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Abstract

Persistent tumor cells that survive anticancer therapy can remain
viable despite profound suppression of proliferation, yet survival
during treatment and recovery after treatment withdrawal are
biologically distinct events. This integrative review examines how
metabolic state, enzyme regulation, proteome remodeling, nutrient
use, and redox control may shape the transition from treatment
persistence to renewed proliferative capacity. Evidence published
from 2017 through 2026 was synthesized across experimental,
multi-omic, metabolic, lineage-tracing, patient-derived, and
review studies, with explicit separation of observations obtained
during active treatment from those addressing withdrawal,
regrowth, or recurrence. The evidence does not support a single
metabolic program shared by all persistent tumor cells. Instead,
oxidative phosphorylation, fatty-acid oxidation, lipid-peroxide
defense, transsulfuration, lipid synthesis, mitophagy, purine
signaling, and one-carbon-linked chromatin regulation recur in
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different combinations according to tumor lineage and treatment
context. These observations indicate that metabolic recovery is
best understood as a conditional transition requiring compatibility
among pre-existing or treatment-induced cell state, enzyme and
proteome organization, redox capacity, and accessible nutrient
resources. Therapeutic opportunities therefore lie less in
identifying one universal persister metabolism than in defining
context-specific recovery dependencies that remain actionable
when treatment pressure is removed.
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Introduction

Cancer cells that remain viable during otherwise effective therapy
can establish drug-tolerant persister states that are phenotypically
plastic, frequently reversible, and capable of contributing to later
disease recurrence (Russo et al., 2024). Contemporary work
increasingly treats these cells as a dynamic reservoir rather than a
uniform population, because persistence can arise through
different transcriptional, metabolic, epigenetic, and stress-
adaptation programs across tumor types and therapeutic exposures
(He et al., 2024). This heterogeneity is particularly important for
metabolism: a pathway that sustains one persistent state may be
dispensable in another, while different upstream programs may
converge on similar requirements for ATP production, antioxidant
capacity, or membrane-lipid control.

The vulnerability of persister cells to disruption of glutathione
peroxidase 4 established lipid-peroxide control as one
experimentally tractable feature of selected drug-tolerant states
(Hangauer et al., 2017). Related work showed that dependency on
lipid-peroxide defense extends to particular therapy-resistant
cellular phenotypes, reinforcing the importance of redox state
while also demonstrating that the underlying phenotype cannot be
reduced to a single treatment history (Viswanathan et al., 2017).
These findings helped shift the field from viewing tolerance
exclusively through canonical resistance mutations toward
examining reversible cellular states that become metabolically
vulnerable under continued treatment pressure.
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The origin of those states is itself heterogeneous. Single-cell
analyses have demonstrated that rare pre-existing variability and
drug-induced reprogramming can both contribute to survival under
therapy (Shaffer et al., 2017). Residual melanoma after treatment
likewise contains several adaptive cell states rather than one
conserved persister identity (Rambow et al., 2018). Consequently,
an observed metabolic phenotype after treatment may reflect
selection of a pre-existing subpopulation, induction of a new state,
or both. This distinction matters because the same measured
pathway can have different biological meanings depending on
whether it preceded treatment, emerged during adaptation, or
becomes necessary only during subsequent recovery.

Persistent cells also vary substantially in proliferative behavior.
YAP-dependent transcriptional reprogramming can support
treatment-induced tumor dormancy through altered control of
apoptosis (Kurppa et al., 2020). Chemotherapy-treated colorectal
cancer cells can enter a reversible diapause-like state characterized
by broad suppression of growth-associated activity (Rehman et al.,
2021), while other models similarly connect suppressed MYC
activity with a diapause-like treatment-persistent phenotype
(Dhimolea et al., 2021). These observations should not be
interpreted as evidence that persistence is synonymous with
quiescence. Lineage-resolved experiments have identified cycling
persister populations originating from distinct cellular programs,
demonstrating that treatment survival can be maintained without a
uniform dormant phenotype (Oren et al., 2021).

The central problem is therefore temporal as well as mechanistic.
Metabolic properties measured while therapy is present identify
how persistent cells survive treatment, but they do not
automatically establish what enables those cells to resume growth
after treatment is withdrawn. Recovery may require restoration of
biosynthetic throughput, mitochondrial competence, redox
buffering, nutrient access, signaling permissiveness, or proteome
organization that was unnecessary—or differently configured—
during the low-proliferation phase. This review consequently
distinguishes treatment-associated persistence from post-treatment
recovery and examines how enzyme regulation, proteome
remodeling, and nutrient dependence may connect the two states
without assuming that one universal metabolic trajectory applies
across cancers.

Materials and Methods

Integrative Review Design, Evidence ldentification, Appraisal,
and Synthesis

The review used an integrative design suited to a literature base
containing experimental cell models, tumor models, patient-
derived systems, lineage-tracing studies, metabolic and multi-omic
analyses, and mechanistic reviews. Reporting transparency was

informed by relevant PRISMA 2020 principles, particularly clear
separation of identification, eligibility, and synthesis decisions,
without reclassifying the present work as a systematic review or
implying unavailable screening arithmetic (Page et al., 2021).
Search reporting was also structured using PRISMA-S principles
where applicable, including documentation of search concepts,
date limits, source types, and the distinction between reproducible
database identification and supplemental citation-based discovery
(Rethlefsen et al., 2021).

