PD-L1 inhibitors can be complex,
immunotherapy remains a critical component of treatment
for nearly all patients with mUC at some stage of their
disease course. In line with the CheckMate 274 trial, our
patient had also received adjuvant nivolumab following
radical cystectomy.

Following the favorable responses observed with PD-1/
PD-LI inhibitors and EV, the EV-302/KEYNOTE-A39 trial
was conducted to evaluate the efficacy of the combination
of EV and pembrolizumab as a first-line therapy in
patients with mUC. Compared to standard treatments, the
combination demonstrated significant improvements in
both PFS and OS, positioning this regimen as a potentially
new standard of care.**

Although our case demonstrates a favorable response
to EV, serving as a positive example for both clinicians
and patients, this observation is limited to one patient.
Questions remain regarding which subgroups of patients
are more likely to benefit from EV therapy. In particular,
further research is needed to elucidate the relationship
between Nectin-4 expression levels and treatment response
and identify novel predictive biomarkers that will refine
patient selection and improve prognostic assessment in
the future.

4. Conclusion

Although various treatment modalities, such as
chemotherapy, immunotherapy, and targeted agents,
have expanded in the management of mUC, the overall
prognosis remains poor. EV has emerged as a valuable
treatment alternative in this aggressive disease, where
survival expectations are generally poor. However,
questions remain regarding patient selection and the
potential correlation between treatment response and
nectin-4 expression levels. Addressing these uncertainties
will require future studies involving larger patient cohorts
and comprehensive subgroup analyses.
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Abstract

Malignant biliary tract obstruction (MBTO) is most commonly associated with primary
hepatobiliary and pancreatic malignancies. Here, we present a rare case of a 65-year-
old female who developed obstructive jaundice, which initially raised suspicion for
hepatobiliary carcinoma. Cross-sectional imaging, including computed tomography
and magnetic resonance imaging, revealed hepatic lesions, and endoscopic
retrograde cholangiopancreatography demonstrated a malignant biliary stricture.
Histopathological analysis of a liver biopsy unexpectedly confirmed metastatic
urothelial carcinoma (UC). Further evaluation with cystoscopy, prompted despite the
absence of urinary symptoms, identified a small bladder mass, which was biopsy-
proven as the primary UC. UC typically metastasizes to lymph nodes, lungs, or bones,
and isolated liver involvement causing MBTO is exceptionally uncommon. This case
underscores the importance of maintaining a broad differential diagnosis in patients
with malignant biliary obstruction, as atypical metastatic patterns can mimic more
common hepatobiliary cancers and delay appropriate management.

Keywords: Malignant biliary tract obstruction; Cholangiocarcinoma; Urothelial
carcinoma; Hepato-pancreato-biliary cancer; Bladder cancer

1. Background

Malignant biliary tract obstruction (MBTO) is a common condition that could arise
from hepato-pancreato-biliary cancer or metastasis from other primary cancers such
as pancreatic adenocarcinoma or cholangiocarcinoma. The common metastatic cancers
causing MBTO by extrinsic compression include colon, stomach, breast, lung, and
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cervical malignancies.! Obstruction from metastatic
urothelial cancer rarely occurs. Here, we report a case
of obstructive jaundice caused by metastatic urothelial
carcinoma (UC).

2. Case presentation

A 65-year-old female with a past medical history of
hypertension, rhabdomyolysis, and alcohol abuse presented
with progressive abdominal pain for 4 months with new-
onset jaundice and anorexia with self-reported recent
significant weight loss. Initial examination showed stable
vital signs with marked jaundice and distended abdomen
and tenderness in the right upper quadrant. Blood work
showed elevated total troponin (23.7 mg/dL), alanine
transaminase/aspartate transaminase (70/152 IU/L),
alkaline phosphatase (623 IU/L), total bilirubin (25 mg/dL),
and direct bilirubin (>10 mg/dL), which was suggestive of
cholestasis jaundice.

Computed tomography (CT) showed intrahepatic
duct dilatation with narrow common bile duct, suggesting
possible sclerosing cholangitis or cholangiocarcinoma.
She had elevated cancer antigen 19-9 at 456 U/mL
(normal: <37 U/mL) and carcinoembryonic antigen at
5.8 ng/mL (normal: 0 - 2.9 ng/mL) but normal alpha-
fetoprotein, which lent further support to the possibility of
hepatobiliary carcinoma. Further imaging with magnetic
resonance imaging (MRI) showed an 8.5 cm hypoenhancing
mass within the central aspect of the liver, resulting in
intrahepatic biliary dilatation with multiple other satellite
liver lesions, which were suggestive of cholangiocarcinoma
(Klatskin tumor) (Figure 1). Endoscopic retrograde
cholangiopancreatography (ERCP) found a malignant
stricture in the bile duct. Endoscopic ultrasound (EUS)
with negative brush biopsy results led to a liver biopsy to
confirm the diagnosis. Interventional radiology-guided
liver biopsy revealed metastatic carcinoma positive
for GATA3, CK903, P40, P63, and thrombomodulin,
consistent with metastatic UC (Figures 2-4). The patient
denied urinary symptoms, and urinalysis was negative.

