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Mutant p53(Mtp53) not only loses its canonical tumor-suppressive functions but
also acquires oncogenic gain-of-function properties, positioning it as a central
orchestrator in reshaping the tumor immune microenvironment. This review
systematically delineates how Mtp53 actively establishes and sustains an
immunosuppressive niche through multiple interconnected mechanisms,
including chronic inflammation, immune cell dysfunction, reprogramming of
cancer-associated fibroblasts, metabolic dysregulation, epigenetic hijacking, and
potentially aberrant liquid—liquid phase separation, thereby promoting immune
evasion and therapeutic resistance. We integrate current evidence to propose a
conceptual "‘metabolism—epigenetics—immunity” axis: Mtp53-driven metabolic
reprogramming—such as accumulation of lactate or a-ketoglutarate—can
modulate chromatin modifications and immune gene expression. Notably, the
full in vivo causal chain of this axis remains unestablished; existing support
derives primarily from stepwise experimental data and strong correlations. The
immunological impact of Mtp53 is highly context-dependent, shaped by co-
mutations and tissue origin. In TP53/KRAS co-mutant non-small cell lung cancer
(NSCLC), Mtp53 enhances tumor immunogenicity and improves response
to immune checkpoint inhibitors (ICls); conversely, in immunologically
“cold” tumors—such as triple-negative breast cancer, pancreatic ductal
adenocarcinoma, and colorectal cancer—it promotes T-cell exhaustion or
myeloid suppression, reflecting marked cancer-type heterogeneity.
Therapeutic approaches include Mtp53 reactivators (e.g., APR-246, PC14586),
degraders, synthetic lethal strategies, and neoantigen vaccines. Although APR-
246 showed efficacy in a phase Il trial (NCT03072043), it failed to improve
survival in phase Il (NCT03745716) due to lack of TP53 mutation stratification. Its
combination with pembrolizumab (NCT04383938) demonstrated acceptable
safety (immune-related adverse events in ~12%) but limited efficacy,
underscoring the need for biomarker-guided, precision-based combinations.
Thus, a multidimensional biomarker platform is urgently needed—one
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integrating TP53 mutation subtypes (e.g., R175H vs. nonsense mutations),
dynamic ctDNA monitoring (VAF > 0.01%), tumor immune microenvironment
(TIME) features (e.g., TILs, MDSCs), and spatial multi-omics—to enable precise
molecular stratification and personalized intervention in Mtp53-driven cancers.

KEYWORDS

epigenetic regulation, immune evasion, immunotherapy, metabolic reprogramming,
p53 mutation, tumor microenvironment

1 Introduction

The tumor suppressor protein p53 was first identified in 1979 in
cells transformed by simian virus 40 (SV40) and remains one of the
most extensively studied proteins in cancer biology (1). Classically,
P53 orchestrates cellular responses to genotoxic and other stresses
by inducing cell cycle arrest, apoptosis, DNA repair, and
senescence. Beyond these canonical tumor suppressive functions,
p53 also acts as a central regulator of immunity, modulating
inflammatory responses, immune cell proliferation and
differentiation, and the immunosuppressive landscape of the
tumor microenvironment (TME) (2).

The composition and functional state of the tumor immune
microenvironment (TIME) are critical determinants of response to
immunotherapy. Tumors are increasingly classified as “hot”
(inflamed) or “cold” (immune desert or immune excluded) based
on the abundance and activity of tumor-infiltrating lymphocytes
(TILs), particularly CD8" T cells (3). Hot tumors exhibit robust
T cell infiltration, efficient antigen presentation, and active
interferon signaling, features generally associated with favorable
responses to immune checkpoint blockade (ICB). In contrast, cold
tumors are characterized by defective antigen presentation,
upregulation of immune checkpoint molecules such as PD-L1,
and enrichment of immunosuppressive cell populations, including
regulatory T cells (Tregs), tumor-associated macrophages (TAM:s),
and myeloid-derived suppressor cells (MDSCs) (4, 5). Collectively,
these features confer intrinsic resistance to immunotherapy.
Importantly, this immunosuppressive phenotype is often actively
driven by oncogenic signaling pathways that remodel the TIME to
facilitate immune evasion and therapeutic resistance (6).

Wild-type p53 (Wtp53) suppresses tumorigenesis and enhances
antitumor immunity through mechanisms such as immunogenic cell
death and antigen presentation. In contrast, Mtp53 frequently
acquires gain of function (GOF) properties that actively reprogram
the TIME toward an immunosuppressive and therapy-resistant state
(7). These GOF activities include metabolic rewiring, epigenetic
dysregulation, aberrant exosome secretion, dysregulated cytokine
and chemokine signaling, suppression of cytotoxic lymphocyte
function, and recruitment of immunosuppressive myeloid and
regulatory T cells. Paradoxically, certain Mtp53 variants can also
serve as immunogenic neoantigens capable of eliciting antitumor
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immune responses, highlighting the dual and context-dependent role
of p53 dysfunction in immune regulation (8).

Accumulating evidence indicates that p53 inactivation is not
merely a passive loss of tumor suppression but an active driver of
immune escape. Loss of p53 function leads to derepression of
endogenous retroviruses (ERVs) and transposable elements,
triggering a viral mimicry state in which self-nucleic acids are
recognized as foreign, resulting in chronic activation of type I
interferon pathways. However, rather than promoting immunity,
this persistent signaling often fosters immune tolerance and T cell
exhaustion (9). Conversely, pharmacologic restoration of Mtp53
function using compounds such as APR-246, which covalently
modifies Mtp53 to restore its wild type conformation, has been
shown to reverse immunosuppression, enhance T cell infiltration,
and induce tumor regression (10). These seemingly contradictory
observations underscore p53 as a pivotal nexus linking genomic
integrity to immune surveillance. Its wild type and mutant forms
dictate divergent evolutionary trajectories of the TIME.

Building on these insights, we propose a conceptual framework
—the “metabolism-epigenetics-immunity axis”—to systematically
explain how Mtp53 drives remodeling of the TIME. In this
model, Mtp53 initiates metabolic reprogramming, leading to
aberrant accumulation or depletion of key metabolites such
as lactate, a-ketoglutarate, and acetyl-CoA. These metabolites
serve as substrates or cofactors for epigenetic-modifying
enzymes, thereby directly reshaping chromatin architecture and
transcriptional programs. While individual components of this axis
have been supported by separate studies, the complete in vivo causal
cascade—from Mtp53-driven metabolic alterations through
epigenetic reprogramming to functional immune evasion—has
not yet been fully validated in genetically engineered animal
models. Nevertheless, the crosstalk between metabolism and
epigenetics is thought to stabilize an immunosuppressive TIME,
thereby promoting immune escape and therapy resistance. This
mechanistic cascade provides a theoretical foundation for
understanding the GOF properties of Mtp53 and reveals multiple
potential nodes for therapeutic intervention.

Liquid liquid phase separation (LLPS) is a biophysical process
that drives the formation of membraneless organelles such as
nucleoli and stress granules. It has emerged as a key mechanism
in pathological protein aggregation in neurodegenerative diseases
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and cancer (11). Recent studies suggest that Mtp53 may exploit
aberrant LLPS to acquire oncogenic activity. However, how Mtp53
harnesses LLPS to specifically rewire immune signaling pathways
and promote immune escape remains poorly understood and
represents a critical frontier for future investigation.

Moreover, the functional consequences of Mtp53 exhibit marked
heterogeneity across tumor types and genomic contexts. For example,
in TP53/KRAS co-mutant non-small cell lung cancer (NSCLC),
Mtp53 is frequently associated with a high tumor mutational
burden and enhanced immunogenicity, and paradoxically
correlates with improved clinical responses to immune checkpoint
inhibitors (ICIs) (12). In contrast, in immunologically “cold” tumors
—such as pancreatic ductal adenocarcinoma (PDAC), colorectal
cancer (CRC), and triple-negative breast cancer (TNBC)—Mtp53
drives T-cell exclusion or exhaustion through cancer-type-specific
mechanisms, including CXCLI-mediated expansion of
polymorphonuclear myeloid-derived suppressor cells (PMN-
MDSCs), exosome-mediated myeloid polarization, or loss of miR-
34a, thereby promoting more aggressive disease progression (13, 14).

This profound context-dependent functional plasticity limits
the utility of TP53 mutation status as a universal biomarker for
ICI response.

In this review, we integrate recent advances in understanding the
molecular mechanisms by which Mtp53 establishes an
immunosuppressive network, with a focus on metabolic
reprogramming, epigenetic alterations, and immune signaling
dysregulation. We not only use triple-negative breast cancer
(TNBC)—a subtype characterized by high TP53 mutation
frequency and limited therapeutic options—as a paradigm, but also
systematically compare the divergent roles of Mtp53 across multiple
tumor types, including those with high tumor mutational burden and
those exhibiting immune-excluded phenotypes. Furthermore, we
critically evaluate ongoing clinical trials, particularly those testing
APR-246 in combination with azacitidine (NCT03072043/
NCT03745716) or pembrolizumab (NCT04383938). The phase III
failure underscores the necessity of stratifying patients by TP53
mutation subtype, while early combination data indicate
manageable safety (with immune-related adverse events in ~12%)
yet modest efficacy—highlighting the need for more precisely
designed therapeutic strategies. By bridging mechanistic insights
with clinical translation, this review aims to provide a conceptual
foundation for precision targeting of Mtp53 driven immune evasion
and to advance the development of more effective cancer therapies.

2 Functional alterations of Mtp53

As a transcriptional regulator, TP53 is expressed at low basal
levels in normal, unstressed cells, and its protein stability is
primarily controlled by MDM2-mediated ubiquitination and
subsequent proteasomal degradation. Upon exposure to cellular
stresses such as DNA damage or oxidative stress, p53 rapidly
accumulates and becomes activated, triggering cell cycle arrest. In
addition, p53-dependent apoptosis can be initiated through the
extrinsic pathway involving death receptors (e.g., Fas, DR5) or the
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intrinsic mitochondrial pathway, which is predominantly governed
by the Bcl-2 protein family (e.g., PUMA, NOXA, BAX) (15).

Beyond these canonical tumor-suppressive functions, p53 also
plays a critical role in maintaining tissue and developmental
homeostasis by regulating cellular metabolism, ferroptosis, and
antitumor immunity.

TP53 mutations can be broadly categorized into three
functional classes: loss of function (LOF), dominant-negative
effect (DNE), and gain of function (GOF). LOF mutations disrupt
critical residues within the DNA-binding domain—most
commonly positively charged arginine residues—or impair
structural motifs essential for proper protein folding, thereby
abolishing p53’s ability to transactivate genes involved in cell
cycle control, apoptosis, senescence, and immune surveillance
(16). DNE occurs when Mtp53 forms transcriptionally inactive
heterotetramers with Wtp53, thereby compromising the
transcriptional activity of any remaining functional Wtp53 allele
(17) (Figure 1). Notably, the phenotypic consequences of TP53
mutations typically arise from a combination of these mechanisms,
with their relative contributions dynamically shaped by cellular
context, tissue microenvironment, and disease stage. This
functional complexity is clearly demonstrated in genetically
engineered mouse models: mice expressing the p53R172H GOF
mutant develop tumors earlier, exhibit significantly higher
metastatic burden, and have markedly shorter median survival
compared with mice harboring complete p53 loss (LOF) (18).
Collectively, these findings indicate that different functional
classes of Mtp53 exert distinct—and often more aggressive—
effects on tumor progression and antitumor immunity.

Therefore, to optimize therapeutic efficacy, strategies targeting
Mtp53 must be grounded in precise molecular characterization of
the specific mutant variant.

3 Emerging mechanisms: phase
separation and reprogramming of the
tumor microenvironment

The tumor suppressor p53 is among the most frequently
mutated genes in human cancer. Traditionally recognized for
its roles in cell cycle arrest and apoptosis, p53 is now appreciated
as a central guardian of cellular homeostasis. However, Mtp53
often acquires gain-of-function (GOF) activities that actively
reprogram the TIME. This section focuses on two emerging
paradigms: LLPS as a novel mechanistic framework, and the
intricate, multifaceted reprogramming of immune and

stromal components.