Eligible evidence addressed malignant-cell persistence, dormancy,
drug tolerance, residual disease, or treatment-surviving states and
contained information directly relevant to metabolic phenotype,
enzyme regulation, proteome or organelle remodeling, nutrient
utilization, redox control, withdrawal, regrowth, or recurrence. The
evidence window was restricted to 2017-2026. Primary
mechanistic evidence was prioritized for biological claims. Recent
reviews of pharmacological approaches to persister-cell targeting
were used to identify convergent mechanisms and contextualize
intervention strategies without substituting secondary synthesis for
direct experimental support (Chen, Gowda, et al., 2024). A
complementary recent synthesis of drug-induced persister
mechanisms was used to assess terminology and breadth of
proposed vulnerabilities, while its heterogeneous source base
reinforced the decision not to pool outcomes quantitatively (Liu et
al., 2025).

Evidence was appraised according to biological-state fidelity,
treatment context, temporal design, directness of perturbation, use
of rescue or orthogonal validation, metabolic or proteomic
resolution, inclusion of patient-derived or in-vivo validation where
available, and whether the experiment distinguished treatment
survival from post-treatment regrowth. Findings were synthesized
qualitatively because tumor lineage, therapeutic exposure, state
definition, sampling time, metabolic assay, and outcome measures
varied substantially. Mechanistic convergence was recorded only
when studies supported the same biological function; similar
pathway labels were not assumed to represent equivalent causal
mechanisms across models.

The review therefore treated an evidence unit as a biologically
interpretable study or experimental report rather than as a citation
count. Where exact database retrieval or exclusion totals could not
be reconstructed from the executed search environment, those
quantities were not inferred.

The methodological structure used to organize the evidence is
summarized below.

Table 1 summarizes biological eligibility, evidence-source roles,
and appraisal structure used in the integrative review.

Table 1. Biological eligibility, evidence-source roles, and appraisal structure used in the integrative review

Evidence unit or
source class

Biological question
addressed

Eligible scientific
variables

What permits survival
during active anticancer
treatment?

Metabolic pathway,
enzyme activity,
redox state,

Treatment-
persistent

Required Primary appraisal
contextual y pp. Role in synthesis
. ; emphasis
information
Tumor lineage, drug Direct perturbation, Establish on-
exposure, duration, appropriate treatment
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tumor-cell
experiment

mitochondrial
function, nutrient
use

persister-state
definition

comparator, state
fidelity

persistence
mechanisms

Withdrawal or

What permits renewed
proliferation after

Recovery-associated
signaling, metabolic
reactivation,

regrowth .
. treatment pressure is organelle state,
experiment
reduced or removed? regrowth
competence

Withdrawal timing,
residual drug
exposure, recovery
interval

Explicit temporal
design and regrowth
endpoint

Separate persistence
from recovery

Proteomic or

Which molecular
programs accompany or

Protein abundance,
enzyme-pathway
organization,

Biological model

Orthogonal

Link regulatory state

multi-omic . chromatin state, validation and with metabolic
control persistent-state . and treatment state .
study . transcriptome, causal perturbation phenotype
remodeling? L
lipidome or
metabolome
Carbon source use,
Flux or Which resources are fatty-acid oxidation, Medium .
. . - - o . Define resource-
nutrient- functionally required by glutamine composition, Tracing, rescue, or dependent
dependency persistent or recovering utilization, nutrient availability,  functional inhibition P .
. vulnerabilities
study cells? antioxidant treatment state
metabolism

Does a proposed

Patient-derived . . State-specific Patient/tumor origin, - Strengthen
B mechanism remain L . Model fidelity and .
or organoid . pathway activity or prior treatment, ex- ST translational
. detectable outside . - - transfer limitations
evidence . . vulnerability vivo conditions relevance
conventional cell lines?
. How should . . -
Review or ; Terminology, . Methodological Contextualization
- heterogeneous evidence . . Scope and design of . .
methodological o evidence categories, appropriateness and and review
be classified or - secondary source o
source reporting standards duplication control governance

reported?

Metabolic Characteristics of Persistent Tumor Cells during
Anticancer Treatment

Metabolic adaptation during treatment is not dominated by one
conserved pathway. In melanoma exposed to BRAF/MEK
inhibition, persister-cell survival can depend on ACOX1-mediated
fatty-acid oxidation, indicating that lipid catabolism may sustain
cells that have entered a treatment-tolerant state (Shen et al., 2020).
Other models implicate cholesterol and lipid-handling machinery
through NPC1L1, whose inhibition disrupts adaptive responses of
chemotherapy-tolerant cells (Zhang et al., 2022). These findings
establish lipid metabolism as an important recurrent theme, but
they represent different biochemical processes and should not be
collapsed into a single “lipid-dependent” persister phenotype.

Mitochondrial remodeling provides a second axis of adaptation.
PINK1-mediated mitophagy has been shown to support oxidative
phosphorylation and redox homeostasis in drug-tolerant cancer
cells, linking organelle quality control with energetic and
antioxidant requirements (Li et al., 2023). In EGFR-mutant non-
small cell lung cancer, a circular IGF1R transcript was reported to
regulate the Parkin—-VDAC1 mitophagy axis, with consequences
for survival and subsequent regrowth after EGFR-tyrosine kinase
inhibitor withdrawal (Wang et al., 2023). The latter finding is
especially important because it connects a mitochondrial process
measured in the persister state with behavior after treatment
removal, while still remaining specific to the tested molecular and
therapeutic context.

Persistent cells can also reduce oxidative injury through
mechanisms that act downstream of metabolic production. In
breast-cancer persisters, P-glycoprotein-mediated removal of toxic
lipid-peroxidation products contributes to survival, showing that
tolerance can depend on disposal of damaging metabolites rather
than solely on reducing their formation (Szebényi et al., 2023).
High-grade serous ovarian cancer provides another example of
stress-state heterogeneity, in which ATF3 characterizes an
aggressive drug-tolerant persister population (Bopple et al., 2024).
ATF3 expression alone does not define a metabolic pathway, but
its association with an aggressive state illustrates how stress-
responsive transcriptional programs can coexist with—and
potentially reorganize—metabolic defenses.

