Journal Name: Ageing and Cancer Research & Treatment
Manuscript NO: ACRT 202621
Manuscript Type: Review

Manuscript Title: From RNAI to single-cell CRISPR: Evolving functional screening
in aging and cancer

Manuscript Author: Botao Fan, Aiwei Wu, Xue Pan®, Hu Wang"

Institution:

Zhejiang Key Laboratory of Medical Epigenetics, School of Basic Medical Sciences,
The Third People's Hospital of Deqing, Department of Cardiology, Affiliated Hospital
of Hangzhou Normal University, Hangzhou Normal University, Hangzhou 311121,

Zhejiang, China.

“Correspondence to:

Hu Wang, Zhejiang Key Laboratory of Medical Epigenetics, School of Basic Medical
Sciences, The Third People's Hospital of Deqing, Department of Cardiology,
Affiliated Hospital of Hangzhou Normal University, Hangzhou Normal University,
Hangzhou 311121, Zhejiang, China. E-mail: wanghul9860315@163.com

Xue Pan, Zhejiang Key Laboratory of Medical Epigenetics, School of Basic Medical
Sciences, The Thitd People's Hospital of Deqing, Department of Cardiology,
Affiliated Hospital of Hangzhou Normal University, Hangzhou Normal University,
Hangzhou 311121, Zhejiang, China. E-mail: panxue19950105@163.com

Cite this article:

Fan B, Wu A, Pan X, Wang H. From RNA! to single-cell CRISPR: Evolving
functional screening in aging and cancer. Ageing Cancer Res Treat. 2026;3(4):202621.
https://doi.org/10.70401/acrt.2026.003 1

Received: April 29, 2026 Accepted: July 17,2026 Published: July 17, 2026



Abstract

Aging and cancer represent divergent fates of a common stress response. Senescence
initially restrains malignancy through stable cell-cycle arrest and immune clearance,
yet persistence of senescent cells and their secretory phenotype (SASP) paradoxically
drives tumor progression, therapeutic resistance, and immune evasion via chronic
inflammation and metabolic reprogramming. Functional genomic screening has
evolved from bulk RNA interference to precision CRISPR modalities, including
knockout, interference, activation, and base editing, and onward to single-cell and in
vivo platforms. These technological advances have transformed our capacity to dissect
cellular state transitions and network dependencies with unprecedented resolution.
Here, we trace this technological evolution and synthesize its impact on aging and
cancer research, with emphasis on chromatin regulation, metabolic rewiring, the
SASP, nucleocytoplasmic transport, therapeutie response, and the tumor
microenvironment. We emphasize that thé.current evidence derives predominantly
from preclinical functional screens and computational predictions. We propose
shifting from gene-centric discovery toward context-dependent network analysis.
Integrating precise editing; in vive-Screening, single-cell multi-omics, and emerging
Al-assisted design may provide information and a design basis for future combined
strategies that simultaneously target vulnerabilities in senescent cells and malignant
populations.
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1.Introduction

Senescence and malignant transformation are interconnected states governed by a
shared regulatory network rather than independent processes. When cells encounter
diverse stressors, such as telomere attrition, DNA damage, and oncogenic signaling,
they trigger a stress response program that evolution has conserved!!l. This program
can either enforce stable cell-cycle arrest or be hijacked to drive malignancy. This can

both induce cell cycle arrest and be exploited by cancer cells to promote malignant



growth. Conversely, the mechanisms that suppress tumorigenesis also limit tissue

renewal, revealing a shared molecular basis between cancer and aging.

While traditionally seen as a static tumor-suppressive mechanism via p53 and Rb
pathwaysl?], senescence actually plays multidimensional roles at the tissue level.
Senescent cells actively remodel their microenvironment through the senescence-
associated secretory phenotype (SASP), metabolic reprogramming, and extensive
epigenetic remodelingl®!. Consequently, they can function as either a tumor barrier or

a cancer driver depending on the specific context!*],

Single genes poorly capture the nonlinear dynamics underlying-aging-cancer
interactions!!>%], Systematic analysis of such complexity:started in simpler eukaryotes.
Early work with yeast deletion collections, temperatute-sensitive alleles, and RNAi
feeding in C. elegans laid the groundwork. Those screens identified core cell-cycle
and longevity pathways, and whole-genome coverage in non-mammals revealed how
functional redundancy operates. Functional screening, especially using CRISPR
platforms, offers a powerful alternative for dissecting this complexity in mammalian
systems!”1. These technologies have already identified key oncogenic dependencies
and are now expanding into aging research by integrating with primary cells and in
vivo models!'®!") Researchers can now map the regulatory networks that control cell

fate transitions and identify critical senescence regulators beyond simple gene lists.

Translating functional screening findings into targeted interventions for aging-related
cancers remains fragmented across research fields. Guided by the principle that
screening technology must align with the specific biological question, this review
integrates mechanistic insights to examine how aging reshapes cancer biology. We
discuss key regulatory networks identified through perturbation screens, then explore
how aged microenvironments modify these pathways, and finally outline strategies
that leverage age-specific vulnerabilities for guidance. Specifically, relative to Lopez-

Otin et al.[5], our review adds a functional genomic screening perspective that moves



beyond descriptive hallmark co-occurrence to reveal how specific perturbations drive
context-dependent fate divergence. Relative to Santinha et al.[11], we provide an
aging—cancer mechanistic integration by interpreting screening data through Al-
assisted modeling rather than focusing on screening technologies. Together, these
distinctions position our review as a complementary synthesis that translates hallmark

concepts into testable network models.