3.1 Phase separation: a new paradigm for
Mtp53 in tumorigenesis and immune
regulation

Liquid-liquid phase separation (LLPS) is a biophysical process
driven by multivalent molecular interactions that mediates the
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formation of membraneless organelles—such as nucleoli and stress
granules—and plays a pivotal role in subcellular compartmentalization
and gene expression regulation. Dysregulation of LLPS can cause
biomolecular condensates to transition from dynamic liquid states
into pathological gel-like or solid aggregates, a phenomenon implicated
in neurodegenerative diseases and cancer (19, 24). Recent in vitro
studies suggest that certain TP53 hotspot mutants exhibit enhanced
liquid-liquid phase separation (LLPS) propensity compared to wild-
type p53. Petronilho et al. observed in overexpression systems that
Mtp53 (e.g., R175H) forms more stable and persistent nuclear
condensates (20). Yu et al. further proposed, using molecular
dynamics simulations, that oncogenic mutations (e.g., R337H) may
accelerate LLPS by strengthening electrostatic and hydrophobic
interactions within the C-terminal domain (23). Together, these
findings support a hypothesis: Mtp53 may transition from a passive
“client” within physiological phase-separated complexes to an active
“scaffold” that drives aberrant condensate formation (19).

However, it must be emphasized that no study to date has
demonstrated a causal role for Mtp53 LLPS in tumorigenesis or
immune evasion under physiologically relevant conditions—i.e., at
endogenous expression levels or in vivo tumor models—using either
genetic (e.g., IDR mutations) or pharmacological disruption of LLPS.
All current evidence relies on purified proteins, overexpression cell
lines, or computational modeling. Consequently, whether LLPS
constitutes a necessary or sufficient mechanism for Mtp53 gain-of-
function (GOF) remains purely theoretical.

10.3389/fimmu.2026.1753215

In principle, Mtp53-containing nuclear condensates could serve
as platforms for transcriptional reprogramming. Super-enhancers
—phase-separated hubs enriched in BRD4 and RNA Pol II—drive
oncogenic and immunosuppressive gene networks. Mahat et al.
reported that in PDAC, Mtp53-R172H is recruited by NF-xB to the
CXCLI1 enhancer, where it co-activates the CXCL1-CXCR2 axis to
expand polymorphonuclear myeloid-derived suppressor cells
(PMN-MDSCs) and tumor-associated neutrophils (TANs),
thereby suppressing CD8'T-cell function (21). Although this
study highlights a critical immunosuppressive role of Mtp53, it
did not assess condensate formation, perform fluorescence recovery
after photobleaching (FRAP) to confirm liquid-like properties, or
test LLPS dependence via mutagenesis of Mtp53’s intrinsically
disordered region (IDR). Thus, whether this immunosuppressive
phenotype is mediated by LLPS remains undetermined.

Notably, a potential tension exists between the LLPS model and
metabolic signaling in the tumor microenvironment. Zong et al.
found that lactate induces lysine lactylation of p53 at K120/K139
via AARSI, impairing its DNA-binding capacity (22). Given that
the C-terminal domain of p53—rich in modifiable lysines—is
implicated in LLPS, lactylation could theoretically alter its
phase separation behavior, though this remains experimentally
unverified (Figure 2A). Paradoxically, lactate itself is a potent
immunosuppressive metabolite (e.g., inhibiting T-cell function
and promoting Treg/M2 polarization; see Section 4.1.1). If lactate
simultaneously suppresses Mtp53 LLPS yet enhances immune

FIGURE 1

cycle arrest, apoptosis, and cellular senescence.

TP53 mutation subtypes drive tumor progression. TP53 mutations are classified into three types: loss-of-function (LOF), dominant-negative effect
(DNE), and gain-of-function (GOF), which drive tumor metastasis, immune evasion, and therapy resistance by inhibiting key mechanisms such as cell
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evasion, this implies that Mtp53-driven immunosuppression may
operate primarily through LLPS-independent mechanisms—such
as direct protein-protein interactions or transcriptional co-
activation—rather than condensate formation. In other words,
LLPS may not be the primary effector of lactate-mediated
immune escape.

In summary, Mtp53 likely influences the tumor immune
microenvironment through both LLPS-dependent pathways (e.g.,
forming aberrant condensates to concentrate transcription factors)
and LLPS-independent pathways (e.g., acting as a chromatin-bound
co-activator). Current data are insufficient to discern their relative
contributions in vivo. Future studies urgently require genetically
engineered tools—such as IDR point mutations—that specifically
disrupt Mtp53 LLPS without perturbing its overall structure or
protein interactions, coupled with functional assessment in
immunocompetent mouse models to define the immunological
impact of Mtp53 condensates.

3.2 Remodeling the tumor—immune
landscape: cellular and molecular
mechanisms

The role of Mtp53 in reshaping the tumor immune
microenvironment represents a key mechanism of immune
evasion. Beyond its cell-autonomous oncogenic effects, Mtp53
broadly modulates stromal and immune compartments to
construct an immunosuppressive niche. This subsection details
Mtp53’s multidimensional regulatory functions across three axes:
inflammatory signaling, immune cell functionality, and cancer-
associated fibroblasts (CAFs), elucidating the molecular
mechanisms driving immune evasion.

3.2.1 Tumor-associated inflammation and the
NF-xB signaling pathway

Acute, controlled inflammation can activate innate and
adaptive immunity, serving protective and tumor-suppressive
roles. In contrast, chronic inflammation is a well-established
driver of tumorigenesis, promoting genomic instability,
angiogenesis, epigenetic dysregulation, and accelerated cell
proliferation (25). Central to this process is the nuclear factor-
kappa B (NF-kB) signaling pathway, which is constitutively
activated in many cancers. Sustained NF-kB activity maintains a
pro-tumorigenic inflammatory milieu, recruits immune cells, and
releases inflammatory mediators that foster a permissive ecosystem
for disease progression and therapeutic resistance.

Notably, Mtp53 not only loses tumor-suppressive capacity but
also actively hijacks the NF-«xB pathway through GOF mechanisms
to amplify pro-tumorigenic inflammation. In breast cancer, the
chaperone DNAJAL stabilizes Mtp53 and facilitates its interaction
with the NF-xB subunit p65, enhancing transcription of target
genes such as IL-6 and CXCL1, thereby driving tumor proliferation
and metastasis (26). In head and neck squamous cell carcinoma,
p53 mutation cooperates with NF-kB to promote epithelial-
mesenchymal transition (EMT) and invasive phenotypes—an
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effect reversible upon NF-kB inhibition (27). In hematologic
malignancies, Mtp53 synergizes with oncogenic NRAS mutations
to sustain activation of both NF-«B and signal transducer and
activator of transcription 3 (STAT3) pathways, accelerating the
onset and progression of acute myeloid leukemia (AML) (28).

Loss of p53 function—whether through genetic deletion or
point mutation—can disrupt tissue homeostasis and trigger NF-
kB-dependent chronic inflammation. For example, intestinal
epithelium-specific p53 deficiency compromises barrier integrity,
leading to local NF-xB activation and a pro-inflammatory
microenvironment that promotes tumor invasion and lymph
node metastasis (29). Similarly, p53 loss in mammary epithelium
induces WNT ligand secretion, which activates TAMs to produce
IL-1B, triggering systemic inflammation and facilitating distant
metastasis (30).

As previously noted, Mtp53 directly interacts with NF-kB and
co-occupies the CXCL1 enhancer region, synergistically driving
expression of the CXCLI-CXCR2 axis to promote infiltration of
immunosuppressive neutrophils and impair anti-tumor immunity
(21). Importantly, this relationship is bidirectional: the chronic
inflammatory milieu itself can reciprocally shape the p53
mutational landscape. In secondary AML (sAML), persistent
inflammatory signals—such as interferon-gamma (IFNy)—
suppress wild-type p53 function in hematopoietic stem and
progenitor cells, conferring a strong selective advantage to TP53-
mutant clones and accelerating their clonal expansion and
evolution (31) (Figure 2B).

Collectively, Mtp53 and NF-xB engage in a self-reinforcing
positive feedback loop that constitutes a core engine of cancer-
associated inflammation. This axis not only deepens our
understanding of immune evasion but also offers novel
therapeutic opportunities for targeting the immunosuppressive
tumor microenvironment in cancer immunotherapy.

3.2.2 Immune cell dysfunction
3221Tcells

The functional dichotomy between effector T cells and Tregs
underscores the centrality of immunometabolism. Activated
effector T cells typically rely on robust aerobic glycolysis to meet
their energetic and biosynthetic demands. However, Mtp53
in tumor cells impairs T cell metabolic fitness and cytotoxic
capacity by suppressing key glycolytic rate-limiting enzymes such
as pyruvate kinase M2 (PKM2). This effect is particularly
pronounced in glucose-deprived microenvironments and may
even accelerate T cell apoptosis (32). These findings suggest that
therapeutic reprogramming of T cell metabolism could represent a
viable strategy to counteract Mtp53-mediated immunosuppression.

The immunomodulatory influence of Mtp53 extends beyond
cell-autonomous mechanisms. It also indirectly shapes an
immunosuppressive niche by remodeling the tumor secretome.
For example, p53 loss promotes the secretion of multiple
chemokines—including ligands for CXCR3/CCR2 and
macrophage colony-stimulating factor (M-CSF)—which recruit
and “educate” CD11b" myeloid cells to produce abundant IL-1
and IL-6. This not only suppresses CD4"/CD8" T cell function but
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FIGURE 2

Mtp53 drives tumor immune evasion via the NF-«B signaling pathway; liquid—liquid phase separation (LLPS) may be involved in its regulation, but
direct experimental evidence is currently lacking. (A) ® Mtp53 (e.g., R172H) cooperates with the NF-kB p65 subunit at the CXCL1 enhancer to
upregulate CXCL1 expression, promoting neutrophil differentiation into polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) and
tumor-associated neutrophils (TANs), which suppress CD8" T cell function. ® Lactate accumulation in tumor cells induces lysine lactylation of wild-
type p53 (Wtp53) at K120/K139, impairing its DNA-binding capacity. ® LLPS may facilitate Mtp53-mediated transcriptional regulation, though this
remains to be experimentally validated. (B) © The chaperone DNAJAL stabilizes Mtp53 and enhances its interaction with NF-xB p65, boosting
transcription of pro-inflammatory cytokines such as IL-6 and CXCL1. ® Mtp53 cooperates with NF-xB to activate epithelial-mesenchymal transition
(EMT)-related genes, promoting tumor cell migration. ® In the context of NRAS mutation, Mtp53 co-activates both NF-xB and STAT3 pathways,
accelerating tumor progression. ® Complete p53 loss (rather than mutation) compromises intestinal epithelial barrier integrity, leading to microbial
translocation, chronic inflammation, and a pro-metastatic microenvironment.

also unexpectedly drives Th17 differentiation, revealing a dual role
for Mtp53-driven inflammation in immune evasion (33).

Recent studies have proposed that Mtp53 may influence T-cell
metabolism through non-cell-autonomous mechanisms. Dong
et al. reported that in an in vitro co-culture system, tumor-
derived Mtp53 can be actively secreted and subsequently
internalized by CD4" T cells. Immunofluorescence and
subcellular fractionation experiments revealed its partial
mitochondrial localization, accompanied by downregulation of
hexokinase-I (HK-I) and PFKP, leading to bioenergetic
exhaustion in T cells (32).

Although this study provides preliminary evidence for the
“secretion—uptake” phenomenon of Mtp53, the prevalence of this
process in the in vivo tumor microenvironment and its functional
causality—such as validation using secretion-deficient Mtp53
mutants—remain to be rigorously established.