Direct metabolic measurements further support context-dependent
oxidative metabolism. Endocrine-therapy-tolerant persister cells in
estrogen-receptor-positive breast cancer exhibit a vulnerability to
oxidative phosphorylation, with quantitative proteomic and
metabolic analyses identifying mitochondrial respiration as a
functionally important feature of that state (Tau et al., 2025). In
BRAF-V600E melanoma, resistance to targeted therapy is instead
supported by remodeling of transsulfuration, which strengthens
cellular handling of oxidative stress through sulfur-amino-acid
metabolism (Borbényi-Galambos et al., 2025). Both settings
converge on redox maintenance, yet their upstream substrates,
enzymes, and treatment histories differ substantially.
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Lipid synthesis can also become functionally important. Therapy-
resistant colorectal cancer cells show vulnerability to inhibition of
de novo lipogenesis, indicating that continued lipid production or
storage can support survival under treatment-selected conditions
(Jog et al., 2025). Conversely, EGFR-tyrosine kinase inhibitor
persisters in lung cancer can engage a DPP4-associated program
linked to CPT1A and fatty-acid oxidation, again illustrating that
increased lipid synthesis and increased lipid oxidation represent
distinct metabolic solutions rather than interchangeable
manifestations of the same state (Zhang et al., 2025).

Metabolic adaptation is additionally shaped by extracellular
metabolites and regulatory coupling across biological levels.
Inosine metabolism can promote oxidative adaptation during
EGFR-targeted therapy through purinergic signaling, connecting
extracellular nutrient availability with intracellular respiratory
behavior (Huang et al., 2025). Persister cells can also display
H4K20me3-dependent  repression  linked to  one-carbon
metabolism and chromatin regulation, showing that metabolic
substrate availability may influence a regulatory state that extends
beyond immediate ATP generation or redox balance (Ramponi et
al., 2025). Such findings caution against treating metabolism as an
isolated layer: nutrient processing, enzyme function, signaling, and

chromatin organization can become
persistence.

interdependent during

Functional-genetic studies reinforce the therapeutic relevance of
these adaptations while also underscoring their limits. Targeting
vulnerabilities identified in persister cells can increase oxidative
stress and delay tumor relapse in experimental models, supporting
the principle that treatment-tolerant states contain actionable
liabilities (Chen, Mainardi, et al., 2024). Redox buffering through
PRDXS5 has likewise been implicated in the survival of treatment-
resistant prostate cancer cells, although this broader resistant-state
evidence should not be interpreted as demonstrating a universal
DTP mechanism (Wang et al., 2024). Across the available studies,
the recurring theme is therefore not a single metabolic signature
but a constrained set of biological functions—energy production,
redox control, lipid handling, mitochondrial maintenance, and
biosynthetic support—that can be achieved through different
pathway configurations.

These distinctions are summarized in Table 2. The organization
deliberately separates biochemical processes that converge
functionally but remain mechanistically non-equivalent.

Table 2. Treatment-associated metabolic programs observed in persistent or therapy-resistant tumor-cell states

Metabolic or

Representative

Principal
biochemical

Directly observed

Functional

Main transfer

regulatory unit treatment context function implicated level interpretation boundary
Utilization of fatt Supports survival in
ACOX1-associated BRAF/MEK- ) - y Enzyme/pathway a defined targeted- Melanoma and
. [ acids during g
fatty-acid oxidation  targeted melanoma tolerance and cell state therapy persister BRAF/MEK context

state

NPC1L1-linked
lipid handling

Chemotherapy-
tolerant cancer cells

Cholesterol/lipid
adaptation

Protein/pathway and
functional response

Contributes to
adaptive survival

Mechanism may not
extend to unrelated
tolerance states

PINK1-mediated
mitophagy

Drug-tolerant
cancer-cell models

Mitochondrial

quality control,

respiration and
redox homeostasis

Organelle, pathway
and functional
perturbation

Preserves
mitochondrial
competence during
persistence

Model-dependent
mitochondrial
reliance

Control of . . .
- - Regulatory RNA, Links mitochondrial
clGF1R-Parkin— EGFR-TKI-treated mitophagy and later rotgin athywa and remodeling with EGFR-mutant
VDACL regulation NSCLC regrowth protein pathway g NSCLC
cell behavior post-treatment fate
competence
Lipid- Detoxification of Limits toxic
'.p Id. Breast-cancer Lo Transport and redox Breast-cancer
peroxidation- . reactive lipid consequences of
persisters phenotype N treatment context
product export products lipid oxidation
o Endocrine-therapy- Mitochondrial ATP- Proteomic, . .
Oxidative by . . Creates a respiratory ~ Endocrine-treatment
hosphorvlation tolerant ER+ breast generating metabolic and vulnerability ersister state
phosphory cancer metabolism functional P
. Sulfur metabolism L A
Transsulfuration BRAF-V600E and antioxidant Multi-omic and Enhances oxidative- Targeted-therapy
remodeling melanoma functional stress management melanoma
support
. N . Pathway and
. . Therapy-resistant Lipid biosynthesis . Supports treatment- Colorectal-cancer
De novo lipogenesis functional

colorectal cancer

and storage

perturbation

selected survival

context

DPP4-CPT1A-
associated fatty-
acid metabolism

EGFR-TKI lung
cancer

Fatty-acid oxidation

Protein/pathway and
metabolic phenotype

Sustains persister
metabolic adaptation

EGFR-targeted lung
cancer
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Purine signalin Connects
Inosine-linked g 9 Metabolite, extracellular
S EGFR-targeted lung coupled to . . . EGFR-targeted
oxidative . . signaling and metabolite .
. adenocarcinoma respiratory . S setting
adaptation . functional response availability to
metabolism L .
oxidative adaptation
Couples metabolic -
P Mechanistic

One-carbon-linked Metabolic support of

. Persister cancer-cell . . Metabolic and supply to — .
chromatin histone methylation . . e direction remains
. models epigenetic transcriptional
regulation state ; model dependent
repression
. Multiple . Genetic, May expose Resistant-state
Redox-buffering . P . Control of reactive - ey p_ . -
o resistant/persister . pharmacological and  actionable oxidative definitions are not
vulnerabilities oxygen species . S .
models functional liabilities interchangeable

Taken together, these findings support a state-transition
interpretation in which treatment persistence is maintained by
several partially overlapping metabolic solutions, while only a
subset has direct evidence connecting them to later recovery. The
distinction between mechanisms that preserve viability during

treatment and those that remain relevant after drug withdrawal is
therefore central to interpreting metabolic persistence.