Figure 1. T1-weighted axial view image (A) and T2-weighted coronal
view image (B) from the abdominal magnetic resonance imaging scan
show an 8.5 cm hypoenhancing mass within the central aspect of the liver,
which results in intrahepatic biliary dilatation. Findings are suggestive of
cholangiocarcinoma (Klatskin tumor). Smaller satellite lesions are noted
in both lobes of the liver.

Cystoscopy performed by the urologist showed a small
bladder mass. The mass was resected, and further
histopathological test confirmed squamous cell carcinoma
invading the bladder wall. Eventually, the oncology team
was consulted for appropriate treatment of metastatic
bladder cancer.

3. Discussion

MBTO predominantly arises from primary hepatic
biliary cancers. Our case illustrates MBTO arising from
uncommon metastatic UC that originated from bladder
cancer. UC of the bladder commonly metastasizes to
various anatomical sites, with lymph nodes being the
most prevalent site at 25%, followed by bone metastasis at
24%, involvement of the urinary tract at 23%, pulmonary
metastases at 19%, hepatic involvement at 18%, and brain

am

Figure 2. Histopathological images of liver biopsy specimens visualized
with hematoxylin and eosin staining. Observations under 20x (A) and
40x (B) magnification show irregularly distributed nests of urothelial
cells, which are surrounded by fibrotic stroma. Scale bar: (A) 100 um.
(B) 50 um.

3 # e
Figure 3. Histopathological images of liver biopsy specimens
visualized with immunohistochemical staining for P40 and high-
molecular-weight keratin (HMWK). Observations under 2.5x (A) and
10x (B) magnification show cells positive for P40 and HMWK,
respectively. Scale bar: (A) 1 mm. (B) 500 pm.

Figure 4. Histopathological observation of liver specimens visualized
with immunohistochemistry at x10 magnification. The images show
urothelial cells positive for GATA-3. (A) and p63. (B), respectively. Scale
bar: 500 um for both panels.
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metastasis occurring in 3% of cases.? Case reports and
small case series suggest that MBTO secondary to UC
accounts for <1% of all MBTOs, which are most commonly
caused by pancreatic, cholangiocarcinoma, or metastatic
colorectal cancers.’

Initial diagnosis involves distinguishing between
benign and malignant conditions, often achieved through
magnetic resonance cholangiopancreatography (MRCP)
or ERCP. Both MRCP and ERCP are preferred over CT
scans due to their higher sensitivity and specificity, with
85% and 71% for MRCP and sensitivity of 75% for ERCP,
respectively.** Recent studies have shown that MRCP’s
sensitivity exceeds 96% and specificity reaches 85% for
differentiating between benign and MBTOs.>* In addition,
ERCP’s diagnostic accuracy is enhanced by adjunct
techniques such as EUS and intraductal ultrasound.®

Metastatic UC to the liver typically demonstrates
hypovascularity on contrast-enhanced CT, with minimal
arterial enhancement and progressive enhancement
during the portal venous and delayed phases. On MRI,
lesions appear hypointense on T1-weighted images, mildly
hyperintense on T2-weighted images, and exhibit restricted
diffusion on diffusion-weighted imaging sequences,
with delayed progressive contrast enhancement. Unlike
hypervascular metastases from neuroendocrine tumors
or renal cell carcinoma, urothelial metastases lack early
arterial phase enhancement. On EUS, they present as
hypoechoig, stiff, and hypovascular lesions, consistent with
other adenocarcinoma metastases.*?

When malignancy is suspected, tissue sampling
becomes crucial to refine the diagnosis. Brush cytology
coupled with forceps or needle biopsy is recommended
over brush cytology alone due to its increased sensitivity
and specificity. While brush cytology typically exhibits
sensitivity rates around or below 50%, its specificity
remains notably high at 95%.'° Forceps or needle biopsy
can further elevate sensitivity to 70% and specificity
to 100%, respectively.!® Percutaneous transhepatic
cholangiography serves as a secondary diagnostic option
when ERCP is unsuccessful or infeasible and the patient
has potential bleeding complications.” In our case, while
the EUS and brush biopsy yielded negative results,
the clinical presentation strongly suggested cancer,
necessitating a pathology diagnosis to guide appropriate
treatment. Consequently, a liver biopsy was performed as
the next step.

In addition, positive tumor markers can help diagnose
UC. Some tumor markers with high sensitivities (>75%)
for UC include uroplakin II, p40, p63, GATA 3, and
CK903.""* In addition, there are a variety of histological
variants, subtypes, and immunophenotypes of urothelial

cancer that determine its risk of progression.'? In this case,
although the patient did not report urinary symptoms,
the positive staining for p40, p63, high-molecular-weight
keratin, and GATA-3 in the tissues strongly indicates
a urothelial origin. Therefore, further investigation for
primary urothelial cancer should be the next step.

The most prevalent bladder tumor histologies include
UC, characterized by invasion into the muscularis propria
and representing the majority of cases in the US and
Europe. Squamous cell carcinomas, originating from the
urothelium, constitute a small percentage of cases, while
adenocarcinomas, exhibiting a glandular phenotype, are
rarer still, typically arising from the bladder’s urothelium
or remnants of the urachus.”**

This case underscores the importance of considering
distant metastases, particularly from bladder cancer, in
the differential diagnosis of MBTO and emphasizes the
significance of comprehensive diagnostic approaches
and multidisciplinary collaboration for optimal patient
management.