A similar phenomenon occurs in hematologic malignancies,
albeit through more complex mechanisms. In AML, Mtp53 not
only causes intrinsic defects in antigen presentation—such as
downregulation of major histocompatibility complex (MHC) class
I and II—but also systemically induces high expression of
exhaustion markers (e.g., PD-1, TIM-3) on CD8" T cells and
significantly impairs NK cell degranulation. Concurrently, the
Mtp53 AML microenvironment exhibits marked expansion of
Tregs and MDSCs, reinforcing a broad immunosuppressive
network. Notably, treatment with p53 conformational restorers
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such as eprenetapopt partially reverses these phenotypes,
restoring T and NK cell functionality and highlighting the
immunotherapeutic potential of p53-targeted reactivation (34).
Furthermore, Mtp53 AML cells release exosomes enriched in heat
shock protein 70 (HSP70) and immunosuppressive microRNAs
(e.g., miR-155, miR-21), which are taken up by T cells, suppress
their proliferation and IFN-y production, and upregulate PD-1 and
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), ultimately
driving T cell exhaustion and immune escape (35). However,
validation of this mechanism in patient-derived samples and the
direct targets of the miRNA require further in-depth investigation.
In addition, Mtp53 can indirectly modulate immune checkpoint
expression to suppress T cell activity. For instance, in urothelial
carcinoma, although Mtp53 does not directly activate the IFN-y
signaling pathway, it is frequently associated with high tumor
mutational burden and neoantigen load, which promote T cell
infiltration and enhanced IFN-y secretion. Tumor cells then
respond to IFN-y via the JAK-STAT pathway, upregulating PD-
L1 expression and establishing a classic “adaptive immune resistance”
phenotype. This mechanism partly explains why patients with
Mtp53-expressing urothelial carcinomas show better responses to
combination therapy with PD-1/PD-L1 inhibitors and chemotherapy
(36) (Figure 3A). Collectively, Mtp53 suppresses T cells through
direct metabolic interference, induction of immune checkpoints, or
recruitment of inhibitory immune populations—exhibiting
remarkable context dependency and multidimensional regulation.
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3.2.2.2 -Natural killer cells

Mtp53 disrupts natural killer (NK) cell-mediated immune
surveillance through multiple mechanisms, thereby facilitating
tumor immune escape. First, intratumoral Mtp53 loses the ability
to transcriptionally activate NKG2D ligands, leading to significant
downregulation of UL16-binding proteins 1 and 2 (ULBP1 and
ULBP2) and enabling tumor cells to evade NK cell recognition (37).
This defect is especially prominent in breast cancer models
harboring the p53 G242A missense mutation: tumor cells exhibit
reduced surface expression of MULT1 (the murine ULBP homolog)
and early transcript 1 (RAE-1) family ligands, diminished NK cell
infiltration, impaired IFN-y production, and ultimately escape
immune clearance in vivo (38).

Second, Mtp53 suppresses activating signals through the DNAX
accessory molecule-1 (DNAM-1) pathway. Wild-type p53 directly
drives transcription of PVR (CD155) and Nectin-2 (CD112); Mtp53
loses this capacity, resulting in low ligand expression and weakened
NK cell costimulation (39). The concurrent impairment of both
NKG2D and DNAM-1 pathways—leading to dual ligand deficiency
—markedly reduces NK cell degranulation and cytotoxicity.

More importantly, Mtp53 may confer intrinsic resistance to NK
cell-mediated killing. Natural killer (NK) cells primarily induce
target cell apoptosis by releasing granzyme B, which triggers
mitochondrial outer membrane permeabilization (MOMP)—a
process critically dependent on the activation of the pro-apoptotic
protein BAX (40). Given that wild-type p53 can directly bind to and
conformationally activate BAX (41), whereas Mtp53 typically loses
this transcription-independent pro-apoptotic function, it is
plausible that Mtp53 elevates the threshold for mitochondrial
apoptosis. Consequently, even when NK cells successfully
recognize tumor targets, they fail to efficiently induce cell death.

Importantly, pharmacological intervention can partially reverse
Mtp53-mediated NK suppression. For example, in Mtp53-
expressing breast cancer cells, restoration of p53 activity enhances
autophagy and sensitizes tumor cells to granzyme B-dependent
lysis, thereby improving NK cell killing efficiency (42) (Figure 3B).
In summary, Mtp53 disrupts the NK cell regulatory network at
multiple levels—impairing activation, ligand expression, and
susceptibility to killing—and promotes immune escape. Restoring
p53 function or targeting its downstream effectors may offer new
avenues to enhance NK cell-mediated antitumor immunity.

3.2.2.3 -Tumor-associated neutrophils

Mtp53 plays a pivotal role in recruiting neutrophils
and modulating their functional polarization, profoundly
influencing pro-tumorigenic signaling. Studies in PDAC models
show that Mtp53 drives significant enrichment of CD11b"Ly6G*
neutrophils while reducing the proportions of CD3" T cells, CD8" T
cells, and CD4" Thl cells, thereby establishing a neutrophil-
dominated immunosuppressive microenvironment (43). Similarly,
in breast cancer models, p53 loss stimulates tumor cells to secrete
WNT ligands, which in turn induce stromal cells (e.g., fibroblasts)
to release IL-1P, triggering systemic inflammation and recruiting
activated neutrophils that accelerate metastasis and immune
evasion (30).
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Moreover, in p53-deficient pancreatic tumors, activation of the
JAK2-STAT3 pathway promotes massive secretion of cytokines
such as IL-6, granulocyte-macrophage colony-stimulating factor
(GM-CSE), and granulocyte colony-stimulating factor (G-CSF),
indirectly enhancing neutrophil recruitment and pro-tumor
functions (44). Notably, Mtp53 upregulates chemokine ligands
including CXCL1, CXCL2, and CXCL5, sustaining continuous
neutrophil recruitment and local accumulation within tumors—a
change that may reduce therapeutic sensitivity(Figure 3C).
Antibody-mediated neutrophil depletion has been shown to
effectively restore tumor responsiveness to immunotherapy (43),
suggesting that targeting neutrophils or their recruitment pathways
could be a promising strategy to overcome Mtp53-associated
immunosuppression and treatment resistance.

3.2.2.4 -Tumor-associated macrophages and myeloid-
derived suppressor cells

Macrophages can polarize into pro-inflammatory Ml
(classically activated) or immunosuppressive M2 (alternatively
activated) phenotypes, with M2 polarization strongly linked to
immune suppression and tumor progression. Evidence indicates
that p53 loss or mutation drives macrophage polarization toward
the M2 phenotype through multiple mechanisms, thereby fostering
an immunosuppressive TME.

In PDAC models, tumor cells with complete p53 deletion
markedly upregulate chemokines such as CCL2 (MCP1), CXCL1,
CXCL5, and M-CSF, recruiting CD11b" myeloid cells and
reprogramming them into an immunosuppressive state that
inhibits T cell function (33). In hepatocellular carcinoma, p53-
inactivated tumor cells secrete IL-34, which enhances fatty acid
oxidation in TAMs in a CD36-dependent manner, promoting their
conversion into lipid-laden “foamy” M2-like cells that potently
suppress CD8" T cell activity and accelerate immune escape (45).

Mtp53 with gain-of-function (GOF) properties exhibits even
stronger pro-tumorigenic effects. In breast cancer, Mtp53 interacts
with bromodomain-containing protein 4 (BRD4) to promote
secretion of colony-stimulating factor 1 (CSF-1), establishing a
novel BRD4-CSF-1 signaling axis that drives TAM infiltration
and lung metastasis (46). In colorectal cancer, Mtp53 tumor cells
release exosomes enriched in miR-1246, which are taken up by
macrophages and suppress TERF2IP, leading to NF-xB activation,
M2-like reprogramming, and upregulation of PD-LI, IL-6, and
TNF-o—further amplifying local immunosuppression (47).

Notably, M2 macrophages not only directly inhibit T cell
responses but also impair NK cell antitumor activity, helping
tumors construct a multi-layered immunosuppressive network
(48) (Figure 3D). Together, these findings suggest that targeting
M2 polarization may represent a promising therapeutic approach to
reverse immunosuppressive TME.

3.2.3 Cancer-associated fibroblasts

Cancer-associated fibroblasts (CAFs) are a major cellular
component of the tumor stroma and play critical roles in tumor
progression. Mtp53 regulates CAF pro-tumorigenic functions
through both direct and indirect mechanisms. In a breast cancer
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FIGURE 3

Mtp53 mediates immune evasion by modulating T cells, NK cells, tumor-associated neutrophils (TANs), myeloid-derived suppressor cells (MDSCs),
tumor-associated macrophages (TAMs), and cancer-associated fibroblasts (CAFs). (A) Mtp53 suppresses T cell function through multiple
mechanisms: @ In tumor cells, Mtp53 represses the glycolytic rate-limiting enzyme PKM2, impairing metabolic fitness and cytotoxicity of effector

T cells. ® p53 loss promotes secretion of CXCR3/CCR2 ligands and M-CSF, recruiting CD11b™ myeloid cells that produce IL-1/IL-6, thereby
suppressing CD4*/CD8" T cells and driving Th17 differentiation. ® Tumor-derived Mtp53 is taken up by CD4* T cells, downregulating HK-1 and
PFKP, leading to glycolytic impairment and bioenergetic failure. ® Mtp53 induces downregulation of MHC class | on tumor cells and defects in
antigen presentation, while upregulating exhaustion markers (e.g., PD-1, TIM-3) on CD8" T cells and promoting Treg expansion. ® Mtp53 drives
release of exosomes containing HSP70 and miR-155/21; upon internalization by T cells, these suppress proliferation and IFN-y production while
upregulating PD-1 and CTLA-4. Notably, under high tumor mutational burden, Mtp53 can paradoxically enhance T cell infiltration and IFN-y
secretion, which in turn activates JAK-STAT signaling to induce PD-L1 expression, establishing adaptive immune resistance. (B) Mtp53 impairs NK
cell-mediated immune surveillance: ® Mtp53 loses the ability to transcriptionally activate NKG2D ligands, resulting in marked downregulation of
ULBP1 and ULBP2; it also suppresses MULT1 (murine ULBP homolog) and RAE-1 family ligands, reducing NK cell infiltration and IFN-y production,
enabling immune escape in vivo. ® Mtp53 fails to directly drive transcription of PVR (CD155) and Nectin-2 (CD112), leading to reduced ligand
expression and weakened NK cell co-stimulatory signaling. ® Due to loss of wild-type p53's transcription-independent activation of BAX, Mtp53
compromises granzyme B-induced mitochondrial apoptosis, enhancing tumor cell resistance to NK killing. (C) Mtp53 drives neutrophil-mediated
immunosuppression via multiple pathways: ® Mtp53 upregulates CXCL1/CXCL2/CXCL5, continuously recruiting CD11b*Ly6G* neutrophils and
reducing the CD3*/CD4* T cell ratio. ® In the context of p53 loss, tumor-secreted WNT ligands induce stromal IL-1 release, triggering systemic
inflammation and recruitment of activated neutrophils. ® p53 loss activates the JAK2-STAT3 axis, promoting secretion of IL-6, GM-CSF, and G-CSF,
which enhance the pro-tumorigenic functions of neutrophils and reduce therapeutic sensitivity. (D) Mtp53 or p53 loss reprograms myeloid cells
toward an immunosuppressive phenotype: ® p53-deficient tumor cells upregulate MCP1, CXCL1/5, and M-CSF, recruiting CD11b* myeloid cells that
suppress T cell responses. @ p53 loss drives secretion of IL-34, which—via CD36—enhances fatty acid oxidation in TAMs, promoting “foamy” M2-like
polarization. ® The Mtp53-BRD4 complex enhances CSF-1 secretion, while Mtp53-containing exosomes deliver miR-1246 to macrophages,
inducing M2-like reprogramming with elevated PD-L1, IL-6, and TNF-a, facilitating immune escape. ® These M2-polarized TAMs concurrently
suppress both T cell and NK cell anti-tumor activity. (E) Mtp53 enhances the pro-tumorigenic functions of CAFs through cell-autonomous and non-
autonomous mechanisms: ® Mtp53 expression in CAFs activates STAT3, upregulating o.-SMA, FGF10, and CXCL12 to promote tumor migration. @
Aberrant IL-6 secretion confers chemoresistance to tumor cells and suppresses IFN-f production, dampening stromal anti-tumor immunity. ® p53
loss in tumor cells reduces apelin secretion, weakening inhibitory signaling through the APJ receptor on CAFs and indirectly enhancing CAF
activation. @ The small-molecule conformational corrector pCAP-250 reverses Mtp53-driven pro-tumorigenic effects in CAFs.
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model, fibroblasts harboring the p53
activation of the STAT3 signaling pathway and upregulated o-
smooth muscle actin (0i-SMA), fibroblast growth factor 10 (FGF10),
and CXCL12, thereby enhancing tumor cell migration in an in vitro
co-culture system (49). In gastric cancer, stable overexpression of
Mtp53 in CAFs confers chemoresistance to tumor cells through
aberrant IL-6 secretion (50).