Figure 1 summarizes metabolic-state continuity and divergence
across treatment persistence and early recovery.

Metabolic-state continuity and divergence across treatment persistence and early recovery

treatment exposure

persistent tumor-cell state

Applicability across boundary
is modified by:

o tumor ineage (e.g., tissue of origin)

and selection/ during active treatment =
multiple, mechani: disti i i © prior treatment class(es)
reprogramming pressure iple, o Joinct o= S o timing and duration of withdrawal

cytotoxic chemotherapy oo <
DNA damage, replication ;

o assay context (in vitro, in vivo, clinical)

-
stress, metabolic stress 3 and oxidative phosphorylation
carly recovery /
stress, pathway - - renewed iferative
e I TN ; e
S S : ST
and adaptive stress choRAeH ik Rmdn ! }\ context dependent subset
, £ e
Fipid-peroxidation products supports post-withdrawal regrowth
: ;
hormone signaiing blockade ! I reactivation of mitochondsial
and metabolic reprogramming H i/ respiration and bicenergetics
1 !
1
_ restoration of lipid metabolism
and membrane bicsyrthesis
~ -
-
re-engagement of metabolite-
> dependent signaling and
e chromatin programs.

Experimentsdy supported
dwectional relationship
Proposed or

establshed

Secondary nteracton
(within persistent state)

Figure 1. Metabolic-state continuity and diverg

Enzyme Regulation and Proteome Remodeling after Treatment
Withdrawal

Post-treatment recovery depends not only on whether a cell
survives therapy but on whether its regulatory machinery can
restore a proliferative metabolic program. In glioblastoma
persisters, PRDM9-dependent chromatin remodeling has been
linked to survival together with changes in cholesterol-
biosynthetic programs, illustrating how epigenetic regulation can
preserve or redirect enzyme-pathway availability during
persistence (Joun et al., 2025). Such evidence argues against
interpreting metabolite abundance alone as a measure of recovery
capacity: the proteomic and chromatin context can determine

metabolic configurations can support

hedrawal recovery o more restrcted
thdramai, regrowth

- 20 bt not directly
al torminate before the boundary or cross it

by tumor lineage, treatment class, taming ar
not imply universal causation, 3 single metabobic trajecto

ence across treatment persistence and early recovery

which metabolic routes remain accessible when treatment pressure
changes.

Direct evidence from regrowth experiments sharpens this temporal
distinction. DFFB-mediated suppression of interferon signaling
has been shown to facilitate persister-cell regrowth, indicating that
recovery requires active remodeling of stress-response programs
rather than simple release from drug inhibition (Williams et al.,
2025). In triple-negative breast cancer, a shared persistence
program was observed across multiple treatments and patient-
derived systems, whereas relapse-associated cells could shift
toward a state more similar to treatment-naive populations (Baudre
et al., 2026). These findings support a reversible, layered model in



71

J Biochem Technol (2026) 17(4): 66-75

which persistence-associated proteomes are remodeled again
during recovery.

Mechanisms that govern entry into persistence should therefore be
distinguished from those governing exit. Chemotherapy-treated
breast-cancer cells can activate WNT signaling to enter a diapause-
like early persister state (El Laithy et al., 2026), but this does not

establish that WNT signaling is the principal driver of later
metabolic reactivation. The temporal position of a pathway within
the treatment-withdrawal sequence is consequently as important
as its molecular identity.

Table 3 summarizes regulatory and proteomic processes with
evidence relevant to post-treatment metabolic recovery.

Table 3. Regulatory and proteomic processes with evidence relevant to post-treatment metabolic recovery

Regulatory or

K . Treatment context
proteomic unit

Biological function
supported

Recovery relevance Principal boundary

Maintains a persistence-

PRDM9-linked

. . Glioblastoma persisters
chromatin remodeling

associated regulatory
state with cholesterol-

May preserve metabolic
pathway accessibility

Glioblastoma-specific
evidence

program remodeling

DFFB-interferon
regulation

Persister-cell regrowth
models

Suppresses inflammatory
signaling during recovery

Directly linked to
renewed growth

Not itself proof of a
metabolic mechanism

Shared persistence
program in TNBC

Multiple treatment and
patient-derived models

Coordinates stress-
adapted state features

Demonstrates state
remodeling across
persistence and relapse

Does not imply complete
molecular reversion

WNT-driven diapause-
like entry

Chemotherapy-treated
breast cancer

Promotes early persister-
state entry

Defines an entry No direct evidence that

mechanism that must be WNT governs post-
separated from recovery withdrawal metabolic
control recovery

Nutrient Dependencies, Metabolic Reactivation, and Recovery of
Proliferative Capacity

Recovery from persistence can become limited by the resources
required to rebuild redox capacity, mitochondrial function,
membrane biomass, and biosynthetic flux. In KRAS-mutant
tolerant cells, combined disruption of glutamine metabolism and
lysosomal function reduces survival, with metabolomic and rescue
evidence supporting a coupled metabolic dependency rather than
an isolated nutrient effect (Furukawa et al., 2026). In ovarian
cancer, mitochondrial fatty-acid oxidation driven through a
CEBPB/HADHA-associated program has been implicated in
therapy-resistant survival and recurrence competence (Lin et al.,
2026).