4, Conclusion

MBTO is a common presentation of hepato-pancreato-
biliary cancer. However, a distant metastasis could mimic
the presentation. Gastrointestinal workup with ERCP and
EUS for tissue sampling or cytology has low yield in terms
of diagnosing MBTO. Even if the result is negative, further
workup of tissue biopsy should be done for the definitive
diagnosis. If metastasis is suspected, investigations for
primary cancer based on pathology results should be the
next step.
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CASE REPORT

Challenges and considerations in diagnosing
mature teratoma during pregnancy: A case
report

Sumaira Siddiqui*

Department of Pathology, Clinilabs and Research, Lucknow, Uttar Pradesh, India

Abstract

The progression of rapidly growing teratomas in pregnancy may be influenced by
hormonal and genetic factors. The current report is about a unique case involving
a mature teratoma with rapid growth characteristics, yet it did not lead to any
complications throughout pregnancy of a primigravida. The benign mature teratoma
was identified via antenatal ultrasound during the first trimester. In this case, the
patient experienced no adverse effects, and the size of the ovarian teratoma showed
a gradual increasing trend during pregnancy without resulting in any complications.
In summary, mature teratoma is a benign tumor with a good prognosis, and if fetal
distress is detected, cesarean section should be recommended.

Keywords: Mature teratoma; Pregnancy; Fetal distress; Cesarean section

1. Introduction

Cystic teratomas represent a form of germ-cell tumor distinguished by the presence of
mature tissues from all three embryonic layers: ectoderm, mesoderm, and endoderm.
Remarkably, evidence of teratomas dates back to 2000 B.C., demonstrating the long-
standing recognition of these tumors. The first formally recorded case of a mature
cystic teratoma was made by Johannes Scultetus in 1659, who documented the
ovarian tumor findings of a young woman during the autopsy, describing it as a
“dermoid cyst”! Rudolf Virchow introduced the term “teratoma” in 1863, derived
from the Greek word “teras,” which means monster.? Mature cystic teratomas are
considered benign, with an average growth rate of 1.8 mm/year, although malignant
transformation has been reported in rare cases. The development of mature cystic
teratomas is associated with several risk factors, including late menarche with
menstrual irregularities, alcohol use, a history of cystic teratomas, fewer pregnancies,
infertility, and adolescent’s physical activity that may contribute to an anovulatory
cycle.* Mature teratomas are benign tumors of the ovary that have a generally
favorable prognosis and account for <1% of ovarian tumors. Their occurrence during
pregnancy is uncommon.* Notably, the hormonal changes during pregnancy cause an
increase in the size of mature teratoma.

The current report is about a unique case involving a mature teratoma with rapid
growth characteristics, yet it did not lead to any complications throughout pregnancy
of a primigravida.
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2. Case presentation

A 21-year-old primigravida at a gestational age of 37 weeks
presented with a complaint of sudden abdominal pain
and visited our gynecology department located at the
periphery of Uttar Pradesh, a northern state in India.
Physical examination was normal. Systemic investigations
were carried out, and all were normal. Blood investigation
showed mild leukocytosis. Electrolytes, amylase, lipase,
liver function, and renal function tests were within normal
range. Ultrasonography was conducted during the first
trimester of pregnancy, indicating a small dermoid cyst.
The patient was followed up upon this clinical discovery.
Ultrasonography during the third trimester showed a
left-sided well-defined homogeneous hyperechoic mass
measuring 9 x 6 cm. Tumor markers such as CA-125, lactate
dehydrogenase (LDH), alpha-fetoprotein (AFP), human
chorionic gonadotropin (b-hCG), and human epididymis
protein 4 were normal. On abdominal examination, left
lower quadrant tenderness was observed. A single live
intrauterine pregnancy was noted on ultrasonography
with a fetal heart rate of 80 bpm. In this case, due to fetal
distress, the patient was recommended by a gynecologist to
undergo a cesarean section. Interestingly, no complications
due to the ovarian mass were found during pregnancy.
Then, cesarean section was done, concomitant with left
salphingoopherectomy, delivering a live male newborn.
Intraoperative findings of the right ovary and the right
fallopian tube were normal. The surgical procedure was
well tolerated by the patient, and a surgical specimen was
sent for histopathological examination. The patient’s post-
operative course was uneventful.

2.1. Gross examination

Based on the gross examination shown in Figure 1, the
external surface of the ovary received, measuring 9.5 x 9
x 5.5 cm, was smooth and glistening. Upon sectioning, a
unilocular cyst embedded with pultaceous material, hair,
and sebum was identified. A fallopian tube measuring
3 cm was seen but appeared unremarkable.

2.2, Microscopic examination

The tumor mainly consists of mature elements such
as squamous epithelium, pseudostratified ciliated
columnar epithelium, adnexal structure, hair follicles, and
fibroadipose tissue, as shown in Figure 2. The immature
component was not seen.