Beyond cytokine regulation, the p53 status of tumor cells can
influence CAF activation via paracrine signaling. For example, in
gastric cancer, p53-inactivated tumor cells reduce apelin secretion,
weakening APJ receptor signaling on CAFs and thereby enhancing
their activation and pro-tumor capacity (51). Moreover, GOF
Mtp53-expressing fibroblasts exhibit significantly increased
secretion of stromal cell-derived factor-1 (SDF-1/CXCL12), with
stronger tumor-promoting effects than p53 loss alone (52).

Mtp53 also compromises the antitumor immune functions of
stromal cells. For instance, Mtp53-expressing fibroblasts secrete
markedly less interferon-beta (IFN-f), which may attenuate their
growth-inhibitory effects on neighboring tumor cells (53).

In Li-Fraumeni syndrome models, fibroblasts that undergo loss
of heterozygosity (LOH) and accumulate Mtp53 significantly
enhance the malignant phenotype of adjacent cancer cells.
Conversely, treatment with the small-molecule p53
conformational corrector pCAP-250 reverses CAF-mediated
tumor promotion (54), providing a potential therapeutic rationale
for targeting the Mtp53-CAF axis (Figure 3E).

4 The metabolism—epigenetics—
immunity axis: the core triad
regulated by Mtp53

Mtp53 is not merely a loss-of-function tumor suppressor but
functions as a bona fide oncoprotein with gain-of-function (GOF)
properties that systematically reprograms the TIME. It integrates
metabolic dysregulation, epigenetic remodeling, and immune
suppression into a highly coordinated “metabolism-epigenetics—
immunity axis.” This tripartite network not only endows
cancer cells with proliferative advantages and stress adaptability
but also establishes an immunosuppressive ecosystem that
promotes invasion, metastasis, and therapeutic resistance.
The following sections detail how Mtp53 orchestrates this
immunosuppressive landscape through glycolytic reprogramming,
oxidative phosphorylation and redox regulation, lipid metabolism
dysregulation, amino acid uptake, and epigenetic control.

4.1 Metabolic reprogramming:
constructing a pro-tumorigenic and
immunosuppressive microenvironment

Mtp53 reprograms tumor cell metabolism to meet energetic
and biosynthetic demands while actively reshaping the
microenvironment to impair immune cell function. Its core
strategy involves creating a hostile niche characterized by nutrient
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deprivation, acidosis, and elevated oxidative stress—conditions that
collectively hinder immune cell survival and activation. The
following subsections delineate four interconnected metabolic
dimensions through which Mtp53 coordinates and
sustains immunosuppression.

4.1.1 Glycolytic reprogramming and lactate
production

Accumulating evidence indicates that Mtp53 potently enhances
glycolytic flux through multiple mechanisms, conferring growth
and invasive advantages to tumor cells while simultaneously
shaping a profoundly immunosuppressive TME via lactate
accumulation—thereby promoting therapy resistance
and metastasis.

In colorectal cancer, Mtp53 activates the JAK2-STAT3
signaling pathway, upregulating ubiquitin C-terminal hydrolase
L3 (UCHL3). UCHL3 stabilizes enolase 1 (ENO1) through
deubiquitination, driving a hyper-glycolytic state that generates
abundant lactate and ATP, ultimately inducing resistance to 5-
fluorouracil (5-FU). Pharmacological inhibition of JAK2 with
pacritinib effectively disrupts this axis, reverses metabolic
reprogramming, and restores chemosensitivity (55). Notably,
ENOL also exerts non-metabolic pro-invasive functions: in lung
cancer, it activates hepatocyte growth factor receptor (HGFR) and
WNT signaling to drive EMT, facilitating extracellular matrix
degradation and metastasis (56). In pancreatic cancer, Mtp53
forms a complex with the transcription factor Kriippel-like factor
5 (KLF5) to directly activate phospholipase A2 group XVI
(PLA2G16) transcription, promoting glucose transporter 1
(GLUT1) translocation to the plasma membrane, increasing
glucose uptake, and enhancing lactate accumulation to fuel tumor
proliferation (57). Moreover, in TP53-mutant PDAC, high
expression of solute carrier family 45 member 4 (SLC45A4)
further amplifies glycolysis and suppresses autophagy via
inhibition of the AMPK/ULK1 pathway, enabling tumor cell
survival under metabolic stress—a hallmark of Mtp53-driven
adaptive evolution (58). Interestingly, fructose metabolism also
contributes to vascular remodeling. In tumor endothelial cells,
fructose is imported via solute carrier family 2 member 5
(SLC2A5, also known as GLUT5) and metabolized by
ketohexokinase (KHK), activating AMPK signaling to enhance
mitochondrial respiration and angiogenesis. The resulting
abnormal vasculature forms a physical barrier that impedes
effector T cell infiltration (59) (Figure 4A).

As the key end-product of glycolysis, lactate serves as a central
mediator linking Mtp53-driven metabolic reprogramming to
immune suppression. Lactate severely impairs T cell function by
inhibiting phosphorylation of p38 and JNK, thereby reducing IFN-y
and TNF-a secretion (60); Moreover, lactate can upregulate the
expression of immune checkpoint molecules such as PD-L1 in
tumor cells, further suppressing T-cell activity (61). Critically,
lactate modulates RNA splicing to specifically increase CTLA-4
expression in Tregs, thereby strengthening their suppressive
capacity over effector T cells (62). Furthermore, lactate binding to
its receptor G-protein-coupled receptor 81 (GPR81) upregulates
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PD-L1 expression on tumor cells, suppressing CD8" T cell
cytotoxicity (63).

In NK cells, lactate induces intracellular acidification, disrupts
mitochondrial function, exacerbates oxidative stress, and triggers
apoptosis; it also inhibits mTOR signaling, impairing NK cell
activation and effector functions (64). In dendritic cells (DCs),
lactate suppresses MHC class II and co-stimulatory molecules (e.g.,
CD80, CD86) and limits IL-12 production, thereby weakening their
ability to prime cytotoxic T lymphocytes (CTLs) (65, 66). In Tregs,
lactate activates the PI3K/Akt/mTOR pathway to enhance FOXP3
expression, reinforcing their immunosuppressive phenotype.
Additionally, in gastric cancer, lactate signaling through GPR81
upregulates CX3C motif chemokine ligand 1 (CX3CL1), promoting
Treg recruitment and further intensifying immune resistance (67,
68). In MDSCs, lactate stabilizes hypoxia-inducible factor 1-alpha
(HIF-1a), driving high expression of arginase 1 (ARG1) and
inducible nitric oxide synthase (iNOS), which deplete arginine
and generate reactive oxygen species (ROS) and nitric oxide (NO)
—directly damaging T and NK cell functions (69).

In TAMs, lactate promotes polarization toward an M2-like
phenotype by activating the GPR132 receptor and downstream
ERK/STATS3 signaling, leading to increased secretion of
vascular endothelial growth factor (VEGF), arginase 1 (ARG1),
and IL-10 (70, 71). These M2-polarized TAMs release
immunosuppressive cytokines such as IL-10, which inhibit T-cell
function and collectively establish a highly immunosuppressive
tumor immune microenvironment (TIME) (Figure 4B).
Collectively, Mtp53 leverages enhanced glycolysis and
lactate secretion to simultaneously drive tumor malignancy and
erect an immunosuppressive barrier. Targeting this metabolism-
immunity axis may reverse immune evasion and enhance
therapeutic responsiveness.

4.1.2 Remodeling of oxidative phosphorylation
and ROS regulation

Mtp53 reshapes mitochondrial oxidative phosphorylation
(OXPHOS) and redox homeostasis to lay the metabolic
foundation for tumor progression and immune escape. On one
hand, Mtp53 can reshape transcriptional and metabolic programs
through GOF mechanisms. For example, Mtp53 forms aberrant
complexes with NF-Y, altering the transcription of NF-Y target
genes and driving dysregulated expression of cell cycle-related
genes (72). At the metabolic level, the p53-SCO2 axis is critical
for mitochondrial respiration: inhibition or loss of p53
downregulates SCO2, reduces oxygen consumption, and enhances
glycolysis, whereas SCO2 reconstitution partially restores
respiratory function and hypoxia tolerance (73). Moreover, in
tumor models such as cervical cancer, Mtp53 expression is
associated with decreased oxidative phosphorylation (OXPHOS),
increased glycolysis, and mitochondrial dysfunction (74, 75).
Although direct evidence that NF-Y or E2F family members
mediate Mtp53-dependent transcriptional repression of SCO2 is
currently lacking, the well-documented capacity of Mtp53 to rewire
transcriptional networks—combined with established data on the
p53-SCO2 axis—supports a plausible model: Mtp53 may promote
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an OXPHOS-deficient phenotype by attenuating p53-SCO2-driven
metabolic programs and synergizing with broader metabolic
reprogramming (73-75).

On the other hand, in specific contexts, Mtp53 stabilizes
peroxisome proliferator-activated receptor gamma coactivator 1-
alpha (PGC-la) protein, paradoxically enhancing OXPHOS to
promote metastasis (76). This bidirectional regulation supports
tumor proliferation and stress adaptation but also creates
metabolic vulnerabilities tied to nutrient dependency (77).

Notably, Mtp53’s regulation of OXPHOS is highly context-
dependent: in PDAC, Mtp53 upregulates respiratory chain complex
expression, enhances OXPHOS, and promotes mitochondrial
fission to drive migration (78); in basal-like breast cancer, Mtp53
suppresses OXPHOS via the miR-200c-phosphoenolpyruvate
carboxykinase 2 (PCK2) axis, disrupting the tricarboxylic acid
(TCA) cycle and enhancing stemness (79); in colorectal cancer
under chemotherapy pressure, the Mtp53-R273H variant boosts
mitochondrial biogenesis and OXPHOS activity to mediate therapy
resistance and migration (80).

At the redox level, Mtp53 fine-tunes reactive oxygen species
(ROS) levels to maintain a pro-tumorigenic microenvironment. For
example, in melanoma, Mtp53 induces sirtuin 3 (SIRT3) expression,
promoting deacetylation of manganese superoxide dismutase
(MnSOD) to reduce oxidative damage and support survival (81).
In breast cancer, Mtp53 exhibits selective regulation of nuclear factor
erythroid 2-related factor 2 (NRF2) target genes: it upregulates
thioredoxin (TXN) and the glutamate-cysteine ligase modifier
subunit (GCLM), while suppressing solute carrier family 7 member
11 (SLC7AI11). High TXN expression correlates significantly with
poor patient prognosis (82). Additionally, Mtp53 inhibits sestrin 1/2
(SESN1/2), weakening AMPK signaling and leading to mitochondrial
ROS accumulation (83). In triple-negative breast cancer,
Mtp53 cooperates with NRF2 to upregulate microsomal glutathione
S-transferase 3 (MGST3) and peroxiredoxin 6 (PRDX6),
counteracting ferroptosis and other forms of oxidative stress-—
induced cell death (84) (Figure 5A).

Together, these mechanisms demonstrate that Mtp53 maintains
ROS within a “safe window” that favors tumor adaptation. Thus,
Mtp53 coordinates energy metabolism with antioxidant defense—
not only conferring survival advantages but also exposing metabolic
dependencies that can be therapeutically exploited through
targeting SIRT3, NRF2 pathways, or induction of ferroptosis.