2.Technological Advances for Aging-Cancer Research

Functional screening has undergone multiple generations of conceptual and technical
innovation, enabling increasingly systematic exploration of gene/function at genome
scale (Figure 1). This evolution reflects a major leap in the ability to explore gene
function in a high-throughput and large-scale manner. The field‘has transitioned from
coarse, single-endpoint perturbations to precise editing coupled with high-information

readouts in aging and cancer research.
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Figure 1. The evolution of functional library screening technologies. The field has

progressed through four key developmental stages: (1) Early Functional Genomics



Platform, characterized by cDNA overexpression and RNAi/shRNA; (2) Foundational
CRISPR Platform, initiated by the introduction of Cas9/sgRNA knockout and
expanded to include CRISPRa/i and base/prime editing, an event that laid the
cornerstone for the functional CRISPR platform; (3) Multi-Omics & in vivo
Physiology, which bridges genetic perturbation with single-cell transcriptomics and in
vivo models to resolve cellular heterogeneity and physiological contexts; and (4) Al-
Driven Incremental Optimization Tools, leveraging machine learning for automated
design, off-target analysis, and tools like CRISPR-StAR to interrogate complex
regulatory networks. Together, these stages represent a shift toward high-precision,
high-throughput, and context-aware functional screening in diseases such as cancer
and aging. CDS: coding sequence; ORF: open reading frame; RNAi: RNA
interference; shRNA: short hairpin RNA; siRNA: small“interfering RNA; RISC:
RNA-induced silencing complex; CRISPR: clustered regularly interspaced short
palindromic repeats; sgRNA: single guide RNA; pegRNA: prime editing guide RNA.
CRISOT: CRISPR off-target screening and.identification tool; CRISPR-StAR:
CRISPR screening with temporal and.regional control; CreERT2: Cre recombinase—
estrogen receptor T2 (mutant); CRISPR-GPT: generative pre-trained transformer for

CRISPR design.

2.1 Early functional genomics via ectopic overexpression

The field began with cDNA overexpression screens, a gain-of-function approach that
identified genes driving measurable phenotypic changes!'?>'4, While foundational for
early work in cell differentiation and signaling, this strategy faced two persistent
problems. Building comprehensive cDNA libraries proved technically demanding

15-16] More critically, overexpression often produced non-

with limited coverage!
physiological protein levels, generating artifacts that obscured true biology!'”l. These

screens work best for hypothesis-driven studies rather than unbiased discovery.

2.2 RNAIi/shRNA screening
RNA interference (RNAi)-based libraries, including siRNA and shRNA, brought



genome-wide loss-of-function screening with reach!!3-2!. Yet as the field matured,
researchers recognized inherent limitations that would ultimately drive the CRISPR
revolution. Sequence-dependent toxicity occurs when shRNA seed regions mimic
endogenous microRNAs, inadvertently binding to the 3' untranslated regions of off-
target transcripts and provoking widespread off-target effects?>24], High-level sShRNA
expression saturated the miRNA processing machinery, sequestering Exportin-5 and
RISC-Ago2[?%l, The disruption of basal cellular homeostasis elicits non-specific stress
responses. Collectively, these adverse effects can severely confound phenotypic

readouts at experimental endpoints.

2.3 CRISPR-Cas9 knockout/knockin strategy

CRISPR-Cas9 knockout libraries transformed functional screening through superior
signal-to-noise ratios and reproducibility?®3!l. Researchers could systematically map
tumor dependencies across diverse genetic backgrounds with near-complete gene
inactivation. The impact on cancer research proved immediate and profound(?%-27-32:33],
Double-strand break (DSB)-induced DNA damage responses are particularly
problematic when studying cells already experiencing elevated DNA damage from
agingB32*4. Knockin strategies enable precise sequence insertion while preserving
endogenous regulation; allowing modeling of specific mutations and in vivo

tracking(**1. Together, knockout and knockin approaches provide complementary tools

for dissecting gene function and disease mechanisms.

2.4 CRISPR interference (CRISPRIi) and activation (CRISPRa)

Complete gene loss can also produce overly severe phenotypes that mask subtler
regulatory relationships. These concerns motivated the development of CRISPR
interference (CRISPR1i) and activation (CRISPRa) systems[*®37]. These systems
employ a catalytically inactive Cas9 (dCas9) fused to transcriptional repressor or

activator domains[38l.

The advent of CRISPRi/a has proven particularly transformative for studying



senescence, stem-cell fate transitions, and non-lethal phenotypes, as these biological
processes are often highly sensitive to DNA damage and strong perturbations.
However, CRISPR1/a efficacy depends on chromatin accessibility, and the technology
lacks the resolution to dissect single-base variants, precise mutations, or specific
protein domains**-#!l. These inherent limitations have catalyzed the evolution of

functional screening toward next-generation platforms.

2.5 CRISPR base editing and prime editing

Base editing and prime editing have shifted from a gene-centric approach to single-
nucleotide resolution. By enabling precise substitutions without DSBs, base editing
facilitates the systematic dissection of point mutations, functional residues, and
protein domains!*>#%], Prime editing further expands thistoolkit; allowing targeted
insertions, deletions, and substitutions to model complex'genetic variations!*]. Base
editing screens offer a powerful platform for directed protein evolution and promising

routes to engineer therapeutics such as antibodies and enzymes!4’-1,

Despite progress in coding regions, extending high-resolution editing toolkits to
noncoding regulatory elements remains challenging?>!-*?). Dense sgRNA tiling across
large noncoding intervals, accounting for structural variations, and predicting
functional impactstemain technically demanding. Moreover, phenotypic readouts are

highly sensitive to the cellular microenvironment, complicating interpretation.

2.6 Single-cell CRISPR screening and in vivo screening

Traditional screening relies on population-level readouts like curvival or proliferation.
Single-cell CRISPR screening, exemplified by Perturb-seq, links genetic perturbations
to whole-transcriptome states within the same celll'%>3-361. This method identifies
regulators of cell fate decisions, state transitions, and lineage differentiation>7->8,
revealing heterogeneity and signals hidden in bulk assays. New tools like CRISPR-
STAR algorithm evaluate off-target effects>%%%, and CRISPR-GPT system assists

with experimental design to improve screening precision(®!,



In vivo screening at single-cell resolution provides direct evidence of how genetic
perturbations affect cell fate decisions in physiological contexts!%2¢], The aged tumor
microenvironment specifically alters the impact of certain genetic perturbations on
cancer cellsl®+%0], In aged animal models, gRNAs targeting specific non-coding
regulatory elements cause significant changes in immune cell infiltration states within
tumors!®”), This effect is not observed in young models. Organoid-based single-cell
screening confirms that changes in cell-cell communication networks drive aging-
related cancer susceptibility[®®7%l, Researchers are now combining functional screens
with spatial omics and chromatin profiling. This integration is key to understanding

genome regulation in specific tissue contexts.