3. Discussion

The reported incidence of ovarian tumors during
pregnancy varies between 1% and 4%.”> During pregnancy,
mature cystic teratomas are the most common benign

Figure 1. Gross image of ovarian mass with hair follicle, sebum, and
pultaceous material. Left: Ovary shows smooth and glistening external
surface; right: Cut section shows hair, pultaceous material.

ovarian tumors, comprising 24 — 40% of all cases.® It is a
benign cystic tumor made up of tissues from the endoderm,
mesoderm, and especially the ectoderm, affecting tissues
such as teeth, hair, and sebum.”

Cystic teratomas are mostly asymptomatic, and benign
ovarian tumors are also known as dermoid cysts. In most
cases, they are detected incidentally during radiological
imaging, routine physical examinations, or pelvic and
abdominal surgeries performed for unrelated conditions.
When symptoms are present, the most frequently
reported one is lower abdominal or pelvic pain. This may
be followed by the discovery of a palpable abdominal
or pelvic mass during examination. Some patients may
notice an increase in abdominal girth due to the growing
size of the mass.

As the tumor enlarges, it can exert pressure on
surrounding organs, leading to gastrointestinal symptoms
such as constipation or bloating, as well as urinary
symptoms such as increased frequency or urgency. In more
advanced stages, systemic symptoms, including fever,
cachexia (severe weight loss and muscle wasting), intense
abdominal pain, and abnormal vaginal bleeding may
occur, indicating potential complications or malignant
transformation.

One of the most critical and common complications
is ovarian torsion, where the ovary twists around the
supporting ligaments. This leads to an acute onset of
intense abdominal pain, often associated with nausea
and vomiting. Ovarian torsion is a surgical exigency and
requires immediate medical attention.

During the clinical assessment, a thorough history -
with a focus on gynecological details - is essential. Physical
examination should include a careful bimanual pelvic
examination to analyze the size along with the mobility of
the uterus and adnexa, as well as any tenderness or masses.
Abdominal examination may also reveal distension or
localized pain. A comprehensive clinical evaluation is
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Figure 2. Microscopic examination of the specimen shows a cyst wall, stratified squamous epithelium, adnexal structure, hair follicle, and mucinous
epithelium. (A) Section shows stratified squamous epithelium with the hair follicle. (B) Section shows sebaceous gland. (C) Section shows mucinous
epithelium. Scale bar: 200 wm; magnification: x10; staining: Hematoxylin and Eosin.

crucial for early detection, timely intervention, and optimal
management of cystic teratomas and their complications.

A definitive tumor marker is unavailable for diagnosing
mature cystic teratomas; however, serum markers such as
AFP, hCG, LDH, and CA-125 may contribute to diagnostic
evaluation and monitoring.® Mature cystic teratomas are
typically asymptomatic unless complicated or significantly
enlarged. Their diagnosis can be difficult, often mimicking
other conditions in both clinical and paraclinical
assessments.*'?

Acute abdominal pain is a common complaint during
pregnancy, and its differential diagnosis is broad and often
complex. The challenge lies in the wide range of potential
etiologies, including appendicitis, diverticulitis, ureteral
colic, ectopic pregnancy, degenerating pedunculated
fibroids, hemorrhagic ovarian cysts, tubo-ovarian
abscesses, polycystic ovaries, simple cysts, endometriomas,
cystadenomas, and other ovarian tumors. Although less
common, ovarian torsion secondary to ovarian masses
should also be considered in the differential diagnosis."!

Adnexal torsion is the most significant complication of
mature cystic teratomas during pregnancy, occurring in
about 8% of cases — primarily in the first and early second
trimesters.'> Although ovarian torsion is more commonly
associated with ovarian hyperstimulation syndrome,
instances caused by mature teratomas are infrequently
reported. Most cases occur in the first trimester, with fewer
in the second and rare occurrences in the third.”

Ultrasound is the reference standard for evaluating
ovarian tumors during pregnancy due to its non-invasive
nature and diagnostic reliability. When further assessment
is needed, magnetic resonance imaging (MRI) offers

superior soft-tissue contrast and additional diagnostic
information."* On ultrasound, cystic teratomas typically
present as heterogeneous masses with echogenic foci
and posterior acoustic shadowing caused by components
such as calcification, sebum, and hair. Specific findings
may include fat-fluid and hair-fluid levels. Characteristic
ultrasonographic  features include the Rokitansky
nodule, iceberg sign, dot-dash pattern (dermoid mesh),
and floating balls sign. Transvaginal ultrasound, with a
sensitivity of 57.9% and a specificity of 99.7%, outperforms
abdominal ultrasound in detection and is as accurate as
MRI in identifying and characterizing these tumors.'>'¢

Ovarian cystic teratomas may lead to several
complications. Early and precise diagnosis plays a key
role in minimizing associated morbidity and mortality.
Complications of ovarian cystic teratomas include torsion,
rupture, infections, adhesions, malignant transformation,
and anti-N-methyl-D-aspartate receptor encephalitis related
to ovarian tumors.”” Mature teratomas are asymptomatic in
most affected women; therefore, a proper diagnostic process
is required. Since torsion is a common complication among
the affected women, surgical intervention is often necessary.