4.1.3 Lipid metabolism dysregulation

Mtp53 profoundly rewires lipid metabolism to supply
tumor cells with structural components, energy reserves, and
signaling molecules, while simultaneously fostering a tumor
microenvironment that favors immune evasion and therapeutic
resistance. In PDAC, tumor cells harboring Mtp53 exhibit
upregulated expression of sterol O-acyltransferase 1 (SOATI, also
known as ACAT1), an enzyme that esterifies free cholesterol into
cholesteryl esters. This process mitigates lipotoxicity and maintains
homeostasis of mevalonate (MVA) pathway intermediates—such as
geranylgeranyl pyrophosphate (GGPP)—thereby supporting
membrane localization of oncoproteins like RAS (85). Notably,
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Mtp53 drives immune evasion by enhancing glycolysis and lactate accumulation. (A) Mtp53 reinforces glycolysis and supports tumor survival through
multiple pathways: ©® Activates the JAK2-STAT3-UCHL3 axis to stabilize ENO1, promoting lactate production and conferring chemoresistance
(reversible by pacritinib). @ Cooperates with KLF5 to activate PLA2G16, facilitating GLUT1 membrane translocation and increasing glucose uptake and
lactate accumulation. ® Suppresses the AMPK/ULK1 pathway, amplifying glycolysis while blocking autophagy. ® Activates hepatocyte growth factor
receptor (HGFR) and WNT signaling to drive epithelial-mesenchymal transition (EMT) and promote metastasis. ® Fructose metabolism via SLC2A5
(GLUT5)/KHK activates AMPK, inducing aberrant angiogenesis that impedes T cell infiltration. (B) Lactate acts as a key immunosuppressive
metabolite, broadly impairing anti-tumor immunity: © Inhibits p38/JNK phosphorylation in T cells, reducing IFN-y and TNF-o production, and
upregulates tumor PD-L1 via the lactate receptor GPR81. @ Specifically enhances CTLA-4 and FOXP3 expression in regulatory T cells (Tregs) and
upregulates CX3CL1 to promote their recruitment. ® Induces intracellular acidification and mitochondrial damage in NK cells, suppresses mTOR
activity, and impairs cytotoxic function. ® Downregulates MHC-II, CD80/86, and IL-12 in dendritic cells (DCs), weakening cytotoxic T lymphocyte
(CTL) priming. ® In MDSCs, lactate stabilizes HIF-1a to drive ARG1 and iNOS expression and ROS production; in TAMs, it signals through GPR132 to
activate ERK-STATS3, inducing IL-10 secretion—collectively promoting M2 polarization and T cell suppression.
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studies in PDAC mouse models and organoids have demonstrated
that tumors carrying Mtp53 (R172H, equivalent to human R175H)
are highly sensitive to the SOAT1 inhibitor avasimibe, whereas p53
wild-type tumors show minimal response (85), suggesting that
SOAT1 represents a metabolic vulnerability specific to Mtp53-
driven tumors.

Different hotspot Mtp53 mutants drive distinct lipidomic
phenotypes. Cotton et al. performed lipidomic profiling in PDAC
cells and found that the R175H mutant enriches monounsaturated
fatty acid (MUFA)-containing triglycerides and cholesteryl esters,
whereas R273H elevates phosphatidylcholine and sphingolipid
levels; both mutants exhibit increased lipid droplet accumulation
and enhanced de novo fatty acid synthesis (86). These findings
indicate that Mtp53 gain-of-function (GOF) activities are mutation-
specific, although broader in vivo validation is needed to assess
their generalizability.

Moreover, a feedback loop exists between Mtp53 and lipid
metabolism. Liu et al. reported that in multiple cancer cell lines,
palmitate produced by fatty acid synthase (FASN) stabilizes Mtp53
via S-palmitoylation and enhances its interaction with
transcriptional coactivators. ChIP-qPCR confirmed Mtp53
enrichment at the FASN promoter, and Mtp53 overexpression
was shown to upregulate FASN mRNA (87). While these data
suggest a potential positive feedback circuit, its necessity in
tumorigenesis remains unproven due to the lack of in vivo
models or mutation-specific rescue experiments.

In high-grade serous ovarian carcinoma, Mtp53 downregulates
the lysophosphatidic acid phosphatase ACP6, leading to autocrine
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accumulation of lysophosphatidic acid (LPA), which activates the
FAK/paxillin pathway to promote migration and peritoneal
metastasis (88). This study, based on cell line models and
correlative analyses of clinical samples, provides preliminary
evidence for Mtp53-mediated regulation of phospholipid signaling.

Importantly, while SOAT1 inhibition effectively kills Mtp53-
expressing tumors, the resulting buildup of free cholesterol may
inadvertently activate the WNT/PCP-YAP signaling axis, triggering
adaptive resistance. Co-treatment with a cholesterol-chelating agent
(e.g., filipin) blocks this compensatory activation and significantly
enhances therapeutic efficacy (89) (Figure 5B).

In summary, current evidence indicates that Mtp53 influences
lipid metabolism through multiple mechanisms—including
modulation of key nodes such as SOAT1, FASN, and ACP6.
Targeting these pathways shows therapeutic promise in specific
genetic contexts; however, most proposed mechanisms still require
rigorous in vivo validation to establish their causality and
general applicability.

4.1.4 Amino acid uptake

Tumor cells frequently reside in nutrient-poor microenvironments,
and TP53 abnormalities, whether gain-of-function resulting from
missense mutations or loss-of-function due to complete deletion,
can confer a significant survival advantage by reprogramming
amino acid metabolism.Mtp53 not only loses its tumor-
suppressive function but actively drives metabolic adaptation. In
TNBC, Mtp53 mutants such as R175H and R280K have been shown
to stabilize ATF4 protein and upregulate key enzymes in the serine-
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Mtp53 shapes an immunosuppressive tumor microenvironment by reprogramming oxidative phosphorylation, lipid, and amino acid metabolism.

(A) Mtp53 bidirectionally regulates OXPHOS and fine-tunes ROS homeostasis: ® Represses respiratory chain genes (e.g., SCO2), dampening oxidative
phosphorylation (OXPHOS). @ In specific contexts, stabilizes PGC-1a. to enhance OXPHOS and promote metastasis, or activates the miR-200c—
PCK2 axis to suppress OXPHOS and reinforce stemness. ® Induces the SIRT3—-MnSOD axis to mitigate oxidative damage and activates NRF2 to
upregulate TXN, GCLM, PRDX6, and MGST3; simultaneously suppresses SLC7A11 and SESN1/2, maintaining ROS within a pro-survival “safe window.”
(B) Mtp53 drives mutation-specific lipid reprogramming: ® Upregulates SOATL1 to esterify free cholesterol, preventing lipotoxicity and sustaining
mevalonate (MVA) pathway flux and RAS membrane localization (Mtp53-harboring PDAC is sensitive to avasimibe). @ R175H enriches
monounsaturated fatty acid (MUFA)-modified cholesteryl esters (CE) and triglycerides (TG); R273H elevates phosphatidylcholine (PC) and
sphingolipids—both associated with lipid droplet accumulation. ® Forms a positive feedback loop with FASN: palmitate promotes S-palmitoylation
and stabilization of Mtp53, while Mtp53 transcriptionally upregulates FASN. @ Downregulates ACP6, leading to lysophosphatidic acid (LPA)
accumulation that activates FAK/paxillin to drive metastasis; co-treatment with filipin blocks WNT/PCP-YAP-mediated resistance triggered by SOAT1
inhibition. (C) Mtp53 and p53 loss differentially rewire amino acid metabolism: ® Mtp53 stabilizes ATF4, activating the serine—glycine—one-carbon
(SGOC) pathway and upregulating SLC7A5/3A2/1A5 to enhance serine/glycine synthesis and leucine/glutamine uptake, fueling mTORC1 and
nucleotide biosynthesis. @ Under glutamine deprivation, Mtp53 induces p21 to slow cell cycle progression and preserve ATP, promoting survival. ®
p53 loss upregulates MTHFD2 to boost one-carbon flux and support dTMP synthesis. @ Mtp53 may cooperate with NRF2 to create dependency on
specific amino acids (e.g., asparagine or glutamine), revealing a targetable metabolic vulnerability.
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glycine-one-carbon (SGOC) metabolic pathway—including
PHGDH and PSATI—as well as amino acid transporters
(SLC7A5, SLC3A2, and SLC1A5). Functional studies
demonstrated that these alterations enhance de novo serine/
glycine synthesis and increase uptake of leucine and glutamine,
thereby supporting mTORCI1 activation and nucleotide
biosynthesis, and promoting tumor growth under nutrient-limited
conditions (90). This study, based on Mtp53 knock-in cell lines,
xenograft models, and metabolomic profiling, provides a relatively
comprehensive mechanistic evidence chain.

Additionally, under glutamine deprivation, Mtp53 has been
reported to induce p21 expression, slowing cell cycle progression
while preserving mitochondrial membrane potential and ATP
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levels, thereby enhancing cancer cell survival (91). However, this
work was primarily conducted in vitro and did not establish
whether p21 acts downstream of the Mtp53-ATF4 axis; thus, the
integration of this pathway with SGOC metabolism requires
further validation.

In contrast, p53 loss—lacking GOF activity—derepresses
metabolic genes. Li et al. showed in p53-null mouse embryonic
fibroblasts and colon cancer models that p53 deficiency leads to
upregulation of MTHFD2, increasing one-carbon flux to promote
dTMP synthesis, alleviate replication stress, and reduce DNA
damage (92). Direct transcriptional repression by p53 was
confirmed by ChIP-qPCR, making this a canonical example of
metabolism rewiring driven by p53 LOF.
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Recent studies further suggest that TP53 aberrations may confer
specific amino acid dependencies. In patient-derived organoids and
PDX models of castration-resistant prostate cancer (CRPC), tumors
with TP53 mutation or deletion exhibited heightened dependence
on asparagine, and asparaginase treatment selectively induced their
death (93), implicating asparagine metabolism as a potential
vulnerability in TP53-altered CRPC.

Regarding glutamine dependency, Hamada et al. found in
KRAS-mutant pancreatic cancer that NRF2 activation enhances
glutamine metabolism and increases sensitivity to glutaminase
inhibitors (94) (Figure 5C). Although TP53 mutations frequently
co-occur with NRF2 pathway dysregulation, this study did not
directly assess the role of Mtp53; therefore, whether Mtp53
cooperates to amplify glutamine dependence remains to be verified.

In summary, current evidence indicates that Mtp53 actively
reprograms amino acid metabolism via the ATF4-SGOC axis,
whereas p53 loss enhances one-carbon flux through derepression
of MTHFD2. Although mechanistically distinct, both scenarios can
lead to dependency on specific amino acids—such as asparagine or
glutamine. Nevertheless, certain associations (e.g., the Mtp53-
NRF2-glutamine axis) remain in early exploratory stages and
require more in vivo causal studies for confirmation.

4.2 Epigenetic hijacking: locking cells into
an immunosuppressive state

Beyond metabolic regulation, Mtp53 also acts as a chromatin
regulatory hub, systematically manipulating epigenetic mechanisms
to lock cancer cells into a pro-oncogenic and immunosuppressive
transcriptional state. By recruiting DNA methyltransferases,
histone-modifying enzymes, and non-coding RNA regulators,
Mtp53 remodels gene expression programs, reinforces oncogenic
traits, and remotely regulates immune cell activity, thereby
promoting immune escape. The following sections detail how
Mtp53 reshapes chromatin structure through coordinated control
of DNA and histone modifications and reconstructs non-coding
RNA networks to drive immune escape.

4.2.1 DNA methylation and histone modifications

Mtp53 profoundly reshapes the tumor epigenetic landscape by
modulating DNA methylation and histone modifications, thereby
driving malignant progression and mediating immune evasion.
Regarding DNA methylation, Guo et al. reported in human breast
cancer cell lines that Mtp53 (R175H and R273H) interacts
with DNMT1 and enhances its methyltransferase activity at
the CDKN2A/p16 promoter, leading to transcriptional silencing
of pl6 (95). However, this study relied primarily on co-
immunoprecipitation and methylation-specific PCR, without
providing whole-genome DNA methylation profiling or in vivo
functional validation; thus, the generalizability of this mechanism
remains to be confirmed.

At the level of histone modifications, Efe et al. used ChIP-seq in
triple-negative breast cancer and pancreatic cancer models to
demonstrate that Mtp53 co-occupies the CSF1 enhancer with
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BRD4, promoting H3K27ac enrichment and transcriptional
activation of CSF1. Secreted CSF-1 recruits and polarizes TAMs,
induces STAT3 phosphorylation, and thereby drives epithelial-
mesenchymal transition (EMT) and metastasis (46). This study
integrated in vivo metastasis assays with single-cell RNA-seq,
establishing a relatively complete mechanistic chain.