2.7 Combinatorial screening: Pprogress and persistent challenges

Combinatorial screening has evolved from inefficient dual-shRNA methods to precise
multiplex CRISPR systems. Cas12a arrays.can.now autonomously process multiple
crRNAs![”Y, Orthogonal Cas9/Cas12a platforms can achieve independent dual-gene
editing, and the INAMER platform offers superior sensitivity for detecting synthetic
lethal interactions!’?l. These advances made it possible to screen thousands of gene
combinations, uncovering relationships such as BRCA1-PARP1 and KDM-PARP7,

that were previously hidden by technical noise and poor co-delivery rates!’>74],

The combinatorial explosion problem still limits genome-wide mapping, as testing all
human gene pairings far exceeds current experimental capabilities. The field has
responded with a pragmatic strategy: integrate small, targeted libraries with large-
scale multi-omics databases. Machine learning now predicts high-confidence
interactions before wet-lab validation. CRISPR-GEM, for instance, uses neural
networks to forecast editing effects, guiding experimental design!”>!. More recent
explainable Al models go further, integrating sequence features with epigenetic
information to predict both gRNA efficiency and off-target risks. CCLMoff leverages

RNA language models for versatile predictions across diverse NGS datasets!’¢l. This



big data-guided, small-database-validated approach can efficiently navigate complex
genetic interaction networks and accelerate the development of translational medicine

breakthroughs, such as the use of WRN helicase inhibitors in MSI cancer.

2.8 Platform selection, in vivo barriers, and future directions

Given the diverse array of CRISPR-based screening technologies now available,
selecting the optimal modality requires aligning the specific biological question with
the strengths of each platform. CRISPR knockout remains the gold standard for
identifying essential genes in cancer dependency maps, whereas CRISPRi/a and base
editing are increasingly preferred in aging research to model dosage effects and
specific point mutations without triggering confounding DNA damage responses!’”),
Emerging modalities such as spatial CRISPR screeningl®®land RNA-targeting
CRISPRI further expand the toolkit for aging and cancer models. A concise
comparison across key dimensions, with emphasis on suitability for aging and cancer

research, is provided by Figure 2 and Table 1.

Biological Question Selection basis

Identify genes for aging/cancer = P CRISPR-Cas9 KO — - Strong phenotypes, high S/N ratio
Discover rejuvenation factors - > CRISPRa — - Gain-of-funtion screening

Model patient-specific mutations = 2 Base/Prime Editing — » Precise nucleotide changes
Characterize cell state heterogeneity — > Single-cell CRISPR — 9 Transcriptome-wide readout
Study tissue microenvironment effects — » In vivo CRISPR — » Physiological context
Personalized drug screening - > Organoid CRISPR — » Patient-derived, disease-relevant
Map spatial interactions - Spatial CRISPR — > Preserves tissue architecture
Transient gene modulation — » Cas13 (RNA-targeting) — - No genomic alteration

Figure 2. Functional screening technology selection guide.

Table 1. Functional screening technology selection guide.
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CRISPR: Clustered Regularly Interspaced Short Palindromic Repeats; Cas9:
CRISPR-associated protein 9; dCas9: catalytically dead Cas9 (D10A and H840A
mutations); DSB: double-strand break; KO: knockout.

Table 1 summarizes the core features and applications‘of eight' major CRISPR
screening platforms. The content covers the molecular mechanisms, typical
applications, advantages, and limitations of each technology. It further details their
specific utility in aging biology for identifying senescence essential genes and
rejuvenation factors, as well as in caneer research for driver gene screening and
resistance mechanism analysis. This'guide aims to assist researchers in selecting the

optimal technical platform based on their specific biological questions.

Translating these systems in vivo remains fraught with hurdles. The 4.7 kb packaging
limit of AAV vectors is a hard constraint, compounded by serotype-dependent
variations in tropism and immunogenicity. Aging adds another layer of complexity,
transduction efficiency in aged individuals can decrease by 40% compared to younger
cohorts. Editing outcomes vary wildly by tissues, hovering between 60-90% in the
liver, dropping to 30-50% in muscle, and often stalling at 10-30% in the brain. New
strategies are emerging to navigate this landscape. CrAAVe-seq leverages PHP.eB
capsids to enable scalable, cell-type-specific screening within the mouse brain/®,
while in vivo screens in human T cells identified P2RY8-Ga13 as a negative regulator

of tumor infiltration®!. Safety is still a major worry for aging studies, given risks like



off-target cuts, p53 activation, and chromosomal shuffling. That's why many are
switching to RNA-targeting Cas13. LwaCas13a, for example, hits > 90% knockdown
with far fewer errors. Meanwhile, lipid nanoparticles designed to cross the blood-
brain barrier are opening new doors for glioblastoma treatment!”!. These barriers
explain the field's shift toward targeted sub-libraries combined with computational

prediction rather than genome-wide in vivo screens.

Looking forward, in vivo physiological models, spatially resolved mapping, and

Al- guided experimental design will become increasingly central(®%-61:821 AT refines
screening strategies. It also uses the prediction framework to assess off-target risks in
aged tissues and to predict how efficiency changes with age. These abilities help solve
heterogeneity and safety problems. All these advances will provide powerful tools for

studying aging and tumorigenesis.

3.Applications of Library Screening in Aging Research

Cellular senescence is a multifaceted state driven by intrinsic and extrinsic stressors,
including telomere attrition, DNA damage, mitochondrial dysfunction, and epigenetic
drift. Characterized by irreversible cell-cycle arrest and the SASP, this state represents

an active biological program rather than a process of passive decay.

3.1 Chromatin regulatory factors: Senescence as a stable epigenetic state
CRISPR screens have revealed that epigenetic regulators actively sustain senescence.
In 2021, Wang and colleagues conducted a genome-wide CRISPR-Cas9 knockout
screen in human mesenchymal progenitor cells ((MPCs) and identified the histone
acetyltransferase KAT7 as a potent pro-senescence gene[83]®%). Genetic ablation of
KAT7 markedly alleviated senescence phenotypes and restored proliferative capacity
in vivo. Focused screens further identified H2A4.Z.1 as a driver of senescence in human
mesenchymal stem cells (hMSCs) by modulating enhancer chromatin state to repress
key target genes!®*l. RPL22 was found to destabilize heterochromatin through

nucleolar disruption®, and p300 activates senescence programs via de novo super-



enhancers®®l. Conversely, a CRISPR activation screen identified SOX35 as a
senescence suppressor that functions through HMGB2-mediated chromatin

remodeling!®7].

