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Abstract

The development of therapeutic resistance in solid tumors is not merely an incidental response, but a relentless recapitu-
lation of Darwinian evolution under profound pharmacological pressure. Consequently, traditional reactive clinical para-
digms are increasingly demonstrating insurmountable limitations. This review highlights the critical paradigm shift from
late-stage containment towards "evolutionary interception”, a proactive approach that predicts and pre-emptively block-
ades resistance trajectories during therapeutic windows of minimal clonal complexity. We delineate how the germline ge-
netic background imposes hard constraints on somatic adaptation and creates targetable genomic topologies, exemplified
by the baseline hemizygous loss of RB1 in BRCA2-mutated breast cancer. Furthermore, we explore the propulsion of
drug-independent evolution by endogenous mutational engines, including homologous recombination deficiency and APO-
BEC3, alongside non-genetic adaptations such as transcriptional rewiring and lineage plasticity. Translating these evolu-
tionary concepts requires high-resolution monitoring through circulating tumor DNA, graph genome algorithms, and single-
cell multi-omics. Finally, we critically evaluate frontier clinical strategies, such as upfront synthetic lethality and neoantigen

vaccines, while addressing the profound challenges of cumulative toxicity and therapy-induced regressive evolution.
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1. Introduction

In the complex molecular ecology of modern oncology, the
widespread application of targeted therapies and immuno-
therapies has substantially prolonged the survival of patients
with advanced malignancies; however, almost all solid tu-
mours inevitably progress to clinical resistance and treatment
failure.’® The emergence of such resistance is not an iso-
lated biochemical response or an incidental stochastic muta-
tional event, but rather a direct and unrelenting recapitulation
of Darwinian evolution at the somatic cell level.*% Under pro-
found and sustained pharmacological selection pressures,
tumour cells exhibit remarkable population-level survival fit-
ness, driven by the rapid accumulation of genetic alterations,
profound epigenetic reprogramming, and the adaptive re-
modelling of the tumour microenvironment.®

Historically, the standard-of-care paradigms in clinical oncol-
ogy have been largely reactive. Within current clinical path-

ways, physicians typically pivot to second- or third-line ther-
apeutic regimens only retroactively, following macroscopic
radiographic progression or the marked deterioration of clin-
ical symptoms.” However, principles of evolutionary biology
and population dynamics have repeatedly demonstrated that
once tumour clonal evolution surpasses an irreversible
threshold of complexity, its inherent spatiotemporal hetero-
geneity increases exponentially.-'° Once the tumour ecosys-
tem is saturated with myriad subclones harbouring diverse
resistance mechanisms, the probability of achieving com-
plete disease eradication becomes vanishingly small.™

1.1 The Darwinian evolutionary nature of cancer drug re-
sistance

Elucidating the underlying logic of this evolutionary crisis ne-
cessitates the integration of the classic Goldie—Coldman hy-
pothesis and Gompertzian growth kinetics models.'>'* Ac-
cording to the Goldie—Coldman hypothesis, the absolute

Received: August 2,2026 | Revised: August 11, 2026 | Accepted: August 30, 2026 | Published online: September 1, 2026

@ @ Copyright © 2026 Author(s). This is an Open Access article distributed under the terms of the Creative Commons Attribution- 1
Noncommercial 4.0 International License (CC BY-NC 4.0), permitting all non-commercial use, distribution, and reproduction
BY NC

in any medium, provided the original work is properly cited.



Nat Cell Sci 2026;4(3):¢00021
https://doi.org/10.61474/ncs.2026.00021

probability of a tumour harbouring intrinsically resistant mu-
tant clones is directly correlated with its overall volume and
total cell number; its mathematical logic can be simplified as
the cumulative product of the number of cell divisions and the
spontaneous mutation rate.’> As the tumour burden in-
creases, the probability of the cell population accumulating
spontaneous oncogenic mutations over successive divisions
becomes exceedingly high. Concurrently, Gompertzian
growth kinetics dictates that tumours exhibit a remarkably
high growth fraction when the disease burden is minimal.
However, as tumour volume expands, spatial and nutritional
constraints drive the overall growth rate into an exponentially
decaying plateau phase.®

During the initial phase of clinical intervention, intensive tar-
geted therapies or cytotoxic chemotherapy typically eradi-
cate the vast majority of drug-sensitive dominant clones rap-
idly, leading to substantial tumour regression on radiographic
imaging. However, this process inevitably imposes a severe
"evolutionary bottleneck" upon the entire tumour popula-
tion.™” In the setting of minimal residual disease (MRD), drug-
resistant subclones—initially existing as an ecological minor-
ity—experience highly advantageous "competitive release"
following the elimination of spatial competition and resource
suppression previously exerted by sensitive clones.' Within
this micro-evolutionary window, these resistant clones un-
dergo rapid "clonal rebound" and repopulation.'® This rapid
resurgence, robustly selected and exponentially amplified by
the evolutionary bottleneck, constitutes the core macroscopic
and microscopic kinetic foundation of clinically acquired re-
sistance.

1.2 From "passive rescue" to "evolutionary interception"
Confronted with this formidable evolutionary dilemma, con-
ventional "whack-a-mole" approaches to targeted therapy
and immunotherapy have increasingly demonstrated insur-
mountable limitations due to their inherent temporal lag.?°
The revolutionary concept of "cancer interception" has
emerged against this backdrop, rapidly establishing itself as
a central paradigm in global translational oncology re-
search.?!