Treatment of mature cystic teratomas is individualized
based on the presenting symptoms, radiologic
characteristics, risk of malignancy, patient age, and
fertility preservation considerations. Surgical excision
is the standard of care, with procedures categorized as
either ovary-sparing surgery or oophorectomy performed
through laparoscopy or laparotomy, depending on the
clinical context.’® Laparoscopic surgery remains the gold
standard for the management of mature cystic teratomas.
When feasible, cystectomy is the treatment of choice to
conserve ovarian parenchyma and preserve reproductive
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potential. In cases where the tumor extensively involves
the ovary, rendering the parenchyma non-viable,
oophorectomy or salpingo-oophorectomy becomes
necessary."”

Surgery during the first trimester is generally avoided
unless the patient presents with acute symptoms suggestive
of adnexal torsion, in which case urgent intervention
is warranted.”® For asymptomatic cases, a follow-up
ultrasound in the early second trimester is indicated to
evaluate the persistence of the lesion. When the mass
appears benign, is smaller than 6 cm, and shows no growth,
the risk of complications remains low, supporting the use
of an expectant management approach. However, any
increase in tumor size or change in appearance may prompt
consideration for surgical treatment.! Younger patients, as
well as those having bilateral or large dermoid cysts, should
be monitored closely. Taken together, treatment decisions
should be individualized, carefully balancing the risks of
torsion, rupture, or labor obstruction against the potential
for unnecessary surgical intervention and associated risks
to both the mother and fetus.**

Women presenting with ovarian cysts or tumors
during pregnancy should receive counseling about the
risk of recurrence, with close ultrasound surveillance
recommended throughout gestation. Those with a prior
history of ovarian tumors should also be counseled
preoperatively on recurrence risks and the potential
implications for fertility? Laparoscopic salpingo-
oophorectomy, performed with an endoscopicretrieval bag,
is considered the standard treatment for post-menopausal
and perimenopausal women presenting with a large
teratoma. In contrast, laparoscopic cystectomy may be a
more suitable and conservative option for younger women,
preserving ovarian function when feasible.> Women
diagnosed with ovarian cysts or tumors during pregnancy
should be thoroughly counseled and closely monitored to
identify and manage any potential complications.

This case highlights the importance of a comprehensive
approach - integrating clinical assessment, laboratory
findings, and diagnostic imaging — while making decisions
that prioritize the safety of both the mother and the
fetus. Despite the final diagnosis being pathological, it is
necessary to carefully interpret all parameters to preserve
the pregnancy and ultimately ensure the successful delivery
of a healthy baby.*

4, Conclusion

Mature teratoma is a benign tumor with a good prognosis.
To avoid the missed diagnosis of any rare or synchronous
malignancies, a gross examination of sufficient specimens
containing both solid and suspicious areas of the ovarian

cystis required. Diagnosis of mature teratoma is confirmed
through histopathological examination. If a mass is larger,
complications, such as ovarian torsion, rupture, malignant
transformation, infection, and obstructed labor, may
occur, and surgical intervention is generally selected for
management if the patient would like to preserve fertility.
In this case, cesarean section was recommended as fetal
distress was detected, and no complications were reported
by or detected in the pregnant patient despite the large
ovarian mass.
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CASE REPORT

Chemotherapy-induced ileus and
gastrointestinal hemorrhage following therapy
with BrECADD for Hodgkin lymphoma: A case
report

Karl Mayrhofer*{ and Simon Udovica

Department of Internal Medicine 1., Centre for Oncology and Haematology, Vienna Healthcare
Group, Ottakring, Vienna, Austria

Abstract

A 62-year-old male with newly diagnosed advanced-stage Hodgkin lymphoma
(HL) developed life-threatening gastrointestinal (Gl) complications during
brentuximab vedotin, etoposide, cyclophosphamide, doxorubicin, dacarbazine,
and dexamethasone chemotherapy. He presented with chemotherapy-induced
enteritis and jejunal ileus, followed by severe Gl bleeding requiring two consecutive
laparotomies and segmental jejunal resections. Histology revealed ulcerative jejunitis
without signs of lymphoma infiltration. His medical course was further complicated
by acute renal failure requiring dialysis. Although the patient temporarily stabilized
with intensive care management, he subsequently developed Candida sepsis. At the
time of submission, his outcome remains uncertain. This case underscores a rare but
serious occurrence of Gl toxicity associated with intensive chemotherapy for HL.

Keywords: lleus; Enteritis; Hemorrhage; BrFECADD; Hodgkin lymphoma

1. Background

Hodgkin lymphoma (HL) is a highly curable malignancy with a range of effective
chemotherapeutic regimens. While hematological and infectious complications are well-
documented, gastrointestinal (GI) complications such as chemotherapy-induced ileus
remain poorly characterized. This report presents a rare case of enteritis complicated by
ileus, GI hemorrhage, and renal failure, following brentuximab vedotin (BV), etoposide,
cyclophosphamide, doxorubicin, dacarbazine, and dexamethasone (BrECADD)
chemotherapy.!