Collectively, these studies establish a conceptual framework where senescence is
stabilized by an actively regulated epigenetic landscape, paralleling the role of

chromatin dysregulation in cancer plasticity and therapeutic resistance(88-92,

3.2 Metabolic regulatory factors: The senescence-metabolism feedback loop
Contrary to the traditional view of quiescence, senescence drives systemic
reprogramming of glucose utilization!*>*, mitochondrial hemeostasis!®>-%%), redox
balancel®-1921 and proteostasis!!-1%], This creates a self-reinforcing pathological

cycle where metabolic imbalance reinforces the senescent statel!07-10%,

Metabolic dysfunction acts as a critical upstream driver of the senescent state. In
CRISPR-Cas9 screens of aged neural.stem cells (NSCs), the glucose transporter
GLUT4 emerged as a core regulatory network. Its deletion restricted glucose uptake
sufficiently to reactivate dormant-stem cells. This finding indicates that excessive
metabolic input can precipitate senescencel!!'%!!'!l In parallel, genome-wide screens
have identified neddylation networks and BAF complex components as essential
proteostatic valves. Disruption of these pathways impairs protein synthesis and
metabolic adaptation. Consequently, this triggers cellular senescence and accelerates
stem cell exhaustion!!!'>!13], Screens in adipose-derived mesenchymal stem cells
highlighted enrichments in mitochondrial translation and FoxO signaling. These

results further underscore the metabolic dependencies of replicative senescencel!!4],

Entry into senescence actively reshapes cellular and systemic metabolism by
reconfiguring conserved growth and secretory pathways. Functional CRISPR screens
have identified mTOR as a central metabolic hub. This hub drives senescence

conversion and the production of the pro-tumorigenic SASP. Such activity



fundamentally alters the nutrient microenvironment. Likewise, whole-genome
CRISPRIi screens have pinpointed FoxO signaling and mitochondrial translation
pathways as key downstream effectors. These effectors reinforce metabolic rewiring

and drive systemic functional decline during the aging process!!!>l.

3.3 SASP regulatory factors: Uncoupling arrest from secretion

A defining feature of senescence is the secretion of large amounts of pro-
inflammatory cytokines, chemokines, growth factors, and proteases, collectively
termed the SASP, which mediates communication between senescent cells and their
microenvironment!>!6117] While transient SASP aids tissue repair, its persistence
drives chronic inflammation and malignancy!!'3-121l. A CRISPR=Cas9 functional
screen targeting 1,378 senescence-related genes in primary human dermal fibroblasts
identified regulators that differentially control proliferative arrest and SASP
expression!!??l, Loss of CHEK?2, HAS1, or MDK allowed partial bypass of senescence
while maintaining or enhancing SASP, whereas depletion of MTOR, CRISPLD?2, or
MORF4L1 suppressed SASP output!22l; These results show that cell-cycle exit and

secretory activity can be genetically.uncoupled.

Distinct pathways can regulate SASP induction. For instance, CEBPB promotes
inflammation independently of the DNA damage response (DDR) in dyskeratosis
congenita cells!!?*/.CRISPR-based screening approaches have also revealed that
autophagic processes selectively modulate SASP. Disruption of autophagy-related
genes attenuates the secretion of pro-inflammatory factors without reversing
senescence-associated growth arrest!!?, In addition, CRISPR screens targeting innate
immune pathways have identified the cGAS—STING axis as a critical driver of SASP.
Loss of function of key cytosolic DNA-sensing components suppresses inflammatory
cytokine production without affecting proliferative arrest, demonstrating that innate

immune signaling constitutes a dedicated regulatory module for SASP induction!!?%,

These findings position SASP as a modular, therapeutically targetable component,



enabling strategies to suppress harmful inflammation while preserving tumor-

suppressive arrest.

3.4 Nucleocytoplasmic transport: A spatial control layer

Nucleocytoplasmic transport is emerging as a regulatory layer in senescence by
governing the spatial organization of key regulatory factors. By controlling the spatial
distribution of transcription factors, RNA-binding proteins, ribosomal subunits, and
stress-response regulators, this system operates at the interface of gene regulation and

proteostasis.

Li et al. identified the export receptor XPO7 as a positive regulator of senescence in
hMSCs!!26l, Loss of XPO7 attenuated multiple senescenee phenotypes and altered
HDAC?2 stability, suggesting that nuclear export influences senescence not merely
through cargo transport, but by modulating the localization and turnover of key
regulatory factors. In a complementary CRISPR screen, Breusegem ef al. identified
nuclear architecture and transport-related factors as critical modulators of senescence
progression and inflammatory signaling, further supporting a role for
nucleocytoplasmic trafficking in'shaping senescence outcomes!!!?), Genome-wide
CRISPRIi screening further revealed that RNA processing and nuclear export
machinery selectively regulate SASP-associated gene expression without reversing
proliferative arrest!!!4l. Single-cell platforms like Perturb-seq have reinforced the
centrality of nuclear organization in senescencel'’l. Similar to cancer, where nuclear
export sustains transcriptional plasticity, XPO7 represents a network linking
senescence and tumorigenesis, with outcomes determined by context-specific

transport dynamics.

3.5 From cellular senescence to organismal aging
Functional genomic screening is reshaping aging research by shifting the focus from
single-gene models to integrated regulatory networks. Accumulating evidence

suggests that cellular senescence is not a fixed endpoint defined by a single pathway,



but a stable and actively maintained state shaped by interconnected layers, including
chromatin organization!!'?’], metabolic regulation!!?%12°] nucleocytoplasmic

transport!3%131 and SASP-associated signaling!!*2],

While cell-based screens have largely focused on cellular senescence, emerging
efforts now target organismal aging. Genome-wide RNAI screens in C. elegans have
identified lifespan-extending genes, and recent mouse CRISPR screens incorporate in
vivo cellular readouts linked to aging, such as neural stem cell activation and
neurogenesist!!’l. For example, Epas1 suppression ameliorates cognitive decline via
reducing neuroinflammation in chronic cerebral hypoperfusion models!3*!. Functional
screening has also revealed systemic biomarkers, including. GDF15 and metabolites
like methylmalonic acid and lactate that suppress immune function in aged hosts.
Moreover, epigenetic, transcriptomic, and proteomic aging clocks are beginning to be
functionally validated by CRISPR perturbations . and complementary approaches like
Mendelian randomization to distinguish causal.drivers from mere correlates!!34],

Bridging cellular and organismal aging remains a critical challenge, calling for

longitudinal in vivo Perturb-seq and cross-species comparative screening.