The essence of evolutionary interception lies in significantly
shifting the frontline of cancer treatment from "late-stage con-
tainment" to "early evolutionary blockade".?? The central the-
sis of this concept is that future curative strategies must not
be restricted to targeting the pre-existing, static mutations of
a tumour. Instead, they must rely on the precise prediction of
the tumour's future evolutionary trajectories to map an "evo-
lutionary probability landscape".?®> Once the most probable
evolutionary trajectory toward specific resistance mecha-
nisms has been identified, clinical interventions should be de-
ployed preemptively to establish a physical or biological
blockade. This must occur during the therapeutic window
characterized by minimal tumour burden and lowest clonal

complexity (e.g., during the post-operative adjuvant setting or
the very early stages of neoadjuvant therapy). By front-load-
ing specific synthetic lethal agents or immunotherapies,
these resistant clones can be thoroughly eradicated before
they attain absolute ecological dominance. Consequently,
this approach deprives cancer cells of the opportunity to un-

dergo selection toward fatal therapeutic resistance (Figure
1)_23—26

2. Germline-Somatic Interactions and the
Shaping of Evolutionary Landscapes
Historically, somatic mutations have been regarded as the
primary driving force behind cancer progression. However,
recent advances in whole-genomics have revealed that the
somatic mutational landscapes of tumors do not emerge ran-
domly in an evolutionary vacuum; rather, they are profoundly
guided and subject to the "hard constraints" of the patient's
germline genetic background.?” Pathogenic germline vari-
ants are not merely static epidemiological indicators for as-
sessing individual cancer risk; they are core intrinsic drivers
that dictate the evolutionary trajectories tumors will pursue
under specific therapeutic pressures.?82°

2.1 Hard Constraints of the Germline Background on
Evolutionary Trajectories

The conceptual prototype of intercepting cancer evolution
can be traced back to the historic discovery of Li-Fraumeni
syndrome (LFS) by Frederick P. Li and Joseph F. Fraumeni
in 1969.%° Through in-depth epidemiological and pedigree
analyses of specific families, they discovered that founda-
tional defects in the germline TP53 gene led to an abnormally
high incidence of multiple primary tumors (such as sarcomas,
breast cancers, and brain tumors) within the same family, ac-
companied by a significantly earlier age of onset.®" This
marked the scientific community's first establishment of the
absolute control exerted by innate genetic backgrounds over
acquired malignant evolution, laying the conceptual founda-
tion for ultra-early surveillance and clinical "interception” in
high-risk populations.

In the modern era of precision medicine, elucidating the
germline background holds irreplaceable value for imple-
menting evolutionary interception. A large-scale prospective
study utilizing tumor-normal paired whole-genome/targeted
sequencing in 1,040 advanced cancer patients demonstrated
that up to 17.5% of patients harbored hereditary cancer-pre-
disposing mutations with actionable clinical significance.??
Strikingly, over 55.5% of these mutation carriers would have
been entirely missed had they been evaluated solely accord-
ing to traditional clinical guidelines based on family history or
early-onset age. Universal paired germline and somatic se-
quencing not only directly redirected approximately 3.7% of
advanced-stage patients to more tailored targeted therapies,
but also prompted predictive genetic testing for their family
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members, thereby achieving source interception of potential
cancer evolution at the subclinical level.3?

2.2 Subtype-Specific Comparisons: The Divergence Be-
tween TNBC and Luminal Subtypes

Supported by large-scale clinical genomics, research has re-
vealed how specific germline variants preferentially direct the
somatic adaptive landscapes of distinct molecular breast
cancer subtypes. Triple-negative breast cancer (TNBC) and
hormone receptor-positive/HER2-negative (Luminal) breast
cancer exhibit starkly divergent evolutionary bifurcation
points when confronted with similar endogenous instability or
exogenous therapeutic pressures (Table 1).33

In the evolutionary landscape of TNBC, germline BRCA1
(gBRCA1) mutations play an indispensable foundational role.
Whole-exome data indicate an exceptionally high somatic
TP53 mutation rate (up to 81% to 88%) in TNBC patients,
with gBRCA 1 mutations exhibiting a profound co-occurrence
with TP53 loss-of-function (LoF) mutations during the very
early stages of tumorigenesis.®* Lacking classical targets
such as ER, PR, and HER2, TNBC presents with a higher
tumor mutational burden (TMB, averaging 1.2 mutations/Mb)
and a highly heterogeneous clonal architecture. Its evolution-
ary strategy leans toward sustaining high aggressiveness by
accumulating co-mutation patterns in driver genes like
PIK3CA and TTN, and it achieves rapid evasion under ther-
apeutic pressure by generating extensive chromosomal
structural variants.3%:3¢

In stark contrast, within Luminal (HR+/HER2-) breast cancer,
gBRCAZ2 mutation carriers display a highly specific and direc-
tionally defined network of somatic genomic rewiring.®' Com-
pared to wild-type (QWT) patients, the incidence of PIK3CA
mutations in gBRCAZ2 tumors is significantly reduced; more
crucially, somatic RB1 gene alterations and deep amplifica-

tions of MYC and AURKA are highly enriched in these tumors.