Rahnamoun et al., through ChIP-seq and CRISPRi screening in
colon cancer cells, found that Mtp53 interacts with the histone
methyltransferase MLL4 and co-localizes with it at enhancers of
inflammatory and invasive genes such as MMP9 and CCL2,
facilitating H3K4mel deposition and establishing an active
enhancer state (96). Although this work provides genome-wide
binding evidence, it lacks functional validation using Mtp53-MLL4
interaction—deficient mutants, and the pathological relevance in
vivo awaits confirmation in animal models.

Notably, Mtp53 mutants with distinct conformational states
can selectively recruit epigenetic regulatory complexes to achieve
bidirectional gene regulation. For example, the hotspot mutant
Mtp53-R175H acts as a molecular scaffold, forming a ternary
complex with the transcription factor BACHI and the histone
demethylase lysine-specific demethylase 2 (LSD2, also known
as KDMI1B). At the SLC7A11 promoter, LSD2 catalyzes
demethylation of H3K4me2, relieving BACHI1-mediated
transcriptional repression and upregulating xCT expression to
suppress ferroptosis. Conversely, at loci such as CEMIP, the same
complex enhances BACHI’s transcriptional activation function,
promoting extracellular matrix degradation and tumor invasion
(97) (Figure 6).

In summary, current evidence indicates that Mtp53 can reshape
local chromatin states by recruiting epigenetic regulators—
including DNMT1, BRD4, MLL4, and LSD2. Among these, the
CSF1 axis and the SLC7A11/CEMIP regulatory module are
supported by relatively robust functional validation, whereas the
roles of p16 promoter methylation and MLL4-dependent enhancer
activation require further in vivo causal studies for confirmation.

4.2.2 Non-coding RNA networks

Mtp53 not only loses the wild-type regulatory functions over
non-coding RNAs (ncRNAs), but also actively rewires the
expression networks of long non-coding RNAs (IncRNAs),
microRNAs (miRNAs), and circular RNAs (circRNAs) through
GOF mechanisms, thereby cooperatively driving EMT, tumor
stemness, migration, invasion, and immune evasion. To clarify
this complex regulatory landscape, we systematically organize
current evidence by ncRNA class and their dominant biological
functions (Table 1).

4.2.2.1 IncRNAs: scaffold-mediated transcriptional and
post-translational regulation

Mtp53 frequently activates oncogenic IncRNAs by directly
binding to their promoters or modulating epigenetic
modifications. In PDAC, Mtp53 directly transactivates
LINC00857, which acts as a protein scaffold bridging the
transcription factor FOXM1 and the deubiquitinase OTUBI. This
stabilizes FOXM1 and induces EMT, with increased N-cadherin

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1753215
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liang and Wang

10.3389/fimmu.2026.1753215

FIGURE 6

mediated transactivation to promote invasion.
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Mtp53 cooperates with multiple epigenetic regulators to drive cell cycle dysregulation, immune suppression, and metastasis. ©® Mtp53 binds DNMT1
to induce hypermethylation of the CDKN2A/p16 promoter, silencing its expression and promoting tumor proliferation and dedifferentiation. @ Mtp53
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LSD2 demethylates H3K4me?2 to relieve transcriptional repression and suppress ferroptosis; at the CEMIP locus, the complex enhances BACH1-

and decreased E-cadherin, thereby promoting metastasis (98).
Similarly, under hypoxic conditions, Mtp53 cooperates with HIF-
1o to upregulate LINC00460.This IncRNA enhances proliferation
via the miR-4689/UBE2V1 axis and simultaneously sequesters the
deubiquitinase USP10 to stabilize p53, establishing a positive
feedback loop that drives PDAC progression (99).

In colorectal cancer (CRC), Mtp53 (e.g., R273H) directly
represses the m®A demethylase ALKBHS5, leading to
hypermethylation of the IncRNA CARMN and its subsequent
degradation by YTHDF2/3. Loss of CARMN—which normally
functions as a “sponge” for miR-5683—reduces free miR-5683
levels, thereby derepressing FGF2 and activating the PI3K/Akt/
mTOR pathway to drive proliferation and migration (100).
Additionally, in head and neck squamous cell carcinoma
(HNSCC), MIR205HG sequesters miR-590-3p, releasing key
effectors of the cell cycle (Cyclin B, CDK1) and Hippo pathway
(YAP), accelerating tumor progression (101).

4.2.2.2 miRNAs: direct transcriptional control and global
biogenesis suppression

Beyond indirect regulation (e.g., via IncRNA sponges), Mtp53
can directly drive miRNA transcription or suppress their biogenesis.
For instance, Mtp53 directly upregulates miR-182-5p in multiple
cancer types; this miRNA targets several tumor suppressors (e.g.,
FOXOI, MITF), markedly enhancing migration and invasion (102).
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Similarly, in breast cancer, Mtp53 activates miR-155 to promote
EMT and metastasis (103).

More broadly, Mtp53 disrupts global miRNA processing: it
binds to and inhibits the Microprocessor complex (Drosha-
DGCRS), blocking pri-miRNA-to-pre-miRNA conversion (104),
and may also modulate Dicer expression to impair mature
miRNA production (105). Critically, certain miRNAs reciprocally
regulate Mtp53 stability, forming feedback loops. In lung squamous
cell carcinoma, miR-223-3p directly targets Mtp53 mRNA to
suppress its expression, while Mtp53 represses miR-223-3p
transcription—establishing a double-negative feedback loop.
Disruption of this circuit leads to Mtp53 accumulation and tumor
progression, whereas restoration of miR-223-3p effectively
suppresses invasion (106).

4.2.2.3 circRNAs: conformationally stable signaling hubs
and therapeutic targets

Due to their covalently closed, highly stable structure, circRNAs
serve as ideal mediators for Mtp53 to establish persistent
malignant phenotypes. In TNBC, circCFLI acts as a scaffold that
enhances the interaction between HDACI and c-Myc, promoting
deacetylation of c-Myc at K148 and inhibiting its ubiquitin-
mediated degradation. Stabilized c-Myc further transactivates
Mtp53, creating an Mtp53—circCFL1-c-Myc positive feedback
loop that ultimately activates the p-AKT/WIP/YAP/TAZ axis
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TABLE 1 Mtp53-regulated non-coding RNA network: classification by ncRNA type, cancer context, mechanism, and biological function.

ncRNA

Biological

ncRNA Name  Cancer type Key mechanism : Reference(s)
type function
. . . EMT,
LINC00857 Pancreatic ductal adenocarcinoma Acts as a scaffold bridging FOXM1 and orati 98)
migration,
(PDAC) deubiquitinase OTUB1 — stabilizes FOXM1 8 i
metastasis
X X i X Proliferation,
Pancreatic ductal adenocarcinoma Sponges USP10; activates miR-4689/UBE2V1
LINC00460 ) p53 99)
(PDAC) axis bilizati
IncRNA stabilization
°A h thylati RNA d 1 Proliferation,
CARMN Colorectal cancer (CRC) m . ypermethylation — ecay 4' 088 er ! eFa ton. (100)
of miR-5683 sponge — FGF2 upregulation migration
Cell cycle
Head and neck squamous cell Sponges miR-590-3p — de-repression of .
MI H s 101
R20SHG carcinoma (HNSCC) Cyclin B, CDKI1, and YAP progression (101)
proliferation
R-182-5 P Directly transactivated by Mtp53 — targets Migration, (102)
i P an-eancer FOXO! and MITF invasion
. EMT,
miR-155 Breast cancer Upregulated by Mtp53 . (103)
. metastasis
miRNA
Tumor
. Lung squamous cell carcinoma Targets Mtp53 mRNA; forms a negative suppression,
R-223-3 106
m P (LSCC) feedback loop inhibition of | (°°)
invasion
Scaffold for HDAC1-c-Myc interaction — c- Stemness,
circCFL1 Triple-negative breast cancer (TNBC) | Myc deacetylation/stabilization — enhances EMT, immune | (107)
Mtp53 transcription evasion
circRNA circPVT1 Head and neck squamous cell Transcriptionally activated by Mtp53/YAP/ Proliferation, (108)
i
carcinoma (HNSCC) TEAD complex anti-apoptosis
Binds H2AX and Bclafl — disrupts Mtp53 T
circ-Cenbl Breast cancer inas . é,m © é — distupts AP umor . (109)
GOF protein interactions suppression

and induces both EMT and stemness markers (e.g, ALDHIAIL,
CD44"/CD24") (107).

In HNSCG, circPVTI is directly activated by the Mtp53/YAP/
TEAD transcriptional complex; its overexpression promotes
proliferation and suppresses apoptosis (108). Conversely, circ-
Ccnbl exerts tumor-suppressive effects in breast cancer: by
binding H2AX and Bclafl, it disrupts Mtp53’s interactions with
these proteins, thereby inhibiting Mtp53 GOF-driven tumorigenesis
(109). This finding suggests that not all circRNAs are oncogenic—
some endogenous circRNAs may constitute a natural inhibitory
network against Mtp53.

4.3 Crosstalk between metabolites and the
epigenome: how metabolites shape the
epigenetic landscape of TIME

Metabolic reprogramming driven by Mtp53 not only confers
proliferative and survival advantages to tumor cells but also
remotely shapes the tumor immune microenvironment through
the accumulation of specific metabolic byproducts. Metabolites
such as lactate, o-ketoglutarate (0i-KG), and acetyl-CoA have
transcended their canonical roles in energy production or
biosynthesis and now function as key signaling molecules or
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direct substrates for epigenetic modifications, dynamically
regulating the expression programs of immune-related genes. By
covalently modifying histones—through lysine lactylation,
acetylation, or demethylation—or non-histone proteins such as
PD-L1 and TNFR2, these metabolites persistently lock myeloid
and T cells into immunosuppressive or exhausted states without
altering the DNA sequence, thereby promoting immune evasion.

Notably, although multiple studies in non-Mtp53 contexts have
established causal links within the “metabolism-epigenetics—
immunity axis” through integrated interventions targeting
metabolic flux, site-specific epigenetic marks, and immune
function, no study to date has systematically examined the
integrity of this axis in the setting of Mtp53-driven tumors. This
represents a critical knowledge gap in understanding how Mtp53
GOF activity reshapes the TIME (Table 2).

4.3.1 The lactate-driven metabolism—
epigenetics—immunity axis: from association to
causality

In the context of Mtp53-driven Warburg effect, lactate is not
merely an end product of glycolysis but also a direct substrate for
lysine lactylation (Kla), enabling covalent modification of histones
and non-histone proteins to modulate immune responses within
the tumor microenvironment. Recent studies have sought to dissect
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the causal logic of the triad “lactate — site-specific Kla —
immunosuppression,” with evidence ranging from mechanistic
correlations to fully validated causal chains.

The most compelling causal evidence comes from glioblastoma
and solid tumor models. De Leo et al. knocked out LDHA in
human monocyte-derived macrophages, substantially reducing
intracellular lactate levels. Using CUT&Tag, they demonstrated a
concomitant decrease in H3K18la enrichment at the promoters of
IL10 and TGFB. Functionally, these macrophages exhibited
significantly impaired capacity to suppress T-cell proliferation.
Integrated with single-cell transcriptomics, this study
established a complete causal chain within a single experimental
system: reduced lactate — decreased H3K18la — weakened
immunosuppressive function (110). Similarly, Wang et al. found
in multiple murine solid tumor models that intratumoral H3K9la
levels positively correlated with microenvironmental lactate
concentration. Overexpression of a catalytically active HDAC3
mutant with delactylase activity or pharmacological inhibition of
lactate transporters effectively reduced H3K9la, restored
transcription of CXCL9 and CXCLI10, increased CD8" T-cell
infiltration, and markedly enhanced response to anti-PD-1
therapy—thereby closing the functional axis “lactate — H3K9la
— T-cell exclusion — immunotherapy resistance” in vivo (111).
Furthermore, Xue et al. demonstrated in clinical samples of
malignant pleural effusion and murine models that a high-lactate
microenvironment induces lysine lactylation of TNFR2 at K122 in
Tregs. By engineering a non-lactylatable TNFR2-K122R mutant,
they effectively blocked lactate-induced stabilization of TNFR2 and
downstream NF-kB activation, significantly impairing Treg
expansion and immunosuppressive function—thus establishing,
for the first time, a causal link between lactate-driven lysine
lactylation of a non-histone protein and immune regulation (112).