4.Applications of Library Screening in Cancer Research
From a functional genomics perspective, cancer is an adaptive state forged by

137.138] ' metabolic

multifactorial pressures!'*>13¢] including genetic instability!
stress[13%140] therapeutic intervention['#!142], and microenvironmental selection[#!3:144],
These pressures converge on cellular senescence, either inducing transient senescence
to remodel the microenvironment or driving evasion through selective pressure.
Cancer cells repurpose conserved stress, developmental, and homeostatic networks
for survival. Functional library screening provides a systematic framework to resolve
these rewired dependencies, revealing context-specific vulnerabilities!'*’]. CRISPR-
based screens have been particularly instrumental in elucidating the cancer—

senescence interface, covering state transitions, senescence bypass, senescence-

mimetic microenvironment remodeling, and senescence-associated therapeutic



vulnerabilities.

4.1 State transitions: Therapy-induced senescence and cellular plasticity
Therapeutic resistance is increasingly recognized as a dynamic process driven by cell-
state reprogramming rather than solely by genetic selection. Therapeutic stress can
induce a reversible therapy-induced senescence (TIS) state via cancer cell
plasticity!'4¢). TIS cells can remodel the microenvironment through SASP or re-enter
the cell cycle after stress removal, driving recurrence and metastasis. Studying TIS
fate and plasticity can elucidate mechanisms of acquired resistance and define

therapeutic windows.

A landmark study found that TIS mediates resistance to-approximately half of FDA-
approved anticancer drugs across diverse breast cancer models, including MCF7,
T47D, MDA-MB-231, and Hs578T, despite their distinct mechanisms of action!!47],
Integrated single-cell RNA sequencing and.surface proteomics identified KRAS as a
key driver of senescence escape in triple-negative breast cancer (TNBC). TNBC cells
can escape senescence via multiple pathways. CD47-mediated immune evasion
characterizes colorectal and MCF7 models!!#8], RSK3-driven invasive signaling
defines mammary and Claudin-low tumors!'*!, and ncRNA regulation of p53/Rb axes
governs senescence.in neuroblastoma, prostate, and ovarian cancers!!>°l. This

underscores the widespread nature of senescence-escape regulatory networks.

CRISPR screens in lung cancer, melanoma models, and multiple other solid tumor
models have systematically elucidated the molecular basis of senescence persistence
versus entry. Ramponi et al. revealed that drug-tolerant persister cells and drug-
tolerant expanding persister cells lack canonical SASP features but instead depend on
one-carbon metabolism genes and H4K20me3 modification regulators!'3',
Pharmacological inhibition of the responsible methyltransferases KMT5B and

KMTS5C restored inflammatory programs and induced persister cell death, uncovering

a therapeutic vulnerability rooted in epigenetic regulation of senescence-associated



chromatin states.

The development of inducible CRISPR screening platforms has further overcome
technical barriers for non-proliferating cells, enabling gene editing after senescence
establishment. A pioneering study employed genome-wide CRISPR/Cas9 screening in
senescent lung cancer, liver cancer, and breast cancer cells to identify SLC25A23 as a
universal vulnerability of senescent cancer cells!'32!, Remarkably, the antibiotic
salinomycin phenocopies SLC25A23 inhibition, and its combination with DR5
antibodies enhances immune-mediated clearance of senescent cancer cells via IL18-
dependent activation of natural killer cells and CD8" T cells!!*2], Similarly, screens in
pancreatic cancer, glioblastoma, colorectal cancer, and prostate-cancer have
uncovered additional vulnerabilities, including glutaminase, electron transport chain
components, nucleotide synthesis pathways, and XPO1 dependency, collectively
demonstrating that functional genomics is systematically mapping the targetable
vulnerability landscape of senescent cells and providing new avenues for combination

immunotherapy!'47-153],

4.2 The aged host and tumor microenvironment remodeling

The tumor microenvironment (TME) shares hallmarks of aged tissues, including
SASP-like secretion, stromal fibrosis, and impaired immune surveillancel'>*!531, The
aged host is not a passive backdrop but actively shapes tumor evolution through
systemic metabolic changes and local microenvironment remodeling. Systemically,
bone-marrow-derived taurine activates mTOR in leukemia stem cells via SLC6A6,
while systemic lactate and methylmalonic acid suppress CD8* T cell surveillance,
creating a pro-tumorigenic niche. The TME functions as a dynamic ecosystem of

immune, stromal, and endothelial components that tumors co-opt for immune evasion.

In vivo screening has directly interrogated how aging alters microenvironment
function and immunotherapy response. A CRISPRa screen identified

immunostimulatory candidates, including CD80, TNFSF14, CXCL10, TNFSF18, and



TNFSF9, with a three-gene combination achieving potent regression in metastatic
models(!*¢l. A Genome Biology perturb-seq study in glioblastoma combined CRISPRi
with single-cell RNA sequencing to perturb over 500 genes, identifying 49
radiotherapy-sensitivity genes and 230 growth-controlling genes while revealing that

radiation rewires transcriptional responses to perturbations!'37],

Beyond paracrine effects, functional screens have systematically mapped tumor-
intrinsic regulators of immune evasion that operate through mechanisms analogous to
age-related immune dysfunction. These findings underscore the necessity of age-
stratified screening to uncover context-specific vulnerabilities and resistance
mechanisms, bridging systemic host physiology with local TME remodeling to inform
precision oncology in aging populations. Beyond local tissue remodeling, systemic
aging promotes tumor initiation through CHIP. Functional screens reveal that age-
related chronic inflammation creates a selective pressure favoring the expansion of
CHIP mutant clones. These clones exhibit altered differentiation trajectories and
enhanced resistance to apoptosis, lowering the threshold for malignant transformation.
The aged microenvironment, rich in.SASP factors, further accelerates this process by
inducing DNA damage in'neighboring cells and suppressing immune surveillance,

creating a vicious cyele of clonal expansion and tissue dysfunction.