In clinical targeted therapy, RB1, MYC, and AURKA are all
universally recognized as core nodes mediating acquired re-
sistance to CDK4/6 inhibitors (CDK4/6i).37-3 This specific so-
matic landscape, rigidly dictated by the germline background,
forewarns that latent molecular mechanisms of resistance
are already enriched within the tumor ecosystem prior to the
initiation of standard first-line targeted therapies in gBRCA2
patients.?® [table1]

2.3 Genomic Topology and Allelic Configuration

To deeply understand why gBRCA2 tumors specifically
evolve RB1 loss with such a high probability, one must trans-
cend the theoretical limitations of the classical Knudson "two-
hit" hypothesis and introduce the more refined concept of
hemizygosity from genomic topology.3'40

The Knudson hypothesis posits that tumor suppressor genes
must undergo complete biallelic inactivation to release the
brakes on proliferation.*' However, in real evolutionary dy-
namics, the initial configuration of alleles largely determines
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the threshold for acquired resistance. On the long arm of hu-
man chromosome 13 (13q), the BRCAZ2 gene and the prom-
inent cell cycle checkpoint tumor suppressor gene RB1 ex-
hibit highly syntenic physical linkage. During the early stages
of gBRCAZ2-driven tumorigenesis, to achieve loss of hetero-
zygosity (LOH) and eliminate the protective wild-type BRCA2
allele, tumor cells frequently undergo large-scale chromoso-
mal deletions encompassing the entire 13q region.*!

Due to their extreme geographic proximity, these large chro-
mosomal structural events inevitably cause the "collateral"
deletion of the adjacent wild-type RB1 allele. Independent co-
hort data from whole-exome sequencing led by Safonov et al.
confirmed that a staggering 82.6% of gBRCA2 primary breast
cancers are already in a state of concurrent loss of heterozy-
gosity (co-LOH) for both BRCAZ2 and RB1 at baseline, prior
to any targeted therapy."

This baseline hemizygous loss of RB1 dictates that only a
single functional RB1 allele remains within the cell. Macro-
scopically, these cells can still maintain basic control over the
G1/S cell cycle transition, thus retaining initial sensitivity to
CDK4/6 inhibitors 1. However, this population of tumor cells
has already surreptitiously traversed the most arduous first
step of evolution. When exposed to potent CDK4/6i com-
bined with endocrine therapy, wild-type tumors with intact
dual RB1 copies require two independent mutations—an ex-
tremely low-probability event—to develop resistance. Con-
versely, cells possessing hemizygous vulnerability only need
to acquire a single, minute LoF mutation (such as a nonsense
mutation or microdeletion) to effortlessly cross the evolution-
ary threshold and achieve complete RB1 inactivation. Multi-
variate Cox models confirm that this baseline allelic configu-
ration is the sole biomarker capable of independently predict-
ing significantly shortened progression-free survival (PFS)
upon CDK4/6i treatment, thereby providing a precise physi-
cal anchor for "evolutionary interception" based on genomic
topology.®"

3. Endogenous Mutational Engines and Drug-
Independent Evolution

The macroscopic emergence of acquired resistance muta-
tions in tumours is not exclusively a passive, stochastic re-
sponse to the targeted pressure of exogenous therapeutics.
To survive stringent therapeutic bottlenecks, tumour cells
mobilise and ingeniously co-opt (exaptation) endogenous
mutation-generating mechanisms.*>43 Functioning as funda-
mental biological engines, these mechanisms continuously
generate the mutational 'ammunition’ required for survival at
an exceptionally high rate, profoundly shaping evolutionary
trajectories characterised by a high degree of 'drug inde-
pendence'. 4344

3.1 Homologous Recombination Deficiency (HRD) as a
Mutational Catalyst
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Under normal physiological conditions, the BRCA1 and
BRCAZ2 proteins serve as central hubs in the homologous re-
combination repair (HRR) pathway, responsible for the error-
free repair of lethal DNA double-strand breaks (DSBs) using
sister chromatids as precise templates.*® Once the function
of these genes is compromised by mutation or epigenetic si-
lencing, the cell enters a state of homologous recombination
deficiency (HRD), commonly referred to as 'BRCAness'.*¢
Tumour cells exhibiting BRCAness face an acute crisis of
catastrophic genomic collapse and apoptosis. To barely
maintain the physical integrity of their chromosomes, they are
forced to rely on alternative repair networks with exception-
ally low fidelity, particularly microhomology-mediated end
joining (MMEJ) and non-homologous end joining (NHEJ).4748
These two repair mechanisms do not require a precise tem-
plate; instead, they repair DNA by forcibly ligating broken
ends. This forced degradation of repair fidelity imprints indel-
ible 'mutational scars' across the genome, manifesting as a
high burden of large-scale structural variants (SVs) and short
insertions or deletions (indels) flanked by microhomologous
sequences.*®

In the aforementioned model of germline BRCA2 (gBRCA2)-
driven evolution of resistance to CDK4/6 inhibitors, in-depth
genomic decoding has revealed that acquired loss-of-func-
tion mutations in RB1 are predominantly not caused by sim-
ple single-nucleotide point mutations. Rather, they arise from
MMEJ-mediated short deletions or structural rearrangements
leading to the large-scale loss of multiple RB71 exons.50-52
This compellingly demonstrates that an active HRD engine is
not merely the instigator of oncogenesis, but also acts as a
high-frequency 'mutational catalyst' during targeted therapy,
executing the fatal 'second hit' on key tumour suppressor
genes like RB7 with extreme efficiency.??