In contrast, other studies, while providing mechanistically
plausible associations, have not yet completed the full trajectory
from lactate flux manipulation to immune phenotypic output. For
example, Huang et al. used ChIP-qPCR in acute myeloid leukemia
cell lines and patient samples to show that STAT5 recruits p300 to
the CD274 (PD-L1) promoter, promoting H3K18la deposition and
driving its expression; exogenous lactate enhanced this
modification, whereas STAT5 knockout reduced both H3K18la
and PD-L1 levels (113). However, this study did not directly
perturb endogenous lactate production or clearance, leaving it
unclear whether lactate serves as the rate-limiting metabolic
substrate in this pathway. Sun et al. reported in ovarian cancer-
associated macrophages that lactate treatment induced H3K18la
enrichment at the CCL18 promoter and upregulated its expression,
as confirmed by ChIP-seq and qPCR (114). Separately, Wang
et al. identified CBX3 as a “reader” of H3K18la via proteomics
and ChIP-seq, and showed that CBX3 inhibition or shRNA
knockdown reversed silencing of antigen-presentation genes and
promoted immune evasion in glioblastoma (115). Although these
studies validated the functional importance of Kla through
chromatin immunoprecipitation, rescue experiments, or targeted
interventions, none systematically modulated lactate flux (e.g., via
LDHA knockout or MCT inhibition), and thus could not establish
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lactate as a necessary upstream driver—representing strong,
mechanistically coherent indirect evidence rather than complete
causal chains.

Notably, earlier reviews proposed two hypotheses: that H3K18la
might upregulate METTL3 to modulate m°A modification of JAK/
STAT pathway components, or that lactylation of moesin enhances
TGF-P signaling (116). Although logically sound, no primary study
to date has provided direct evidence—through ChIP, site-directed
mutagenesis, metabolic flux tracing, or in vivo models—to
substantiate these ideas, leaving them as theoretical propositions
awaiting validation.

In summary, while the “lactate — Kla — immunosuppression”
axis has garnered experimental support across multiple tumor
types, the most rigorous causal evidence derives exclusively from
non-Mtp53-driven contexts. These studies employed Ldha
knockout, overexpression of delactylases, or Kla-site mutagenesis
to specifically perturb lactate levels or Kla status, observing
reversible changes in both epigenetic marks and immune
function. To date, however, no study has tested this axis in an
Mtp53-driven tumor model by conditionally deleting Ldha or
inhibiting MCT1/4 transporters while simultaneously monitoring
dynamic changes in lysine lactylation (e.g., via quantitative mass
spectrometry or site-specific antibodies) alongside immune cell
infiltration and therapeutic response—thereby failing to fully
validate the causal sequence: “Mtp53 activation — lactate
accumulation — Kla modification — immune evasion.”
Nevertheless, myeloid cells—particularly tumor-associated
macrophages—remain widely regarded as central effectors of this
axis due to their high metabolic plasticity (117), providing a
rationale for targeting the lactate-Kla pathway in immunotherapy.

4.3.2 o-Ketoglutarate: an emerging regulator in
the metabolism—epigenetics—immunity axis

o-Ketoglutarate (0-KG) is a key intermediate of the
tricarboxylic acid (TCA) cycle and an essential cofactor for
Jumonji C (JmjC) domain-containing histone demethylases
(KDMs) and TET-family DNA demethylases (118, 119). As a co-
substrate for these epigenetic enzymes, o-KG levels directly
influence histone and DNA methylation states, thereby regulating
the expression of immune-related genes. Recent research has
progressed from correlative observations between metabolites and
immune phenotypes toward causal validation of the triad “o-KG —
site-specific demethylation — immune functional output.”
However, the strength of current evidence varies considerably,
necessitating clear distinctions among fully established causal
chains, strongly associated mechanistic links, and unverified
theoretical models.

The strongest causal evidence comes from integrated models
involving tumor cells and myeloid immune cells. Li et al.
pharmacologically inhibited glutaminase (GLS) or genetically
knocked down IDH2 in renal cell carcinoma to specifically reduce
endogenous 0-KG levels. This intervention markedly impaired
TET1/2-mediated DNA demethylation at the PD-L1 (CD274)
promoter (evidenced by decreased 5hmC and increased 5mC),
leading to PD-L1 downregulation. Functionally, this resulted in
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TABLE 2 Evidence strength classification of key nodes in the metabolism—epigenetics—immunity axis.

Key experimental

Immune phenotypic

Evidence strength

Metabolism—Epigenetics—Immunity pathway Tumor model ’ . LNy Reference
intervention outcome classification
Causal closed-loop validation
Lactate — H3K18la (IL10/TGFB) — TAM M2 polarization — T- . LDHA knockout in macrophages; Reduced T-cell proliferation (lactate flux manipulation —
; Glioblastoma (human/mouse) . . . . (110)
cell suppression scRNA-seq + CUT&Tag suppression; | M2 markers lactylation dynamics — immune
function)
CD8"T-cell infiltration;
Lactate — H3K9la (CXCL9/10) — CD8"T-cell exclusion — anti- X . Overexpression of de-lactylating ) cell infritration L
X Multiple solid tumors (mouse) S enhanced response to Causal closed-loop validation (111)
PD-1 resistance enzyme; lactate transport inhibition |
immunotherapy
Lactate — TNFR2-K122la — Treg stability 1+ — Malignant pleural effusion TNFR2-K122R site-directed | Treg expansion; reduced Causal closed-loop validation (12)
immunosuppression (human/mouse) mutagenesis immunosuppressive function (non-histone lactylation)
Strong associative evidence
STATS5 knockout; lactaty PD-L1; enhanced T-cell
STAT5 — H3K18la (PD-L1) — T-cell suppression Acute myeloid leukemia ockout; exogenous lactate | | i 'en ance ce (no direct manipulation of lactate (113)
treatment cytotoxicity .
production)
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substrate)
Lactat H3K18I METTL3 SA-JAK/STAT — M2 Not ified iew-based
ac a.e _) a7 T mA] - © spec1. ed (review-base No original experimental validation | — Hypothesis awaiting validation (116)
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) GLS inhibition or IDH2 I A ausa: closed-loop vaudation
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0-KG — KDM6B-mediated H3K27me3 demethylation at I112b/Tnf . . . . aus f:ose O?P v a.lon
romoters — M1 macrophage activation ro-inflammato Non-tumor infection model Exogenous o-KG supplementation; 1 IL-12 secretion; T M1 markers; | (0-KG intervention — histone (121)
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P . . phag P Ty (primary mouse macrophages) | ChIP-qPCR for H3K27me3 enhanced bacterial clearance demethylation dynamics — immune
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output)
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significantly enhanced CD8" T-cell infiltration and dramatically
improved response to anti-PD-1 immunotherapy (120). This study
completed a full causal chain within a single in vivo model: reduced
0-KG — diminished TET activity — hypermethylation of the PD-
L1 promoter — attenuated immune evasion—representing the

Reference

(127)
(128)
(129)

most rigorous experimental validation of the o-KG-driven
metabolism-epigenetics-immunity axis to date.

In tumor-associated macrophages, Liu et al. found that exogenous
0-KG promoted M1-like activation and suppressed M2 polarization.
Mechanistically, 0-KG enhanced the histone demethylase activity of
KDM6B (Jmjd3), significantly reducing H3K27me3 levels at
promoters of pro-inflammatory genes (e.g., I112b, Tnf), as directly
confirmed by ChIP-qPCR. Functionally, these macrophages secreted

output, but no site-specific acetylation
(no direct manipulation of endogenous

Acetyl-CoA flux or acetylation

(metabolic intervention + immune
detection)

(non-histone acetylation; protein

Evidence strength
classification

histone acetylation dynamics —
Causal closed-loop validation
stability regulation)

Strong associative evidence
Strong associative evidence

immune function)

measured)

more IL-12 and exhibited enhanced antimicrobial capacity (121).

Although this study did not assess T-cell responses in a tumor setting,
it established a causal link in primary immune cells: a-KG —
H3K27me3 demethylation — enhanced pro-inflammatory function
—providing critical support for o-KG as a means to reverse
immunosuppressive microenvironments.

In contrast, other studies have revealed 0-KG’s role in shaping
T-cell fate but have not directly validated the epigenetic
intermediary step. Klysz et al. showed that glutamine-derived o-
KG upregulated T-bet (encoded by TBX21I) in in vitro-activated
CD4" T cells, promoting Thl differentiation and suppressing

Immune phenotypic

outcome
infiltration; enhanced anti-PD-1

| PD-LI protein; T CD8" T-cell
response

activation
| PD-L1 mRNA; 1 CD8"T-cell

1 PD-L1 expression; | T-cell

function

regulatory T-cell (Treg) generation (122); Matias et al. reported
that o-KG inhibits Treg differentiation by remodeling
mitochondrial metabolism and lipid homeostasis (123). However,
neither study examined DNA or histone methylation status at key
immune loci such as FOXP3 or TBX2I, leaving the epigenetic
mechanism unconfirmed. These works represent strong
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associative evidence with plausible mechanisms but lack the

epigenetic link required to establish o-KG as a necessary
upstream driver.

In summary, the “0-KG — demethylation — immune
modulation” axis has received preliminary causal support in renal
cancer and macrophage models (120, 121), yet all robust evidence to
date originates outside Mtp53-driven genetic contexts. No study has
yet conditionally deleted Idh1/2 or Gludl, or inhibited glutamine
transporters, in Mtp53-mutant tumors while simultaneously

Liver cancer (MASH-HCC

Melanoma (mouse/human-
mouse model)

derived)
Multiple solid tumors (in

vitro/mouse)

Tumor model

tracking dynamic changes at specific epigenetic sites (e.g., ShmC
at the PD-LI promoter or H3K27me3 at the FOXP3 CNS2 region)
alongside immune cell infiltration and therapeutic response—thus
failing to fully validate the causal sequence: “Mtp53 activation — o
KG accumulation — enhanced demethylation — immune evasion
or dysregulation.” Nevertheless, given the central roles of TET and
KDM enzymes in both T cells and myeloid cells (124), o-KG
remains a promising targetable metabolic node for combined
epigenetic and immunotherapeutic strategies.

4.3.3 Acetyl-CoA: an epigenetic substrate driving
immune evasion programs via FasL and PD-L1
Acetyl-CoA serves as a critical substrate for histone
acetyltransferases (HATSs), allowing metabolic flux to be
transduced into chromatin acetylation signals that rapidly

Acetyl-CoA — (presumed H3K27ac) — PD-L1 transcription —

Acetyl-CoA — PD-L1-K162/181ac — PD-L1 protein stabilization
immune evasion

Metabolism—Epigenetics—Immunity pathway
— T-cell suppression

Acetate — ACSS2 — Acetyl-CoA — c-Myc 1 — PD-L1

transcription — impaired T-cell killing

TABLE 2 Continued

regulate transcriptional outputs of immune-related genes (125,
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126). Recent studies reveal that acetyl-CoA drives multiple immune
evasion programs through two complementary mechanisms:
transcriptional activation via histone acetylation and protein
stabilization via non-histone acetylation. The existing evidence
exhibits a clear gradient in causal rigor, requiring careful
distinction between validated closed-loop pathways and
mechanistically plausible but incompletely connected
associative models.

The most compelling causal evidence comes from pancreatic
neuroendocrine tumors (PNETs) and melanoma. Dang et al.
demonstrated in PNETs that activation of the acetyl-CoA
synthetase ACSS2 markedly elevated local acetyl-CoA levels,
promoting H3K27ac enrichment and chromatin accessibility at
the FasLG promoter. Concurrently, the anti-apoptotic factor
AATF was recruited to this locus, cooperatively activating FasLG
transcription and triggering massive secretion of soluble FasL
(sFasL), which induced apoptosis of CD8" T cells upon binding
to Fas. Critically, pharmacological inhibition of ACSS2 or
neutralization of FasL restored CD8" T-cell infiltration and
suppressed tumor growth. This study established a complete
causal chain within one model: elevated acetyl-CoA — increased
H3K27ac — upregulated FasL transcription — enhanced T-cell
apoptosis—representing a paradigmatic closed-loop example of
histone acetylation-mediated immune evasion (130).