4.3 Senescence-associated vulnerabilities in regulatory networks

Cancer cell dependency on specific regulatory networks is not an intrinsic property of
single mutations but an emergent vulnerability arising from rewired regulatory states,
with senescence representing one such state defined by a unique dependency

architecture.

Senolytic target discovery has accelerated through innovative screening approaches.
The study identified a mitochondrial vulnerability in senescent cancer cells that can be
exploited by the antibiotic salinomycin. The Death-seq platform revealed that SMAC

mimetics synergize with ABT-199 to clear senescent cells while sparing human



platelets, addressing the dose-limiting thrombocytopenia caused by ABT-263[1581,
Genome-wide screening identifies autophagy-related genes as key negative regulators
of cellular senescence, and inhibiting autophagy induces cancer cells to enter
senescence. Combining autophagy inhibitors with senolytics synergistically kills
cancer cells, and this strategy of senescence induction followed by senolysis is now

entering early-phase clinical evaluationl!>%160],

The cFLIP-SLC25A23 axis has emerged as a recurring theme in senescence-specific
vulnerabilities, with cFLIP inhibition sensitizing senescent cells to death receptor-
mediated apoptosis!'>?l. The ongoing clinical trials combining CDK4/6 inhibitors with
DRS5 antibodies are testing the unique dependency state of senescent cells!'¢!,
Functional screening thus provides a systematic framework for-tesolving state-
specific vulnerabilities, enabling therapeutic strategies that either enforce senescence
in intolerable cancers or selectively clear seneseent cells that might otherwise drive

relapse and microenvironmental remodeling.

4.4 Therapeutic outlook: From tumor eradication to state modulation

At the systems level informed by-functional screening, cancer represents a dynamic
adaptive reprogramming process in which genetic instability drives cells to confront
multiple selective pressures, including therapeutic, immune, metabolic, and spatial
constraints!'®?l. In response, cells progressively rewire their developmental programs,
stress-response pathways, homeostatic networks, and evolutionarily conserved
survival mechanisms!'%3, Insights from senescence-focused screens are driving a
paradigm shift from complete tumor eradication toward active modulation of cell
states, targeting key regulatory pathways to either enforce senescence in cancers that
cannot tolerate growth arrest or selectively eliminate senescent cells that would

otherwise drive therapy resistance, metastasis, and immunosuppressionl!63:164],

The two-step senescence-then-senolysis model fundamentally redefines the paradigm

of cancer therapy by reconceptualizing cellular senescence from a traditional



therapeutic endpoint to an actively exploitable intermediate vulnerability statel!6>],
The core logic of this model lies in its functional temporal coupling. Genetic or
pharmacological agents such as VCP inhibitors or CDK4/6 inhibitors are employed to
drive tumor cells into a senescent state, thereby exposing selective vulnerabilities that
are normally cryptic. Senolytic agents are introduced to target these newly acquired
dependencies, including autophagy pathways, lysosomal function, or specific anti-
apoptotic proteins such as cFLIP and MCLI1 for precise elimination. This shape-then-
clear strategy not only validates the feasibility of specific regimens, such as
combining VCP inhibition with ABT-263 and conatumumab in cholangiocarcinoma as
demonstrated by Yang and colleagues through genome-wide CRISPR-Cas9 screening,
but also reveals that the choice of senescence inducer must be matched with the
spectrum of vulnerabilities it creates. Consequently, thissapproach offers a novel

theoretical foundation for overcoming tumor drugtesistance and recurrence.

Although this model demonstrates significant potential for clinical translation,
particularly with combination regimens‘based on mature drugs like CDK4/6 inhibitors
now entering clinical evaluation, its.practical application faces several critical
challenges!!%-167], The primary obstacle is the heterogeneity of the senescent state.
This necessitates the-development of molecular typing tools to predict specific
sensitivities. Furthermore, the lack of robust technologies for monitoring senescence
in vivo creates a bottleneck for precisely timing interventions and evaluating efficacy.
Although emerging imaging approaches, including B-galactosidase-responsive MRI
probes, near-infrared fluorescent probes, bioluminescent probes, and PET
radioligands such as [18F]FPyGal, show promise for in vivo senescence detection,
reliable clinical-grade biomarkers are currently scarce. Additionally, therapeutic
strategies must strictly maintain host homeostasis. The scope and intensity of
senescence induction must be precisely controlled to steer tumor cells toward a state
compatible with the host, avoiding accelerated tissue dysfunction or chronic
inflammation caused by excessive systemic senescence induction. The senescence-

associated secretory phenotype, while potentially beneficial in acute contexts, drives



chronic inflammation, tissue degeneration, and organ dysfunction when senescent

cells persist!168],

Looking ahead, innovations in functional library screening will be the key driver for
deepening the application of this model. CRISPR-based functional genomic screening
strategies explicitly designed to uncover senescence-state-specific dependencies offer
a powerful roadmap for the rational development of next-generation senolytic
therapies. By developing inducible Cas9 platforms to overcome the proliferation bias
inherent in conventional screens, and utilizing in vivo Perturb-seq to simultaneously
map genetic dependencies and transcriptional states under therapeutic pressure,
researchers can more precisely decipher the logic of cell-fate decisions at the
intersection of cancer and aging. Future research directions will'focus on integrating
multi-omics data to define senescence-associated dependency architectures,
conducting age-stratified screening to identify vulnerabilities specific to aged versus
young tumor microenvironments!!>, and exploring the reprogramming effects on the
immune microenvironment following senolytic clearancel'®l. As cancer biology
converges with geroscience, this functional screening-based strategy promises to
transcend traditional cytotoxic paradigms, paving the way for precision therapies not
only in oncology butalso across a broad spectrum of non-tumor aging-related

diseases.