2. Case presentation

A 62-year-old male patient with a medical history of arterial hypertension, obesity,
and hypothyroidism presented for evaluation of prolonged coughing. Imaging studies
revealed extensive mediastinal tumor mass, bilateral pleural effusions, and a pericardial
effusion. A computed tomography-guided biopsy confirmed the diagnosis of HL. The
patient was then referred to our oncology department for treatment initiation.
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Staging workup revealed advanced-stage HL with alarge
mediastinal mass and associated pleural and pericardial
effusions (Figure 1). Before initiating chemotherapy,
right-sided pleural drainage and pericardial drainage were
necessary. The patient was then started on systemic therapy
according to the BrECADD protocol in accordance with
the German Hodgkin Study Group recommendations for
patients up to 75 years of age.’

Onday5 of chemotherapy, the patient developed diarrhea
consistent with chemotherapy-induced enteritis. Stool
cultures were negative. Several days later, he experienced
abdominal pain and vomiting. Imaging revealed a
mechanical ileus caused by jejunal stenosis (Figure 2). The
patient had no prior history of abdominal surgery, and
there was no radiological evidence of abdominal lymphoma
involvement. Although surgical intervention was indicated,
it was not performed as it was deemed unfeasible due to
chemotherapy-induced aplasia. Conservative management
with a nasogastric tube, prokinetic agents (neostigmine and
metoclopramide), fluid replacement, parenteral nutrition,
and antibiotic therapy (meropenem) led to resolution of the
ileus over the next several days.

Subsequently, the patient experienced acute GI bleeding
resulting in hemorrhagic shock. The patient had to be
transferred to the intensive care unit for vasopressor support.
Emergency laparoscopy identified a bleeding jejunal ulcer,
requiring segmental small bowel resection. A second
laparotomy with additional jejunal resection was necessary
a few days later due to recurrent bleeding. Histopathological
analysis of the resected jejunal segments revealed severe
ulcerative jejunitis without evidence of ymphoma infiltration.

The patient also developed dialysis-dependent acute
tubular necrosis and transient hyperbilirubinemia. The
renal failure was attributed to both the cytotoxic effects of
chemotherapy and the neutropenic enteritis.

Following a prolonged intensive care unit stay, the
patient was eventually transferred to the general ward.
After a brief period of recovery, he unfortunately developed
Candida sepsis, requiring catecholamine support and
endotracheal intubation. At the time of manuscript
submission, his outcome remains uncertain. In the event
of sufficient recovery, a de-escalated treatment regimen for
his HL is planned, most likely incorporating nivolumab.

3. Discussion

3.1. Chemotherapy-induced ileus

Chemotherapy-induced (GI) toxicity encompasses a
spectrum of adverse effects, including nausea, vomiting,
diarrhea, constipation, and mucositis. Among these,
bowel obstruction is a rare but potentially life-threatening

Figure 1. Positron emission tomography scan showing the large
mediastinal tumor mass

Figure 2. Computed tomography scan showing high ileus with distention
of the stomach and a jejunal bowel segment

complication. The pathophysiology involves direct cytotoxic
effects on enteric neurons and smooth muscle cells, leading
to impaired motility. In addition, chemotherapy-induced
mucosal injury can disrupt the gut barrier, promoting
bacterial translocation and systemic inflammation, which
may exacerbate ileus and contribute to sepsis.’

Reports of chemotherapy-induced ileus are quite rare
in the scientific literature. Published case reports exist for a
variety of chemotherapeutic agents and most patients were
successfully managed without surgery.*®

BV has been associated with a range of GI complications,
includingintestinal obstruction, (neutropenic) enterocolitis,
erosion, ulceration, perforation, and hemorrhage, some of
which have resulted in patient deaths.” A meta-analysis
of four lymphoma trials involving over 2,000 patients
found an increased incidence of GI adverse events in the
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BV treatment group." In addition, a review of the Food
and Drug Administration adverse event reporting system
indicated that antibody-drug conjugates, including BV, may
elevate the risk of a broad spectrum of GI adverse events.'

In our patient, neutropenic enteritis likely led to mucosal
compromise, stenosis, and eventual bleeding. The absence
of prior surgeries and lymphoma involvement suggests a
directlink to chemotherapy toxicity. Our patient was initially
managed conservatively with nasogastric decompression,
prokinetic agents, intravenous fluids, parenteral nutrition,
and antibiotics. Despite initial resolution, the patient
experienced severe GI bleeding, necessitating surgical
intervention and intensive care support.

3.2. Chemotherapy-associated Gl hemorrhage

GI bleeding is a well-recognized complication in cancer
patients undergoing chemotherapy. However, massive GI
hemorrhage resulting in hemodynamic compromise is a
rare and serious event. The management of GI bleeding
in this population involves a multidisciplinary approach
that combines supportive care with targeted interventional
procedures."

Initial treatment typically includes transfusion of blood
products such as red blood cells, platelets, fresh frozen
plasma, and coagulation factors to stabilize the patient
and correct any underlying coagulopathies. Endoscopic
techniques play a central role in controlling bleeding and
may include argon plasma coagulation, hemoclipping,
or epinephrine injection, depending on the source and
severity of the hemorrhage.”

In cases where endoscopic therapy is either unsuccessful
or not feasible, trans-arterial embolization has emerged as
an effective alternative." Surgical intervention remains a
last resort, reserved for refractory cases, but it is associated
with a significantly higher risk — particularly in patients
with advanced malignancies or poor performance status.