Other models show that surviving cells can reallocate rather than
simply increase nutrient use. Cisplatin-surviving polyploid cancer
cells redirect central carbon sources toward antioxidant
metabolism, demonstrating that recovery-associated survival may
depend on altered routing of glucose- and glutamine-derived
carbon (Li et al., 2026). Colorectal cancer organoids and drug-

tolerant cells provide complementary evidence that increasing
lipid-peroxidation pressure with docosahexaenoic acid can impair
tolerant-cell regrowth through a ferroptosis-linked mechanism (di
Blasio et al., 2026).

The specific resource constraint nevertheless varies with treatment
and tissue. Cetuximab-tolerant head-and-neck cancer cells can
engage FABP1/PPARy-dependent  peroxisomal fatty-acid
oxidation (Ling et al., 2026), whereas PARP inhibition in high-
grade serous ovarian cancer can produce a redox-dependent
dormant reservoir with a distinct pharmacological vulnerability
(Suriya et al., 2026). Drug- and immunotherapy-persister
populations can also show cross-resistance and shared survival
properties without demonstrating identical metabolic wiring
(Davern et al., 2026). Nutrient dependence should therefore be
interpreted as a context-specific condition for reactivation, not as
evidence for one universal recovery fuel.

Table 4 summarizes resource dependencies and experimentally
supported vulnerabilities during persistent-cell recovery.

Table 4. Resource dependencies and experimentally supported vulnerabilities during persistent-cell recovery

Resource or metabolic
process

Persistent/recovery
context

Supported functional

Vulnerability indicated Interpretation limit

Glutamine metabolism
coupled to lysosomal
function

KRAS-mutant tolerant

Supports metabolic/redox
cells survival

Not a universal
glutamine addiction

Dual metabolic—
lysosomal targeting

Mitochondrial fatty-
acid oxidation

Therapy-resistant ovarian
cancer

Supports survival and
recurrence competence

Proof-of-principle, not
clinical recurrence
prevention

FAO pathway targeting

Central-carbon
reallocation

Cisplatin-surviving
polyploid cells

Fuels antioxidant
metabolism

Polyploid survivor state
may differ from
canonical DTPs

Disruption of redox-
supporting flux
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Constrains regrowth
under oxidative
membrane stress

Lipid-peroxidation
susceptibility

Colorectal organoids and
tolerant cells

Ferroptosis-promoting
intervention

Ex-vivo and treatment-
context dependence

Peroxisomal fatty-acid ~ Cetuximab-tolerant head- ~ Supports persistent-state FABP1/PPARy pathway -
. . . Tumor- and drug-specific
oxidation and-neck cancer energy/redox adaptation targeting
- . Depends on
- S Maintains a dormant Context-specific redox .
Redox-dependent PARP-inhibited HGSOC A - P ; treatment/genomic
dormancy survivor reservoir targeting
background

The combined evidence supports a resource-constrained view of
reactivation: successful recovery requires compatible enzyme
regulation, proteome organization, organelle function, and nutrient

Figure 2 summarizes resource constraints on metabolic
reactivation during persistent tumor-cell recovery.

access rather than release from drug pressure alone.
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Figure 2. Resource-Constrained Metabolic Reactivation across Enzyme Regulation, Proteome Remodeling, Nutrient Availability, and
Persistent Tumor-Cell Recovery

Results and Discussion

Integrated Mechanistic
Therapeutic Implications

Interpretation, Evidence Gaps, and

Across the literature, metabolic recovery is best interpreted as a
conditional transition rather than a fixed persister program.
Oxidative and lipid metabolism recur in several models, but
ACOX1-dependent fatty-acid oxidation, endocrine-persister
oxidative  phosphorylation, and DPP4-linked fatty-acid
metabolism arise from different upstream contexts and should not
be treated as one mechanism (Shen et al., 2020; Tau et al., 2025;
Zhang et al., 2025). Their convergence lies at the level of resource
use and redox support, not pathway identity.

The same distinction applies to lipid-peroxide control. GPX4
dependency, export of toxic lipid-peroxidation products, and
ferroptosis-sensitive regrowth each implicate oxidative membrane
damage, yet they act at different biochemical nodes and in different

tumor systems (Hangauer et al., 2017; Szebényi et al., 2023; di
Blasio et al., 2026). This convergence is therapeutically important
because it suggests recurrent stress liabilities while warning
against assuming equal efficacy from one intervention across all
persistent states.

Temporal evidence is especially decisive. Mitophagy control in
EGFR-TKI persisters, DFFB-dependent suppression of interferon
signaling during regrowth, and longitudinal remodeling of
persistence states in triple-negative breast cancer jointly show that
survival during treatment and recovery after withdrawal are
separable biological phenotypes (Wang et al., 2023; Williams et
al., 2025; Baudre et al., 2026). Future studies should therefore
incorporate defined withdrawal intervals, paired measurements
during persistence and recovery, and direct regrowth endpoints
instead of inferring recovery mechanisms solely from on-treatment
measurements.
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Important evidence gaps remain. Proteomic abundance is often
interpreted  without matched enzyme-activity or  flux
measurements; metabolic phenotypes are frequently established in
nutrient-replete culture conditions that may not reproduce tumor
resource constraints; and many studies evaluate one treatment and
one lineage. The most discriminating experiments would combine
longitudinal proteomics, metabolomics or isotope tracing with
controlled treatment withdrawal, functional perturbation, rescue,
and patient-derived or in-vivo validation. Such designs could
distinguish whether a pathway is required to survive therapy, to
reactivate after therapy, or for both.