5.Aging and Cancer: A Shared Stress-Response State Transition System

From a systems biology perspective, aging and cancer represent two alternative stable
states emerging from a shared stress-responsive regulatory network. Under persistent
genotoxic, metabolic, and microenvironmental stress, cells undergo state transitions
toward either a stable arrest program (senescence) or a maladaptive proliferative
program (tumorigenesis)!!’%172l, These outcomes are not dictated by single genetic
lesions but by the dynamic reconfiguration of conserved regulatory modules
governing genome integrity, epigenetic state, metabolism, and inflammatory signaling.

The balance between damage sensing, state stability, and immune-mediated clearance



determines the trajectory of this system (Figure 3).
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Figure 3. Interconnected hallmarks of aging and cancer. This figure illustrates the
shared and distinct biological pathways linking aging‘and cancer. It highlights key
mechanistic pillars, including genome instability, chronic inflammation, metabolic
rewiring, and epigenetic reprogramming, that.drive both processes. The diagram
further clarifies the dual role of these mechanisms, acting as tumor-suppressive
barriers in early aging while promoting tumorigenesis and tissue degeneration in late

stages.

5.1 Genomic instability: Divergent fates under shared stress

Genomic instability serves as a primary upstream driver of both aging and cancer. In
aging, accumulated DNA damage, such as telomere attrition and replication stress,
activates the DNA Damage Response (DDR), enforcing stable cell-cycle arrest!!73-178],
In cancer, defective repair coupled with selective pressure allows cells to bypass arrest,

leading to mutation accumulation and clonal evolutionl!7-181],

The divergence is not deterministic but conditional on system-level clearance capacity.
Chaib et al. demonstrated that chemotherapy-induced senescent cells within tumors
can upregulate PD-L2 to evade immune clearance!'®?l. Such escaped senescent cells

persist within tissues, acquiring pro-tumorigenic functions including immune



(1831 Thus, genomic instability functions as a shared

modulation and niche remodeling
initiating stress, while downstream fate depends on whether checkpoint enforcement
or escape-and-selection dominates. This axis defines genomic integrity control as a

state bifurcation network linking aging and cancer outcomes.

5.2 Epigenetic reprogramming: A shared regulatory basis for state fate decisions
Epigenetic remodeling provides the structural basis for stabilizing or reversing
cellular states under stress. Senescence is characterized by chromatin reorganization,
including heterochromatin formation, DNA methylation drift, and transcriptional
locking of proliferative programs!!#+1861 In contrast, cancer cellsexploit epigenetic
plasticity to sustain a dedifferentiated state, lineage flexibility, and therapy

adaptationl!87-188],

Screens targeting epigenetic regulators have identified critical genes and pathways
governing these states. Studies on KAT783%2'H2AZ 1134 and RPL22[33] reveal that
histone acetylation and nucleolar homeostasis dictate the entry and maintenance of
senescence. In cancer, regulators such as DNMT3A!!'8] TET2['Y, and the Polycomb
complex (PRC2/EZH2)!°L192] gre-pivotal for maintaining stem-like states and lineage
plasticity. For instanc€; in acute myeloid leukemia (AML), alterations in DNMT3A
and TET2 correlate.with altered chromatin accessibility at differentiation loci,
facilitating the reacquisition of stemness!!*3-1%¢, In solid tumors, EZH2-mediated
H3K27 methylation drives dedifferentiation and metastasis, while enhancer
reprogramming driven by transcription factors like GATA3 and JUN underpins
endocrine resistance in breast cancer!!*7"1?1. Thus, epigenetic machinery either locks

the cell in a non-proliferative state or unlocks it for malignant progression.

5.3 Metabolic rewiring: A common mechanism for cellular adaptation and state
maintenance
While both senescent and tumor cells exhibit metabolic rewiring, their objectives

differ: senescent cells prioritize sustaining arrest and SASP production, whereas



cancer cells prioritize biomass accumulation and environmental adaptation(2°0-201],

In aged neural stem cells (NSCs), increased glucose uptake drives the senescent state,
and transient glucose restriction can restore activation, highlighting abnormal nutrient
sensing as a key driver!!!%, Conversely, cancer metabolism is often fueled by niche-
derived resources. Sharma et al. integrated single-cell transcriptomics with in vivo
screening to show that bone-marrow-derived taurine, transported via SLC6A6,
activates mTOR signaling and glycolysis in leukemia stem cells, sustaining self-
renewal and conferring venetoclax resistance(>*?l. This underscores that metabolic
adaptation in cancer is not purely cell-intrinsic but relies on systemic metabolic cues,
paralleling the metabolic shifts seen in aged tissues. Indeed, global metabolic
deregulation in the aged host dynamically remodels the'microenvironment. The
accumulation of byproducts such as systemic lactate and methylmalonic acid, coupled
with a decline in NAD" and glutamine availability, actively suppresses CD8* T cell-

mediated immune surveillance!293-205],

Thus, metabolic rewiring functions as an energetic constraint layer that biases system

trajectories toward maintenance (senescence) or expansion (tumorigenesis).

5.4 Inflammatory signaling and SASP: The context-dependent bridge
The SASP functions as a dynamic signaling program linking intracellular states to
tissue-level outcomes, with effects dictated by context, duration, and

composition!206-207],

In acute or short-term conditions, such as embryonic development, wound healing,
and early tumor suppression, the SASP serves a beneficial homeostatic role by
reinforcing cell-cycle arrest via autocrine loops and recruiting immune effectors to
clear senescent cells!?%2°1, Conversely, when senescence becomes chronic due to
unresolved DNA damage or persistent oncogenic stress, the SASP undergoes a

malignant transformation driven by master regulators like NF-kB and mTOR?!%), This



sustained secretion remodels the microenvironment into an immunosuppressive niche,
recruiting myeloid-derived suppressor cells and inhibiting cytotoxic T cells, thereby

accelerating tumor progression!!83:211:212],

This continuum underscores that the tumor-suppressive versus tumor-promoting
nature of senescence is not intrinsic but context-dependent. Recognizing this duality is
critical for therapeutic design. Consequently, therapeutic strategies are evolving to
target this spatiotemporal logic through two distinct approaches. Senolytics
selectively eliminate senescent cells to extinguish the source of chronic SASP, while
senomorphics modulate the SASP composition by inhibiting specific signaling
pathways or neutralizing pro-tumor factors without inducing cell'lysis. Deciphering
the precise spatiotemporal rules governing SASP heterogeneity-is therefore paramount

for safely harnessing these strategies to disrupt the seneseence—cancer axis!?!3-213],

5.5 Shared network, two fates: Identifying the determinant networks
Collectively, genomic instability, epigenetic regulation, metabolic rewiring, and
inflammatory signaling constitute interconnected layers of a unified stress-response
system!>1331701 Aging and’canceremerge as distinct stable endpoints of this system,
defined by differential weighting of arrest, plasticity, and clearance mechanisms. The
former tends toward cell-cycle arrest and sustained inflammatory signaling, while the
latter tends toward proliferation, adaptation, and immune evasion!!7%2%¢]_ Therefore,
understanding this relationship requires moving beyond simply listing shared genes to
pinpointing the specific network nodes that dictate whether a cell becomes senescent
or malignant (Table 2). However, the current heavy skew toward cancer research
limits our view of cancer-aging shared networks. The study must interpret existing
data with caution and prioritize unified research that equally investigates both

processes to overcome these biases.