A retrospective analysis of 156 patients with
pancreatic cancer undergoing chemoradiation found
that approximately 25% experienced GI bleeding, most
commonly from the upper GI tract. Among these, there
were eight fatal cases. Management strategies in that
cohort included transfusion support, pharmacologic
measures, and endoscopic therapy, which demonstrated a
high success rate in most patients.'

3.3. Contemporary treatment strategies for advanced-
stage HL: Spotlight on BrECADD and Nivo-AVD

The BrECADD regimen - comprising BV, etoposide,
cyclophosphamide, doxorubicin, dacarbazine, and
dexamethasone — was developed to improve the treatment
of advanced-stage classical HL (AS-cHL) by enhancing

efficacy while reducing toxicity. The phase 3 HD21 trial,
a multicenter, open-label, randomized study, compared
BrECADD with the escalated bleomycin, etoposide,
doxorubicin, cyclophosphamide, vincristine, procarbazine,
and prednisone (BEACOPP) regimen in patients aged
18 - 60 years with newly diagnosed AS-cHL.! The trial
demonstrated that BrECADD was superior to BEACOPP
in terms of progression-free survival (PFS) and had a more
favorable safety profile. At a median follow-up of 48 months,
the 4-year PFS was 94.3% for BPECADD compared to 90.9%
for BEACOPP (hazard ratio: 0.66; p=0.035). Furthermore,
treatment-related morbidity was significantly lower in
the BrECADD group (42%) compared to the BEACOPP
group (59%; p<0.0001). Notably, the BrECADD regimen
was associated with a lower incidence of severe sensory
polyneuropathy and improved recovery rates of gonadal
function compared to BEACOPP. The reported rate of
severe GI adverse events was 8% for the BrECADD cohort,
apparently without any cases of bowel obstruction.

A single-arm cohort within the phase II HD21 trial,
examining the BrECADD protocol in adults up to 75 years
of age, concluded that the regimen is feasible and safe in
older patients, although it requires more frequent dose
adjustments.*®

Historically, patients older than 60 years received ABVD
(doxorubicin, bleomycin, vinblastine, and dacarbazine)
therapy.? This treatment standard has since evolved - first
to BV, doxorubicin, vinblastine, and dacarbazine (BV-AVD)
and more recently to nivolumab, doxorubicin, vinblastine,
and dacarbazine (Nivo-AVD).””'® The phase III S1826
study demonstrated significantly improved outcomes and a
more favorable safety profile with six cycles of Nivo-AVD
compared to BV-AVD." The complete remission rate at
the end of treatment with Nivo-AVD was 83.1%, which is
similar to the 82% reported with BrECADD. After a median
follow-up of 2.1 years, the 2-year PFS for the overall cohort,
as well as for the subgroup of patients aged 18 - 60 years,
was 92%. Although numerically slightly lower than the PFS
reported for BrECADD, direct comparison of these results is
not appropriate due to significant differences in trial design
and populations. For instance, the S1826 trial included
patients younger than 18 years and those aged 60 and above,
and enrolled a racially and ethnically diverse population.
Nevertheless, the safety profile of Nivo-AVD is clearly more
favorable, with fewer severe adverse events and treatment
discontinuations due to toxicity compared to BrECADD."*

3.4. Clinical considerations of chemotherapy
selection in our patient

In our patient, we opted to administer BrECADD due
to the highly aggressive and symptomatic nature of the
disease. Before diagnosis, the patient was in excellent
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physical condition, with an ECOG performance status of 0.
His comorbidities were considered clinically insignificant.
Therefore, despite his age being over 60 years, we elected to
proceed with the more intensive BrECADD regimen.

As this case illustrates, careful patient selection is
critical when considering intensive chemotherapy in older
or comorbid individuals, to minimize the risk of excessive
toxicity, as was unfortunately observed in our patient.
Based on this experience, we will adopt a more conservative
approach moving forward, reserving intensive regimens
such as BrECADD for younger patients with adequate
performance status and minimal comorbidity burden.

4, Conclusion

This case report highlights the rare but potentially life-
threatening complication of chemotherapy-induced ileus
in a patient with AS-cHL treated with the BrECADD
regimen. Although GI toxicity, including diarrhea and
mucositis, is well documented in chemotherapy, bowel
obstruction remains an uncommon manifestation. In
this case, chemotherapy-induced enteritis likely triggered
ileus, which was further complicated by GI hemorrhage
and acute renal failure. Despite initial conservative
management, the patient required surgical intervention
due to recurrent bleeding. Our case demonstrates that
careful patient selection is essential when considering
intensive chemotherapy regimens such as BrECADD. Close
monitoring for GI symptoms is crucial during treatment.
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LETTER TO EDITOR
Redefining the role of radiation oncologists in
the Al era

Melek Yakar*

Department of Radiation Oncology, Faculty of Medicine, Osmangazi University, Eskisehir, Turkey

Dear Editor,

Recent years have seen significant acceleration in the integration of artificial intelligence
(AI) into radiation oncology practice. From automated contouring to treatment
planning optimization and big data analytics, AI offers remarkable advantages in terms
of efficiency and accuracy. However, this rapid transformation has also begun to redefine
the role of radiation oncologists in clinical decision-making. In this letter, I aim to
highlight the potential risk of physicians becoming distanced from critical decisions —
and even professionally isolated — as Al assumes a larger role, while also emphasizing the
importance of preserving core values such as ethics, autonomy, and empathy throughout
this transition.