3.2 Parallel Propulsion by the APOBEC3 Enzymatic Sys-
tem

Beyond homologous recombination deficiency, the aberrant
activation of the endogenous cellular APOBEC3 (apolipopro-
tein B mRNA editing enzyme, catalytic polypeptide-like 3)
family of enzymes constitutes another formidable driver gov-
erning genomic evolution.545% Originally a crucial component
of the host's innate antiviral defence system, APOBECS3 lev-
erages its cytosine deaminase activity to catalyse the con-
version of cytosine to uracil during periods of single-stranded
DNA exposure (such as during DNA replication or transcrip-
tion), thereby inducing characteristic C>T or C>G base sub-
stitution mutations.56:57

In breast cancer, particularly within the HR+ subtype exhibit-
ing a high tumour mutational burden and in invasive lobular
carcinoma (ILC), the APOBEC3 system is aberrantly hi-
jacked by tumour cells, assuming a central and dominant role
in shaping mutational signatures.® A large-scale clinical

whole-genome cohort analysis demonstrated that APO-

BEC3-mediated mutational landscapes exhibit explosive en-
richment in metastatic breast cancer (MBC) tissues following
combined endocrine and CDK4/6i therapy, which tightly and
directly correlates with a precipitous decline in patient pro-
gression-free survival.®®

Even more critically, foundational validation experiments
have shown that the presence of APOBEC3A (A3A) expres-
sion in a mere 10% of subclones within a tumour population
is sufficient to ignite mutational cascades and paracrine sig-
nalling that can entirely remodel the broader tumour ecosys-
tem.%0 This evolution, orchestrated by the APOBEC3 enzy-
matic system, possesses an astonishing degree of 'autono-
my": even upon the complete withdrawal of targeted agents
and in the absolute absence of exogenous pharmacological
selection pressure, active APOBEC3 enzymes can sponta-
neously and continuously drive clonal genomic drift. This pro-
vides a relentless supply of complex resistance gene combi-
nations against endocrine therapy, CDK4/6 inhibitors, and
even PI3K inhibitors.5"-52 Consequently, future evolutionary
interception strategies must incorporate specific inhibitors
targeting APOBECS3 activity, thereby severing the supply line
of resistant clones at its very source.

4. Non-genetic adaptation and network rewir-
ing

Beyond direct and irreversible alterations to the underlying
DNA sequence, tumour cells are highly capable of establish-
ing impenetrable barriers of drug resistance without altering
any genomic sequences. This is achieved through profound
epigenetic remodelling, precise manipulation of protein deg-
radation networks, and the activation of compensatory kinase
cascades. Such non-genetic adaptation endows tumours
with profound plasticity when confronted with pharmacologi-
cal catastrophe.53.64

4.1 Protein degradation and transcriptional amplification
in CDK4/6 inhibitor resistance

For the vast majority of hormone receptor-positive (HR+)
breast cancers that are initially sensitive to CDK4/6 inhibitors
(CDK4/6i) and lack baseline RB1 genetic mutations, acquired
resistance is frequently mediated by an elegant, "two-step
sequence" non-genetic escape mechanism.

Initially, although the intervention of CDK4/6i successfully in-
hibits kinase complex activity, thereby maintaining the reti-
noblastoma protein (Rb) in a hypophosphorylated, suppres-
sive state,®® prolonged drug exposure inadvertently triggers
massive degradation of the Rb protein itself via the ubiquitin-
proteasome pathway, driven by intracellular homeostatic
feedback mechanisms. Although the mere reduction in the
physical concentration of Rb protein is insufficient to fully re-
store unrestricted cell proliferation, this low-Rb environment
drastically lowers the energetic threshold required to release
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the critical cell-cycle transcription factor E2F, thereby com-
pleting the "first step" of resistance evolution,®
Subsequently, as the decisive second step in acquiring re-
sistance, tumour cells achieve profound stabilization and
massive transcriptional amplification of the downstream c-
Myc protein by rewiring mitogenic or bypass hormonal sig-
nalling networks (e.g., through compensatory activation of
the PI3K or ERK pathways).®” In this context, overexpressed
c-Myc functions as a super-enhancer, directly and potently
amplifying the transcriptional output of free E2F. This forces
the cell to forcibly breach the G1/S physical checkpoint and
resume sustained proliferation.3”¢8 The elucidation of this dy-
namic mechanism provides revolutionary guidance for clini-
cal strategies: front-loading or timely integration of pro-
teasome inhibitors into CDK4/6i treatment regimens to forci-
bly stabilize the physical concentration of Rb protein holds
promise as a potential combinatorial approach to reverse or
preemptively intercept this non-genetic evolutionary trajec-
tory.

4.2 Parallel evolutionary trajectories and mutual exclu-
sivity of kinase networks

Within the cohort of patients with endocrine-resistant ad-
vanced breast cancer, in-depth profiling based on large-co-
hort sequencing reveals that the evolutionary trajectory of re-
sistance in the tumour population is by no means restricted
solely to the well-characterized mutations in the ligand-bind-
ing domain of the ESR1 gene. Tumours can achieve com-
plete evasion of endocrine deprivation therapy by activating
and rewiring the complex MAPK kinase network.5°

These include activating mutations in the ERBB2 gene, inac-
tivating deletions of the NF71 tumour suppressor gene, and
profound amplification of EGFR.’® Crucially, multidimen-
sional statistical analyses have confirmed that these recom-
binatory variations within the MAPK pathway exhibit a high
degree of mutual exclusivity with classical ESR1 mutations
at the individual patient level. This strikingly prominent mutu-
ally exclusive evolutionary trait reflects a profound Darwinian
logic: when confronted with the identical evolutionary bottle-
neck of endocrine therapy, the tumour population derives
parallel, non-overlapping escape routes to diversify survival
risk.”":72 Given that these kinase network variations are intrin-
sically highly actionable in the clinic, this discovery provides
a direct translational rationale for adaptive clinical trials: once
a tumour is monitored to be skewing towards a specific par-
allel pathway, targeted kinase inhibitors can be deployed to
enact a directed blockade.