Therapeutically, these findings favor state-aware combination and
timing strategies. A metabolic target may be ineffective before a
dependency emerges, unnecessary after a state transition, or toxic
when applied without tumor-specific context. The practical
objective is therefore to identify recovery bottlenecks that are
temporally positioned and mechanistically validated in the relevant
tumor-treatment setting, rather than to search for a universal
persister metabolism.

Conclusion

Persistent tumor cells recover after anticancer treatment only when
survival-compatible states can be converted into growth-
compatible metabolic states. Current evidence supports multiple
routes involving mitochondrial function, redox control, lipid
metabolism, nutrient use, chromatin regulation, and proteome
remodeling, with substantial dependence on tumor lineage,
therapy, and timing. The strongest synthesis is therefore
conditional: post-treatment reactivation requires coordinated
regulatory and metabolic capacity, but no universal recovery
pathway has been established. Future studies that directly compare
treatment persistence with defined post-withdrawal recovery will
be essential for identifying vulnerabilities that can prevent
surviving cells from rebuilding proliferative capacity.

Acknowledgments: None
Conflict of interest: None
Financial support: None

Ethics statement: None

References

Baudre, L., Jouault, G., Prompsy, P., Saichi, M., Gastineau, S.,
Huret, C., Sourd, L., Dahmani, A., Montaudon, E., Dingli,
F., et al. (2026). Characterization of drug-tolerant persister
cells in triple-negative breast cancer identifies a shared
persistence program across treatments and patients. Cancer
Research, 86(3), 802-817. doi:10.1158/0008-5472.CAN-
25-0995

Bopple, K., Oren, Y., Henry, W. S., Dong, M., Weller, S., Thiel,
J., Kleih, M., GaiBler, A., Zipperer, D., Kopp, H.-G., et al.
(2024). ATF3 characterizes aggressive drug-tolerant
persister cells in HGSOC. Cell Death & Disease, 15(4), 290.
doi:10.1038/541419-024-06674-x

Borbényi-Galambos, K., Erdélyi, K., Ditréi, T., Juranyi, E. P.,
Szant6, N., Szatmari, R., Czikora, A., Schmidt, E. E., Garai,
D., Cserepes, M., et al. (2025). Realigned transsulfuration
drives BRAF-V600E-targeted therapy resistance in
melanoma. Cell Metabolism, 37(5), 1171-1188.e9.
doi:10.1016/j.cmet.2025.01.021

Chen, M., Mainardi, S., Lieftink, C., Velds, A., de Rink, I., Yang,
C., Kuiken, H. J., Morris, B., Edwards, F., Jochems, F., et
al. (2024). Targeting of vulnerabilities of drug-tolerant
persisters identified through functional genetics delays
tumor relapse. Cell Reports Medicine, 5(3), 101471.
doi:10.1016/j.xcrm.2024.101471

Chen, Y.-C., Gowda, K., Amin, S., Schell, T. D., Sharma, A. K.,
& Robertson, G. P. (2024). Pharmacological agents
targeting  drug-tolerant  persister cells in cancer.
Pharmacological Research, 203, 107163.
doi:10.1016/j.phrs.2024.107163

Davern, M., Turner, C. J., Griffin, D., Bencsics, L., Chan, B. C.,
Kung, J. Y.-T., Olson, M. L., Walker Williams, C., Soni, S.,
Krotee, L., et al. (2026). Drug-tolerant persisters and
immunotherapy persister cells exhibit cross-resistance and
share common survival mechanisms. Cell Death &
Differentiation, 33(7), 1398-1415. doi:10.1038/s41418-
025-01656-8

Dhimolea, E., de Matos Simoes, R., Kansara, D., Al'Khafaji, A.,
Bouyssou, J., Weng, X., Sharma, S., Raja, J., Awate, P.,
Shirasaki, R., et al. (2021). An embryonic diapause-like
adaptation with suppressed Myc activity enables tumor
treatment persistence. Cancer Cell, 39(2), 240-256.e11.
doi:10.1016/j.ccell.2020.12.002

di Blasio, L., Vara-Messler, M., Peracino, B., Masti, E., Cepas-
Lépez, V., Trusolino, L., Puliafito, A., Bertotti, A., Monica,
V., & Primo, L. (2026). Omega-3 fatty acid DHA induces
ferroptosis in colorectal cancer patient-derived organoids
and drug-tolerant cells. Cell Death & Disease, 17(1), 464.
doi:10.1038/s41419-026-08744-8

El Laithy, Y., Abreu De Oliveira, W. A., Pabba, A., Qualizza, A.,
Cosemans, G., Garcia-Diaz, P., Richard, F., Athanasouli, P.,
Rios Luci, C., De Wispelaere, W., et al. (2026).
Chemotherapy-treated breast cancer cells activate the WNT
signaling pathway to enter a diapause-like early persister
state. Cancer Research, 86(2), 310-330. doi:10.1158/0008-
5472.CAN-24-4165

Furukawa, H., Umezawa, K., Sun, Y., Chiba, H., Kubonishi, M.,
Naito, H., Miura, Y., Ito, K., & Aoki, S. (2026). Dual
targeting of glutamine metabolism and lysosomal function
in eliminating drug-tolerant KRAS-mutant cancer cells.
Communications Biology, 9(1), 1117. doi:10.1038/s42003-
026-10374-x

Hangauer, M. J., Viswanathan, V. S., Ryan, M. J., Bole, D., Eaton,
J. K., Matov, A., Galeas, J., Dhruv, H. D., Berens, M. E.,
Schreiber, S. L., etal. (2017). Drug-tolerant persister cancer
cells are vulnerable to GPX4 inhibition. Nature, 551(7679),
247-250. doi:10.1038/nature24297

He, J., Qiu, Z., Fan, J., Xie, X., Sheng, Q., & Sui, X. (2024). Drug
tolerant persister cell plasticity in cancer: A revolutionary
strategy for more effective anticancer therapies. Signal
Transduction and Targeted Therapy, 9(1), 209.