While Al-driven systems have demonstrated superior performance in several
aspects of radiation oncology — such as patient assessment, clinical decision-making,
segmentation, dose prediction, and outcome modeling - it is essential to recognize that
these tools are only as reliable as the data they are trained on. Radiation oncologists
must continue to utilize their expertise in clinical guidelines, patient data, and
multidisciplinary assessments to make the best treatment decisions. Each individuals
situation is unique, and the decision-making process requires both big data analysis and
clinical experience due to disease-specific factors. AI-powered systems can accelerate
and support doctors’ decisions by providing recommendations based on clinical
guidelines. The advantages of clinical decision support systems are that they reduce the
margin of error by assisting doctors, analyzing complex patient data more effectively,
and recommending the best treatment options for each patient, all while accelerating
decision-making in multidisciplinary workflows. However, clinical decisions should
not be left entirely to AI. Human oversight is essential to ensure the best outcomes and
further validation is needed for clinical acceptance.'?

One of the most time-consuming steps in treatment planning is organ and target
volume segmentation. Al-based methods, such as U-Net/TransU-Net convolutional
neural network models, have been utilized to reduce segmentation time, making it much
faster than manual processes, which can take hours.** Despite these advancements, full
automation is still not possible. Clinical validation is required, and manual corrections
may still be necessary in certain cases, such as low-contrast tumors. In addition, clinical
integration of these systems requires time, training, and standardization of evaluation
criteria.”

Synthetic computed tomography (CT) images, generated from magnetic resonance
imaging data using Al-based algorithms, are becoming increasingly utilized in
radiotherapy planning. Synthetic CT provides an alternative to conventional CT by
offering accurate electron density information, which reduces radiation exposure and
improves workflow efficiency. However, challenges such as inter-vendor variability and
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anatomical accuracy still remain key areas for further
research and standardization. The generative adversarial
networks algorithm has shown promise in generating
clearer, more detailed synthetic images, offering an
advantage in image clarity compared to traditional
methods.®?

Al-assisted adaptive radiotherapy offers significant
advantages for patients with frequent anatomical changes,
such as those with head and neck, lung, or gynecological
cancers. Daily cone beam CT imaging allows real-time
evaluation, while Al-based auto-contouring enables rapid
delineation of tumors and organs at risk. Treatment plans
can be updated instantly based on anatomical shifts.
However, limitations such as suboptimal image quality and
the need for expert validation of Al-generated contours
highlight the continued importance of human oversight in
clinical decision-making."

Prognostic estimations in radiation oncology have
traditionally relied on clinical and anatomical data.
However, Al-based models now enable more precise
predictions by integrating biological, clinical, dosimetric,
treatment, and imaging data.'™'* Toxicity prediction is
equally crucial for developing personalized treatment
plans, minimizing both acute and late side effects, and
ultimately improving patient quality of life."*!* Predictive
models, especially those using hybrid approaches,
combine radiomic/dosiomic features with clinical and
dosimetric parameters to improve both prognosis and
toxicity prediction. Challenges include ensuring clinically
acceptable model accuracy, ensuring data diversity, and
navigating regulatory requirements, such as Food and
Drug Administration approval.

As Al continues to reshape the landscape of radiation
oncology, it is clear that the role of the radiation oncologist
will evolve.”” With Al automating routine tasks, clinicians
are expected to focus more on patient monitoring and
complex decision-making. This shift necessitates new
competencies, including understanding Al algorithms,
interpreting data, and considering ethical implications.
Radiation oncologists will need to collaborate with
multidisciplinary teams and develop skills in data literacy
and clinical validation of AI tools.

As Al becomes increasingly integrated into radiation
oncology, several ethical challenges must be addressed.
These include ensuring patient privacy through data
anonymization and cybersecurity, defining accountability
in Al-assisted clinical decisions, and mitigating bias arising
from non-representative training datasets. Equitable
access to Al tools is a concern, as is the potential erosion
of physicians’ decision-making autonomy. It is crucial
to maintain a strong patient-physician relationship,

ensure informed consent for Al use, and respect patients’
rights to refuse Al-based interventions. In addition, the
environmental impact of Al systems, including energy
consumption and e-waste, must be considered.'®"

In conclusion, Al is expected to play a central role in
shaping the future of radiation oncology. Personalized
treatment protocols, biomarker-driven dose adaptation,
and even fully autonomous treatment planning may
become the norm. However, strong ethical oversight, legal
frameworks, and sustainable implementation models will
be essential for this integration. Radiation oncologists
will need not only medical expertise but also a solid
understanding of AI technologies. As the field evolves, the
focus will shift from technical tasks to clinical decision-
making and patient-centered care, making it essential for
radiation oncologists to redefine their roles and actively
integrate into multidisciplinary care teams to remain
indispensable in an increasingly automated landscape.
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