4.3 Lineage plasticity and transdifferentiation

The ultimate manifestation of non-genetic tumour evolution
is exemplified by lineage plasticity and histological transdif-
ferentiation.”® Taking small cell lung cancer (SCLC)—a
highly aggressive neuroendocrine tumour—as an example, it
has long been dogmatically maintained within the field that
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its pathogenesis fundamentally requires the ubiquitous and
obligatory biallelic loss of both the TP53 and RB1 genes.
However, recent large-scale integrative analyses of molecu-
lar pathology have challenged this consensus, identifying a
highly distinct lung cancer subtype—"Rb-proficient SCLC"—
which accounts for approximately 6% of the overall SCLC
population.”476

Tracing back from a macroscopic perspective of tumour line-
age evolution, this SCLC phenotype harbouring functional
wild-type Rb protein exhibits a significantly lower degree of
neuroendocrine differentiation. Multi-omics data strongly im-
ply that this subpopulation does not originate from the linear
evolutionary trajectory of classical SCLC. Instead, it is highly
probable that it arises via transdifferentiation from non-small
cell lung cancer (NSCLC) progenitor cells harbouring specific
driver mutations (e.g., EGFR mutations) as an evasion strat-
egy against the profound therapeutic pressure exerted by in-
tensive targeted therapies.”

Within the specific microscopic molecular networks, these
rare transdifferentiated tumours eschew the time-consuming
and energy-intensive strategy of physical RB7 gene knock-
out; rather, they implement a functional "interception" of the
Rb pathway via upstream mechanisms. They exhibit excep-
tionally high frequencies of CDKN2A mutations or CCND1
amplifications.””78 This hyperactivation of upstream signal-
ling drives the Cyclin D-CDK4/6 kinase complex into a state
of sustained, high-level phosphorylation, thereby thoroughly
inactivating the intact Rb protein. This atypical evolutionary
trajectory offers a glimmer of hope for these otherwise un-
treatable, aggressive transdifferentiated tumours, suggesting
that CDK4/6 inhibitors may exert highly selective cytotoxic
and suppressive effects against this unique Rb-proficient
subpopulation.?’

5. High-Resolution Monitoring: Locking in on
the Interception Window

The successful implementation of evolutionary interception
strategies is predicated on the clinician's ability to possess a
microscopic, panoramic field of view that outpaces the speed
of tumor cell evolution and pierces through the veil of spatio-
temporal heterogeneity. Currently, a high-resolution monitor-
ing matrix—centered on the dynamic tracking of circulating
tumor DNA (ctDNA), the underlying assembly algorithms of
next-generation graph genomes, and single-cell multimodal
spatial omics—is radically redefining the temporal anchors
and resolution granularity of disease monitoring.”®-8'

5.1 Dynamic Early Warning via ctDNA and Minimal Re-
sidual Disease (MRD)

The maturation of liquid biopsy technologies has substan-
tially advanced the timeline for medical intervention. During
the evolutionary bottleneck induced by targeted therapies,
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the detection of ctDNA in peripheral blood enables physi-
cians to precisely capture minute shifts in clonal abundance
(clonal drift) driven by the evolution of resistance, weeks or
even months before conventional macroscopic imaging con-
firms disease progression.82-84

In large-scale clinical analyses of ER+ advanced breast can-
cer patients receiving standard endocrine therapy combined
with CDK4/6 inhibitors (CDK4/6i), the dynamic characteris-
tics of ctDNA at baseline and early during treatment have
demonstrated decisive predictive power. Studies have con-
firmed that if dynamic monitoring during the initial phase of
treatment reveals a failure of the patient's ctDNA variant al-
lele fraction (VAF) to decline significantly, while simultane-
ously capturing specific genetic alterations conferring im-
mense evolutionary survival advantages (such as pathogenic
mutations in TP53 or structural amplifications of FGFR1), this
serves as a potent early warning signal for highly dangerous
evolution. This subgroup of patients, harboring these specific
evolutionary signatures, will suffer a catastrophic truncation
of their progression-free survival (PFS). These aberrant ge-
nomic fragments circulating in the blood are the absolute
"vanguards" of irreversible, consolidated resistance.?58 In
future adaptive clinical trials, these MRD-positive patients or
those exhibiting clonal drift will be the optimal interception
candidates for implementing proactive treatment escalation
(e.g., preemptive switching to combinations incorporating
specific inhibitors).