J Biochem Technol (2026) 17(4): 66-75

74

doi:10.1038/s41392-024-01891-4

Huang, X., Liang, J., Yi, Y., Zhu, J,, Lin, H., Ren, S., Cheng, T.,
Bi, G., Shan, G., Zeng, D., et al. (2025). Targeting inosine
metabolism to enhance EGFR-targeted therapy in lung
adenocarcinoma.  Cancer  Letters, 634, 218069.
doi:10.1016/j.canlet.2025.218069

Jog, E., Jainarayanan, A. K., La Ferlita, A., Chakraborty, A.,
Dalwai, A., Yahya, S., Shivashankar, A., Choudhary, B. S.,
Chandramouli, A., Kazi, M., et al. (2025). Inhibiting de
novo lipogenesis identifies a therapeutic vulnerability in
therapy-resistant colorectal cancer. Redox Biology, 79,
103458. doi:10.1016/j.redox.2024.103458

Joun, G. L., Kempe, E. G., Chen, B., Sterling, J. R., Abbassi, R.
H., Friess, D., Singleton, M., Choudhury, C., Marian, O. C.,
du Preez, W. D., et al. (2025). Histone methyltransferase
PRDM9 promotes survival of drug-tolerant persister cells in
glioblastoma. Nature Communications, 16(1), 10905.
doi:10.1038/s41467-025-65888-5

Kurppa, K. J., Liu, Y., To, C., Zhang, T., Fan, M., Vajdi, A.,
Knelson, E. H., Xie, Y., Lim, K., Cejas, P., et al. (2020).
Treatment-induced tumor dormancy through YAP-
mediated transcriptional reprogramming of the apoptotic
pathway. Cancer Cell, 37(2), 104-122.e12.
doi:10.1016/j.ccell.2019.12.006

Li, M., Priem, B., Loftus, L. V., Betenbaugh, M. J., Pienta, K. J.,
& Amend, S. R. (2026). Polyploid cancer cells surviving
cisplatin reallocate central carbon sources to fuel
antioxidant  metabolism  for  survival.  Molecular
Metabolism, 108, 102370.
doi:10.1016/j.molmet.2026.102370

Li, Y., Chen, H,, Xie, X., Yang, B., Wang, X., Zhang, J., Qiao, T.,
Guan, J., Qiu, Y., Huang, Y.-X., et al. (2023). PINK1-
mediated mitophagy promotes oxidative phosphorylation
and redox homeostasis to induce drug-tolerant persister
cancer cells. Cancer Research, 83(3), 398-413.
doi:10.1158/0008-5472.CAN-22-2370

Lin, H., Wang, L., Chen, H., Shen, Y., Wang, C., Xue, Y., Zheng,
Z., Zhang, Y., Xia, D., Wu, Y., et al. (2026). Mitochondrial
fatty acid oxidation as the target for blocking therapy-
resistance and inhibiting tumor recurrence: The proof-of-
principle model demonstrated for ovarian cancer cells.
Journal of Advanced Research, 79, 571-585.
doi:10.1016/j.jare.2025.03.026

Ling, H. H., Huang, C.-S., Hsieh, M.-S., Yadav, V. K., Fong, I.-
H., Kuo, K.-T., Yeh, C.-T., & Tsai, J.-T. (2026). Redox-
driven FABP1/PPARy signaling fuels peroxisomal fatty
acid oxidation and confers cetuximab resistance in drug-
tolerant head and neck cancer cells. Free Radical Biology
and Medicine, 246, 209-222.
doi:10.1016/j.freeradbiomed.2026.01.020

Liu, S., Jiang, A., Tang, F., Duan, M., & Li, B. (2025). Drug-
induced tolerant persisters in tumor: Mechanism,
vulnerability and perspective implication for clinical
treatment. Molecular Cancer, 24(1), 150.
d0i:10.1186/512943-025-02323-9

Oren, Y., Tsabar, M., Cuoco, M. S., Amir-Zilberstein, L.,
Cabanos, H. F., Hitter, J.-C., Hu, B., Thakore, P. ., Tabaka,
M., Fulco, C. P., et al. (2021). Cycling cancer persister cells

arise from lineages with distinct programs. Nature,
596(7873), 576-582. doi:10.1038/s41586-021-03796-6

Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, 1.,
Hoffmann, T. C., Mulrow, C. D., Shamseer, L., Tetzlaff, J.
M., AKl, E. A., Brennan, S. E,, et al. (2021). The PRISMA
2020 statement: An updated guideline for reporting
systematic reviews. BMJ, 372, n71. doi:10.1136/bmj.n71

Rambow, F., Rogiers, A., Marin-Bejar, O., Aibar, S., Femel, J.,
Dewaele, M., Karras, P., Brown, D., Chang, Y. H., Debiec-
Rychter, M., et al. (2018). Toward minimal residual disease-
directed therapy in melanoma. Cell, 174(4), 843-855.e19.
doi:10.1016/j.cell.2018.06.025

Ramponi, V., Richart, L., Kovatcheva, M., Stephan-Otto Attolini,
C., Capellades, J., Lord, A. E., Yanes, O., Ficz, G., &
Serrano, M. (2025). H4K20me3-mediated repression of
inflammatory genes is a characteristic and targetable
vulnerability of persister cancer cells. Cancer Research,
85(1), 32-51. doi:10.1158/0008-5472.CAN-24-0529