Table 2. Convergent and divergent regulatory genes and pathways in aging and

cancer uncovered by functional screens.
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6.Conclusions and Perspectives

6.1 Reframing the aging—cancer axis: From linear models to dynamic systems
The traditional linear view of the aging—cancer relationship is increasingly
untenablel?'®l, Emerging evidence posits that both processes stem from a shared
regulatory system that configures distinct outcomes based.on context!?!7), The central
question thus shifts from identifying common genes to understanding how a single
network reconfigures to drive cellular arrest, clearance, adaptation, or malignant

progression?!8],

Recent advances have shifted attention from individual genes to regulatory networks,
enabled by functional genomic screening and high-dimensional profiling. Genomic
instability, epigenetic reprogramming, metabolic rewiring, and inflammatory
signaling, often treated as separate mechanisms, may instead reflect different layers of
the same system responding to persistent stress. Addressing this complexity will
require systematic perturbation of regulatory genes in a context-dependent manner.
For example, coupling pooled CRISPR screens with single-cell transcriptomic and
epigenomic readouts can reconstruct how network topology shifts across cell

states[21°],

6.2 Overcoming limitations: The next generation of functional genomics
Despite significant advances, critical challenges remain. First, the high context-
dependency of aging and cancer necessitates more physiologically relevant models.

Future efforts must prioritize primary cells, organoids, and in vivo platforms that



preserve tissue architecture and immune interactions!??’l. Second, temporal dynamics
are often overlooked. Key processes, such as the evolution of the SASP or the long-
term fate of therapy-induced senescent cells, unfold over extended periods!!>4,
Capturing these trajectories will require longitudinal strategies, such as time-resolved
lineage tracing combined with inducible CRISPR systems. Third, resolving cell—cell

interactions demands the integration of perturbation screens with spatial

transcriptomics and multiplexed imaging!22!2%2],

To address these gaps, the field is advancing toward integrated multi-scale
frameworks. In vivo CRISPR screening, empowered by engineered viral vectors and
cell-type-specific promoters, enables systematic interrogation within native
physiological contexts!??*-2241, Genetic perturbations can'now:be coupled with
information-rich readouts, including single-cell multi-omics and spatial
transcriptomics!?2>226], This shifts screening from simple hit identification to building
high-dimensional genotype—phenotype maps. Such strategies can directly resolve cell
state transitions, including senescence emergence, maintenance, and
reprogramming!?2’-228], These strategies'can also map how these trajectories interact
with tumor evolution, immune responses, and therapies?**23%, Crucially, expanding
beyond transcriptional outputs to include protein-level and functional phenotypes will

be essential for a holistic understanding of biological effects.

6.3 Al-driven discovery: From data integration to virtual cells

Al is transforming CRISPR screening from empirical discovery to predictive design
through concrete applications. For off-target prediction, tools like CRISOT leverage
RNA-DNA interaction fingerprints from molecular dynamics to predict genome-wide
effects for Cas9 and base editors with superior accuracy. In combinatorial design,
NAIAD employs active learning to integrate single-gene data with adaptive gene
embeddings. This approach identifies synergistic targets with a 40% performance gain
across more than 350,000 interactions!?3!!. Deep learning models such as

DeepCRISPR and CRISPR Net now predict guide RNA specificity and editing



efficiency by integrating sequence features with chromatin context, while transfer
learning approaches like DeepCRISPTL address cross-cell-type variability[232233],
Causally informed frameworks like PDGrapher, a graph neural network incorporating
causal structure, identified 13.37% more true therapeutic targets in chemical
perturbation screens and successfully nominated KDR as a treatment target for non-
small cell lung cancer, with recommended inhibitors including vandetanib and
sorafenib?*#], It should be noted that the field is still largely at the preclinical stage,

with most evidence coming from cell-line screens and computational modeling.

Despite these advances, critical bottlenecks constrain widespread adoption. The lack
of high-quality standardized training data remains a primary limitation, as CRISPR
screening datasets exhibit substantial heterogeneity dueto differences in cell lines,
screening protocols, and readout methods!?*1. This variability directly contributes to
poor cross-cell-type and cross-tissue generalizability, meaning models trained on
cancer cell lines frequently fail to predict outcomes in primary cells or in vivo settings.
The black box nature of deep learning hinders mechanistic insight, and integrating
multi-omics readouts poses computational challenges. Addressing these issues
requires coordinated efforts to generate standardized perturbation datasets across
diverse biological contexts, develop transfer learning methods for improved cross-
tissue prediction; and create interpretable Al frameworks that guide hypothesis-driven
research rather than functioning as black boxes. The ultimate goal is to integrate
large-scale perturbation data with computational modeling to build virtual cell
frameworks capable of simulating cellular responses in silico before experimental

validation, thereby reducing reliance on exhaustive empirical screening!?36-237],

7.0utlook

Ultimately, the central shift in the field is not merely technological but conceptual. By
framing aging and cancer as alternative stable states of a common regulatory network,
we gain a more coherent basis for understanding their interplay. This perspective

moves us beyond cataloging shared genes toward identifying the critical decision



networks that dictate cellular fate. Leveraging the convergence of in vivo screening,
spatial multi-omics, and Al-driven modeling will empower us to precisely steer these
networks. Finally, suppressing malignant transformation while promoting healthy

aging ushers in a new era of precision intervention.
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