5.2 Leap in Underlying Algorithms: Graph Genomes De-
cipher the Structural Enigma

To unerringly identify highly complex structural variations
(SVs) and short insertions/deletions (indels) driven by endog-
enous motors such as homologous recombination deficiency
(HRD) from massive volumes of next-generation sequencing
(NGS) short-read data, the foundational algorithms of bioin-
formatics have undergone a revolutionary paradigm shift.878
Over the past decade, traditional alignment algorithms based
on one-dimensional linear reference sequences (such as
standard pipelines utilizing BWA-MEM and SAMtools) have
been highly efficient in processing single nucleotide polymor-
phisms (SNPs).8° However, when tumor genomes undergo
complex structural aberrations mediated by large-scale rear-
rangements and repetitive sequences, traditional linear align-
ment suffers from severe "reference allele bias" and se-
quence mapping artifacts, leading to substantial false nega-
tives and false positives.88

To shatter this technological ceiling, next-generation algo-
rithms like Scalpel have innovatively introduced the mecha-
nism of local microassembly. It entirely abandons the brute-
force approach of mapping short reads directly to a reference
genome, opting instead to utilize de Bruijn graphs to inde-
pendently and de novo reconstruct genomic sequences

within target regions.?8°0.°" Through this foundational recon-
struction, Scalpel dramatically eliminates PCR and sequenc-
ing artifacts, pushing the detection accuracy of complex in-
dels shorter than 100 bp to new heights. Taking this a step
further, next-generation structural variant genotyping tools,
exemplified by Paragraph, have completely subverted the lin-
ear paradigm, propelling analysis into the era of graph ge-
nomes.?? Paragraph constructs a Directed Acyclic Graph
(DAG) for every candidate SV awaiting validation, encom-
passing the reference path alongside all known variant
branch paths.®® Sequencing reads can undergo unbiased lo-
cal realignment within these three-dimensional sequence
graphs spanning breakpoints, thoroughly eradicating the bias
detriments inherent to linear alignment at the fundamental
level of physical logic. This technology provides the core
computational prowess required to precisely reconstruct and
track genomic catastrophes under the selective pressure of
targeted drugs.®*

5.3 Microenvironmental Symbiosis and Immune Evasion
Networks at the Single-Cell Level

Today, as precision medicine advances into high-dimen-
sional spaces, single-cell multi-omics technologies have suc-
cessfully and seamlessly stitched together transcriptomics
(scRNA-seq), spatial epigenetics, and proteomics, achieving
a leap forward in the vectorized tracking of dynamic evolution
within the tumor microecosystem 1. At the vanguard of im-
munotherapy, the emergence of resistance is not merely an
accumulation of genetic mutations within isolated cancer
cells; rather, it is the product of network-level, coordinated
remodeling of the entire tumor microenvironment (TME) un-
der immune pressure.

High-resolution, dynamic single-cell tracking has revealed
that minute populations of drug-resistant, stem-like sub-
clones lie dormant at a very early stage within tumor tissues
that are otherwise sensitive to immunotherapy. When sub-
jected to sudden surges in immune surveillance pressure,
these latent subclones rapidly achieve explosive, selective
expansion via the hyperactivation of the Wnt/B-catenin sig-
naling axis, accompanied by drastic cellular metabolic repro-
gramming.®®> A more sophisticated evolutionary strategy,
confirmed through the analysis of intercellular ligand-recep-
tor communication networks at single-cell resolution, reveals
that these aggressively expanding resistant clones actively
secrete specific immunosuppressive metabolites. This sys-
tematically and irreversibly induces deep functional exhaus-
tion in the CD8+ cytotoxic T cells infiltrating the tumor mar-
gins.%97 By precisely capturing these early metabolic or tran-
scriptional signals during the nascent stage of clonal expan-
sion, clinicians can preemptively deploy specific metabolic
pathway inhibitors or Wnt inhibitors to execute a fundamental
interception of these adaptive evolutionary pathways, well
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before the tumor can fully construct an impregnable immune
sanctuary.%8%°

6. Clinical Translation: The Endgame Strategy
of Implementing Evolutionary Interception

Following the comprehensive deconstruction of the spatio-
temporal evolutionary dynamics, genomic topological vulner-
abilities, and microenvironmental symbiotic networks of tu-
mours, the ultimate objective of modern clinical oncology tri-
als is undergoing a radical paradigm shift. It is transitioning
from a reactive 'salvage' approach against established, large-
scale drug resistance to a proactive 'upfront interception'
strategy that reconfigures the sequencing of targeted thera-
pies to sever evolutionary trajectories at their very
source. 00101

6.1 Evolutionary Sequence Reconfiguration: The Proac-
tive Deployment of Synthetic Lethality

Perhaps the most striking clinical translation of the evolution-
ary interception concept to date is the subversion and recon-
figuration of standard guidelines based on the specific evolu-
tionary logic of luminal breast cancer. As previously dis-
cussed, in breast cancers harbouring germline BRCA2
(gBRCA2) mutations, the physical linkage on chromosome
13q renders the RB1 gene in a highly vulnerable state of
baseline monoallelic loss.'? When these tumours are ex-
posed to first-line CDK4/6 inhibitors (CDK4/6i), the active
HRD mutational engine readily catalyses the generation of
minute short-fragment deletions. This executes the fatal 'sec-
ond hit' on RB1, thereby rapidly and thoroughly evading cell
cycle inhibition.