Rehman, S. K., Haynes, J., Collignon, E., Brown, K. R., Wang, Y.,
Nixon, A. M. L., Bruce, J. P., Wintersinger, J. A., Singh
Mer, A, Lo, E. B. L., et al. (2021). Colorectal cancer cells
enter a diapause-like DTP state to survive chemotherapy.
Cell, 184(1), 226-242.e21. doi:10.1016/j.cell.2020.11.018

Rethlefsen, M. L., Kirtley, S., Waffenschmidt, S., Ayala, A. P.,
Moher, D., Page, M. J., Koffel, J. B., & PRISMA-S Group.
(2021). PRISMA-S: An extension to the PRISMA
Statement for reporting literature searches in systematic
reviews. Systematic Reviews, 10(1), 39.
doi:10.1186/s13643-020-01542-z

Russo, M., Chen, M., Mariella, E., Peng, H., Rehman, S. K.,
Sancho, E., Sogari, A., Toh, T. S., Balaban, N. Q., Batlle,
E., et al. (2024). Cancer drug-tolerant persister cells: From
biological questions to clinical opportunities. Nature
Reviews Cancer, 24(10), 694-717. doi:10.1038/s41568-
024-00737-z

Shaffer, S. M., Dunagin, M. C., Torborg, S. R., Torre, E. A,,
Emert, B., Krepler, C., Beqiri, M., Sproesser, K., Brafford,
P. A., Xiao, M., et al. (2017). Rare cell variability and drug-
induced reprogramming as a mode of cancer drug
resistance. Nature, 546(7658), 431-435.
doi:10.1038/nature22794

Shen, S., Faouzi, S., Souquere, S., Roy, S., Routier, E., Libenciuc,
C., André, F., Pierron, G., Scoazec, J.-Y., & Robert, C.
(2020). Melanoma persister cells are tolerant to
BRAF/MEK inhibitors via ACOX1-mediated fatty acid
oxidation. Cell Reports, 33(8), 108421.
doi:10.1016/j.celrep.2020.108421

Suriya, S., Jamnongsong, S., Jamyuang, C., Therasakvichya, S., &
Sampattavanich, S. (2026). PARP inhibition induces a
redox-dependent dormant reservoir vulnerable to disulfiram
in high-grade serous ovarian cancer. Biomedicine &
Pharmacotherapy, 202, 119821.
doi:10.1016/j.biopha.2026.119821

Szebényi, K., Firedi, A., Bajtai, E., Sama, S. N., Csiszar, A.,
Gombos, B., Szah6, P., Grusch, M., & Szakécs, G. (2023).
Effective targeting of breast cancer by the inhibition of P-
glycoprotein mediated removal of toxic lipid peroxidation
byproducts from drug tolerant persister cells. Drug



75

J Biochem Technol (2026) 17(4): 66-75

Resistance Updates, 71, 101007.
doi:10.1016/j.drup.2023.101007

Tau, S., Chamberlin, M. D., Yang, H., Marotti, J. D., Muskus, P.
C., Roberts, A. M., Carmichael, M. M., Cressey, L.,
Dragnev, C. P. C., Demidenko, E., et al. (2025). Oxidative
phosphorylation is a metabolic vulnerability of endocrine
therapy-tolerant persister cells in ER+ breast cancer. Cancer
Research, 85(6), 1145-1161. doi:10.1158/0008-5472.CAN-
24-1204

Viswanathan, V. S., Ryan, M. J., Dhruv, H. D., Gill, S., Eichhoff,
O. M., Seashore-Ludlow, B., Kaffenberger, S. D., Eaton, J.
K., Shimada, K., Aguirre, A. J., et al. (2017). Dependency
of a therapy-resistant state of cancer cells on a lipid
peroxidase pathway. Nature, 547(7664), 453-457.
doi:10.1038/nature23007

Wang, H., Liang, Y., Zhang, T., Yu, X., Song, X., Chen, Y., Mao,
Q., Xia, W., Chen, B., Xu, L., et al. (2023). C-IGF1R
encoded by cIGFIR acts as a molecular switch to restrict
mitophagy of drug-tolerant persister tumour cells in non-
small cell lung cancer. Cell Death & Differentiation, 30(11),
2365-2381. doi:10.1038/s41418-023-01222-0

Wang, R., Mi, Y., Ni, J., Wang, Y., Ding, L., Ran, X., Sun, Q.,

Tan, S. Y., Koeffler, H. P., Feng, N., et al. (2024).
Identification of PRDX5 as a target for the treatment of
castration-resistant prostate cancer. Advanced Science,
11(9), €2304939. doi:10.1002/advs.202304939

Williams, A. F., Gervasio, D. A. G., Turkal, C. E., Stuhlfire, A. E.,
Wang, M. X., Mauch, B. E., Plawat, R., Nguyen, A. H.,
Paw, M. H., Hairani, M., et al. (2025). DNA fragmentation
factor B suppresses interferon to enable cancer persister cell
regrowth. Nature Cell Biology, 27(12), 2143-2151.
doi:10.1038/s41556-025-01810-x

Zhang, Y., Zhang, X., Yang, X., Chen, X., Wang, Y., Hu, J., Liu,
R., & Luo, X. (2025). EGFR-TKIs induced DPP4 drives
metabolic reprogramming of persister cells in lung cancer.
Advanced Science, 12(31), €06950.
doi:10.1002/advs.202506950

Zhang, Z., Qin, S., Chen, Y., Zhou, L., Yang, M., Tang, Y., Zuo,
J., Zhang, J., Mizokami, A., Nice, E. C., et al. (2022).
Inhibition of NPC1L1 disrupts adaptive responses of drug-
tolerant persister cells to chemotherapy. EMBO Molecular
Medicine, 14(2), €14903. doi:10.15252/emmm.202114903