According to traditional, reactive medical guidelines, patients
must endure irreversible biallelic loss and rapid clinical dete-
rioration before the use of PARP inhibitors, which target HRD,
is considered in the compromised setting of later-line therapy.
However, by this juncture, the clonal landscape of the tumour
is already extraordinarily complex. Based on the precise pre-
diction of evolutionary probabilities, international multicentre
clinical trials have substantially advanced the lines of thera-
peutic defence. These trials deploy the next-generation,
highly selective PARP1 inhibitor saruparib (AZD5305) in
combination with an oral SERD (camizestrant) as the abso-
lute first-line treatment for patients harbouring BRCA1/2 or
PALB2 mutations, directly competing head-to-head against
standard CDK4/6i combination regimens.'® The underlying
logic of this evolutionary interception relies on the exception-
ally efficient 'PARP trapping' mechanism of saruparib, which
physically deadlocks the PARP1 protein at the sites of DNA
single-strand breaks. This precipitates catastrophic 'synthetic
lethality' within this occult population of HRD-deficient tumour
cells as their replication forks collapse %419 This strategy
preemptively and thoroughly eradicates the 'seedbed cell
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pool' with the potential to generate RB1 loss-of-function mu-
tations from a physical standpoint, before CDK4/6 inhibitors
are introduced to exert selection pressure. By directly dis-
mantling the assembly line of resistance mutations, trials
such as EvoPAR-Breast01 truly actualise the ultimate goal of
truncating specific molecular evolutionary trajectories.

6.2 Precision Cancer Prevention: Frontier Applications
of Neoantigen Vaccines

On a more expansive scale of public health and precision
prevention, the highest manifestation of evolutionary inter-
ception is the extension of the defensive frontline to a stage
prior to macroscopic solid tumourigenesis, achieving ultimate
evolutionary blockade during the subclinical phase in high-
risk hereditary populations.'07.108

Consider Lynch syndrome (LS) as a paradigm. This autoso-
mal dominant disorder, driven by germline mutations in mis-
match repair (MMR) genes, predisposes patients to a lifetime
risk of up to 80% for developing colorectal, endometrial, and
urothelial cancers.'®® Constrained by definitive mismatch re-
pair deficiency, the mucosal precursor cells in these patients
inevitably develop microsatellite instability (MSI) during the
nascent stages of malignant transformation. This founda-
tional mechanism precipitates a high frequency of extensive
frameshift mutations, resulting in the cell-surface presenta-
tion of highly immunogenic 'frameshift neoantigen peptides'
(FSPs) that are strikingly distinct from the host's native tis-
sues.'"0

Because the evolutionary emergence of these neoantigens
exhibits an exceptionally high degree of deterministic cer-
tainty, researchers have successfully developed NOUS-209,
an 'off-the-shelf' neoantigen-specific viral vector vaccine tai-
lored for individuals with Lynch syndrome.'"" This vaccine
encodes 209 FSPs that are broadly shared during the early
stages of MSI tumour evolution. In follow-up data, NOUS-209
demonstrated excellent prophylactic efficacy: among 45 en-
rolled Lynch syndrome carriers, the vaccine exhibited an out-
standing safety profile and a 100% immunogenic response
rate. It successfully elicited a robust, broad, and highly dura-
ble response network of CD4+ and CD8+ memory T cells,
with peak effector functions reaching approximately 1,100
IFN-y spot-forming cells (SFCs) per million peripheral blood
mononuclear cells (PBMCs).""? Sustained through the con-
tinuous remodelling provided by annual boosters, the vaccine
essentially deploys a preemptive, highly targeted, and patrol-
ling immunological armed force within the patient. Should
cells in any organ begin to express these characteristic MSI
neoantigens during the primordial stages of evolution, the pa-
trolling memory T cells can instantly initiate exceptionally pre-
cise, targeted clearance at a microscopic node, well before
the formation of a macroscopic adenoma or tumour. Clinical
data reveal that over a one-year follow-up period, a remark-
able 'zero incidence' of new high-grade adenomas was
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achieved within this extremely high-risk cohort (compared to
a natural expected annual incidence of approximately 4%).""
This dynamic, long-lasting defence, relying on the host's po-
tent immunological memory system, perfectly exemplifies the
ultimate vision of utilising highly deterministic molecular evo-
lutionary trajectories to achieve absolute 'evolutionary block-
ade' of the primary lesion at its earliest inception.

7. Conclusions and future challenges

The profound integration of modern genomic topology, un-
derlying sequencing algorithms, and molecular evolutionary
biology has irrefutably revealed that cancer is fundamentally
far more than a disease of uncontrolled cellular proliferation
driven by localized genetic mutations. Rather, it is an excep-
tionally complex, adaptive evolutionary system that is highly
dynamic within the microscopic host ecosystem, driven by
the dual pressures of natural selection and intensive pharma-
cological intervention.?'.113

From the baseline allelic vulnerability conferred by the in cis
linkage of germline BRCA2 (gBRCAZ2) and RB1, to the muta-
tional fuel supplied at an ultra-high frequency by homologous
recombination deficiency (HRD) and the endogenous APO-
BEC3 mutational motor, through to the compensatory rewir-
ing of epigenetic and metabolic networks at the non-genetic
level, tumour populations demonstrate an almost impeccable
fault tolerance and survival instinct when confronted with
therapeutic pressure. Faced with this system-level biological
challenge, the global oncology community is driving a historic
paradigm shift from passive defence to proactive "evolution-
ary interception" with unprecedented resolve. Whether lever-
aging underlying graph genome algorithms to decipher ex-
ceedingly complex structural variations, deploying the
NOUS-209 subclinical neoantigen vaccine developed for
high-risk hereditary syndromes, or utilizing the elegant se-
quential drug combination of EvoPAR-Breast01 to preemp-
tively truncate CDK4/6i resistance pathways via profound
synthetic lethality mechanisms, these frontier advancements
collectively delineate the grand contours of next-generation
curative strategies.

However, as the medical defensive frontline is comprehen-
sively and substantially advanced, "evolutionary intercep-
tion"—as a highly radical interventional paradigm—inevitably
confronts formidable, high-order critical challenges and ethi-
cal scrutiny.

Foremost among these are the ethical controversies sur-
rounding overtreatment and the risks of cumulative toxicity
invariably precipitated by "preemptive interception". The pre-
diction of evolutionary trajectories is fundamentally predi-
cated on probabilistic models. This implies that even if early
high-risk clonal drift is captured via circulating tumour DNA
(ctDNA) or specific baseline allelic vulnerabilities are identi-
fied, not all lesions in the subclinical or minimal residual dis-

ease (MRD) stages will inexorably progress to lethal macro-
scopic malignancies within a patient's natural lifespan. The
widespread, prolonged administration of potent targeted in-
hibitors or viral vector vaccines to high-risk but asymptomatic
individuals will subject a subset of the population—who might
not require immediate intervention—to significant long-term
physical toxicity and substantial "financial toxicity".2414
When implementing prophylactic evolutionary interception
spanning years or even a lifetime, this often-overlooked, low-
grade cumulative toxicity could profoundly impact patients'
quality of life.

Furthermore, comprehensive interception strategies must
confront the exceedingly complex "whack-a-mole" ecological
effects inherent in tumour evolution. To completely abrogate
acquired resistance, there is a strong clinical propensity to
employ multi-target combinatorial strategies aimed at com-
prehensively blockading major kinase escape networks,
such as MAPK and PI3K. However, when all mainstream mu-
tational escape routes are simultaneously subjected to over-
whelming evolutionary suppression, this profound existential
bottleneck may paradoxically compel tumour cells to undergo
extreme regressive evolution. This can drive them into a "rare
dedifferentiated phenotype" or a neural crest stem cell-like
(NCSC-like) state of deep dormancy that is entirely inde-
pendent of specific kinases 5116, This broad-spectrum re-
sistance and immune evasion—achieved through profound
transcriptional plasticity and lineage reprogramming—not
only obliterates the expression of tumour-specific antigens
but also deprives any subsequent precision targeted thera-
pies of their physical targets, thereby precipitating a far more
lethal systemic therapeutic recalcitrance.'”

Looking ahead to the next decade, the breakthrough to con-
quering the ultimate enigma of cancer lies in the profound
integration of the ultimate variant-resolution capabilities of
graph genomes—which eliminate allelic bias—with adaptive
microenvironmental evolutionary computational models
trained by advanced artificial intelligence. Only by establish-
ing dynamic mathematical constraint models that balance ex-
ceedingly high predictive confidence with the minimal cost of
cumulative interventional toxicity, thereby accurately deline-
ating the unique "evolutionary probability landscape" for tu-
mours of diverse genetic backgrounds, can we truly reverse
our passive stance in this life-or-death Darwinian game. Ulti-
mately, this will elevate our approach from the often-futile
"palliative prolongation" in late-stage malignancies to a "cu-
rative interception" defined by absolute, proactive dominance.
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Figure 1. Comparison of tumor evolutionary trajectories under traditional vs. adaptive interception paradigms. Starting from
baseline heterogeneity, initial therapy creates an MRD bottleneck that inevitably leads to "competitive release" and lethal re-
lapse in traditional reactive models as resistant clones (orange) multiply. In contrast, Adaptive Intercept Therapy proactively
deploys specific tools—such as neoantigen vaccines or preemptive synthetic lethal combinations—during this window of mini-
mal clonal complexity to target predicted resistance mechanisms. By front-loading interventions based on genomic topology
and evolutionary probability landscapes, this strategy aims to truncate the "second hit" of resistance, maintaining long-term
minimal complexity and shifting the clinical outcome from passive containment toward a definitive cure.

Table 1. Evolutionary Features and Molecular Dimensions of TNBC vs Luminal Breast Cancer

Evolutionary Features and  Triple-Negative Breast Cancer (TNBC) Luminal (HR+/HER2-) Breast Cancer
Molecular Dimensions Evolutionary Trajectory Evolutionary Trajectory
Core germline susceptibility Strongly associated with gBRCA1 Strongly associated with gBRCA2 1
genes
Core somatic co-occurrence  Exceptionally high TP53 mutation rate Enrichment of RB1 loss-of-function and
events (>80%), presenting as foundational co-occur- ~ MYC/AURKA amplifications 1

rence
Mutational networks and High TMB, widespread co-mutation patterns Relatively low PIK3CA mutation rate, mu-
evolutionary strategies among driver genes tations often exhibit mutually exclusive

evolutionary features 1

Genomic topological features  Early extensive metastasis to lymph nodes, Physical linkage of BRCA2 and RB1 on
exhibiting global chromosomal instability chromosome 13q leads to baseline Co-
LOH 1
Resistance bottlenecks un- Lacks a single targetable pathway; relies on Highly susceptible to complete RB1 inacti-
der therapeutic pressure complex structural variants and clonal diver- vation via a second hit when facing
sity CDK4/6i pressure 1
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