In melanoma, Wang et al. found that nuclear-cytosolic acetyl-
CoA enables p300 to directly acetylate PD-L1 at lysine residues
K162 and K181, significantly enhancing its protein stability by
inhibiting ubiquitin-proteasomal degradation. Reducing acetyl-
CoA levels with an ACLY inhibitor reversed PD-L1 acetylation
and restored CD8" T-cell function (127). This work established, for
the first time, a causal axis whereby acetyl-CoA promotes immune
evasion through non-histone acetylation-mediated stabilization of
an immune checkpoint molecule, thereby expanding the functional
scope of acetyl-CoA in immune regulation.

By contrast, other studies offer mechanistically reasonable but
incompletely closed associative evidence. Gautam et al. reported in
a hepatocellular carcinoma model that ACLY inhibition lowered
acetyl-CoA levels, coinciding with PD-L1 downregulation and
increased CD8" T-cell infiltration (128); Wang et al. showed that
exogenous acetate, converted to acetyl-CoA by ACSS2, indirectly
enhanced PD-L1 transcription via c-Myc upregulation, thereby
impairing T-cell cytotoxicity (129). Although these studies
observed clear immune phenotypic changes following metabolic
intervention, neither directly measured dynamic modifications at
specific sites (e.g., H3K27ac at the CD274 promoter or PD-L1
protein acetylation), and thus cannot confirm acetyl-CoA as a
necessary upstream driver—constituting strong associative, but
not fully causal, evidence.

In summary, the mechanisms by which acetyl-CoA promotes
immune evasion through histone or non-histone acetylation of FasL
and PD-L1 have received causal support in PNETs and melanoma
(127, 130), yet all current evidence lacks validation in Mtp53-driven
genetic contexts. No study has yet conditionally deleted Acly or
Acss2, or inhibited acetate transporters, in Mtp53-mutant tumors
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while simultaneously tracking dynamic changes in H3K27ac at the
FasLG promoter, PD-L1 acetylation status, and CD8" T-cell fate
alongside immunotherapy response—thus failing to fully close the
integrative causal chain: “Mtp53 activation — acetyl-CoA
accumulation — multi-layered acetylation modifications —
immune evasion.” Nonetheless, targeting acetyl-CoA metabolic
pathways (e.g., with ACLY or ACSS2 inhibitors) holds promise
for concurrently suppressing both FasL- and PD-LI-mediated
immunosuppressive mechanisms, offering a novel strategy to
reprogram the anti-tumor immune microenvironment.

4.3.4 Integrated perspective: metabolites as
bridges in immune epigenetic regulation

In summary, although lactate, a-ketoglutarate (0-KG), and
acetyl-CoA have been convincingly shown in various non-Mtp53
models to drive immune evasion through lysine lactylation,
demethylation, or acetylation, the causal integrity of these
“metabolism-epigenetics-immunity axes” has not yet been
directly validated in the context of Mtp53-driven tumorigenesis.
Nevertheless, given that Mtp53 profoundly rewires tumor cell
metabolism and promotes the accumulation of these metabolites,
it is plausible that Mtp53 co-opts these metabolic byproducts to
convert intrinsic metabolic reprogramming into distal
immunomodulatory signals, thereby systematically sculpting an
immunosuppressive microenvironment.

Specifically, lactate can promote the expression of
immunosuppressive factors or T-cell exclusion via H3K18la or
H3K9la (110, 111); o-KG can drive DNA or histone
demethylation at loci such as PD-LI or pro-inflammatory genes
in a TET- or KDM-dependent manner (120, 121); and acetyl-CoA
can either activate FasL transcription through H3K27ac or enhance
PD-LI protein stability via direct acetylation (127, 130). Although
these pathways target distinct molecular effectors, they share a core
mechanistic principle: fluctuations in metabolite concentrations are
sensed by epigenetic enzymes and translated into stable, functional
immune phenotypes.

This “metabolism-epigenetics—-immunity axis” provides a
compelling conceptual framework for understanding how Mtp53
GOF activity non-genetically reprograms host immunity. It suggests
that Mtp53 may amplify its oncogenic impact through metabolic
byproducts, while simultaneously revealing multiple druggable
nodes that are independent of the p53 mutation itself. For
instance, pharmacological inhibition of LDHA, ACLY, or GLS—
or direct targeting of lactyltransferases, acetyltransferases, or
demethylases—may disrupt the homeostasis of the tumor
immune microenvironment, reverse immunosuppression, and
potentiate immune checkpoint blockade.

Future studies must therefore employ Mtp53-driven orthotopic tumor
models to simultaneously track metabolic flux, site-specific epigenetic
dynamics (e.g, H3K18la, 5ShmC at the PD-LI promoter, or H3K27ac at
the FasLG locus), and immune cell fate—including infiltration, exhaustion,
and functional responsiveness—to causally validate this integrated axis.
Such efforts will lay the foundation for precision immuno-metabolic
interventions tailored to Mtp53-mutant cancers.
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5 Cancer-type specificity, co-
mutation context, and heterogeneity
in Mtp53-driven immune regulation

Although TP53 is the most frequently mutated gene in human
cancers, Mtp53 is not a functionally homogeneous entity. On the
contrary, Mtp53 actively reshapes the TIME through GOF
activities, and this process exhibits profound context dependency.
The ultimate immunological phenotype is jointly determined by
three key dimensions: the specific Mtp53 mutation subtype (e.g.,
conformational mutant R175H versus DNA-contact mutant
R273H), the tissue-of-origin-defined basal transcriptional
program, and recurrent co-occurring driver events (such as KRAS
activation in pancreatic cancer or MYC amplification in triple-
negative breast cancer). These factors intertwine into a complex
epistatic network, leading Mtp53 to deploy distinct strategies for
immune evasion and metabolic reprogramming across different
cancer types. Therefore, treating Mtp53 merely as a generic poor-
prognosis marker severely underestimates its potential as a
therapeutically actionable target and a dynamic biomarker for
monitoring. This section systematically dissects the mechanistic
heterogeneity of Mtp53 across major solid tumors, integrating
mutation subtypes, co-mutation landscapes, and TIME features to
construct a multidimensional stratification framework oriented
toward clinical translation—providing both theoretical rationale
and practical pathways for personalized immuno-metabolic
interventions based on Mtp53 status (Table 3).

5.1 Cancer-type specificity of Mtp53-
mediated immune regulation and its
molecular basis

The mechanisms by which Mtp53 modulates the TIME vary
substantially across cancer types. This heterogeneity stems from
tissue-specific transcriptional programs, unique cellular ecosystems,
and characteristic co-occurring driver mutations. In TNBC, Mtp53
primarily promotes immune evasion through the “p53-miR-34a-
PD-L1 axis”: loss of wild-type p53 function leads to downregulation
of miR-34a, thereby relieving post-transcriptional repression of
programmed death-ligand 1 (PD-L1) and resulting in its aberrant
overexpression on tumor cells. Additionally, Mtp53—particularly
the R175H variant—cooperates with BRD4 to bind the CSFI
enhancer, driving infiltration of TAMs, enhancing Tregs
recruitment, and suppressing NK cells activity, thereby
establishing a multilayered immunosuppressive network (46, 131).

In contrast, in pancreatic ductal adenocarcinoma (PDAC),
Mtp53 almost invariably co-occurs with activating KRAS
mutations. The two synergistically activate the NF-xB pathway,
enabling Mtp53 recruitment to the CXCLI enhancer and triggering
massive CXCLI1 secretion to expand PMN-MDSCs—a hallmark of
the T-cell-excluded “cold tumor” phenotype. Moreover, Mtp53
upregulates SOAT1 to maintain cholesterol ester homeostasis,
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supporting RAS membrane localization and further amplifying
oncogenic signaling (21, 85, 86).

In CRC, Mtp53 relies more heavily on extracellular vesicle-
mediated long-range communication—specifically by driving
tumor cells to release exosomes enriched in miR-1246. Upon
uptake by macrophages, these exosomes promote M2-like
polarization and activate CAFs to secrete IL-6, ultimately
impairing antitumor lymphocyte function (47).

Notably, even different hotspot mutations can drive divergent
biological programs. Hassin et al. directly compared R175H and
R273H and found only partial overlap in their transcriptional
networks: R175H preferentially activated NF-xB and lipid
biosynthesis pathways, whereas R273H predominantly affected
DNA repair-related genes—highlighting functional divergence
among Mtp53 subtypes (132).

In NSCLC, our team recently observed that patients harboring
TP53 hotspot mutations (e.g., R248W, R273H) exhibited
significantly better responses to gemcitabine, suggesting that
Mtp53 status not only influences immune evasion but may also
guide chemotherapy selection (133).

Collectively, these mechanisms—spanning direct signaling,
immune cell recruitment, and intercellular crosstalk—
demonstrate that Mtp53 does not act through a single universal
pathway. Instead, it dynamically tailors its immunoregulatory
strategy according to the specific features of each tumor
microenvironment, exhibiting remarkable contextual plasticity.

5.2 Development of predictive biomarkers
integrating mutation subtype and co-
mutation context

Given the high prevalence of TP53 mutations in aggressive
cancers (e.g., ~80% in TNBC and >70% in PDAC) and the central
role of Mtp53 in actively sculpting an immunosuppressive
microenvironment, Mtp53 holds substantial clinical potential as a
predictive biomarker. Currently, targeted next-generation
sequencing (NGS) panels (e.g., 24-gene platforms) routinely used
in clinical practice can reliably detect TP53 mutation status and
hotspot subtypes (such as R175H or R273H) in formalin-fixed
paraffin-embedded (FFPE) tumor samples, with validated
sensitivity and specificity in multiple solid tumors including
gastric cancer (134).

In TNBC and NSCLC, dysregulation of the “p53-miR-34a-PD-
L1 axis” represents a key immune escape mechanism: Mtp53-
mediated loss of miR-34a relieves translational repression of PD-
L1, leading to its upregulation. This pathway is conserved across
multiple cancer types, and restoration of miR-34a has been shown
to enhance tumor-infiltrating lymphocyte (TIL) accumulation and
alleviate T-cell exhaustion (131, 135). However, Mtp53’s regulation
of PD-L1 can be complex and even bidirectional—e.g., in
hepatocellular carcinoma (HCC), the TP53/mTORCI axis
paradoxically promotes PD-L1 degradation, suggesting that
mTORCI inhibition in this context might yield counterintuitive
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effects and underscoring the necessity of treatment personalization
based on p53 status and co-mutation background (136). Clinically,
TP53 mutation correlates significantly with elevated PD-L1
expression in breast cancer, further supporting its value as a
functional biomarker (137).

Compared with conventional biomarkers such as tumor
mutational burden (TMB) or microsatellite instability (MSI),
Mtp53 offers distinct advantages: it directly regulates PD-LI
through well-defined transcriptional mechanisms (e.g., via miR-
34a), and its GOF activity systemically remodels the TIME. Thus,
Mtp53 status may not only predict response to immune checkpoint
inhibitors but also inform combination strategies targeting Mtp53
itself. Crucially, because Mtp53 actively drives immunosuppression,
therapeutic targeting of its function—whether by restoring wild-
type activity or inhibiting GOF effects—has the potential to not only
reverse PD-L1 overexpression but also broadly reshape the immune
landscape, providing a robust mechanistic foundation for
synergistic combination therapies.

5.3 Dynamic monitoring of Mtp53 clonal
evolution to counteract acquired
resistance

To fully realize the clinical utility of Mtp53, a paradigm shift is
required—from a static, binary assessment of “mutation present or
absent” toward a multidimensional, dynamic biomarker platform.
The interplay between Mtp53 and the TIME is not fixed; rather, it
represents a continuously co-evolving process under therapeutic
pressure. Tumors constitute heterogeneous ecosystems composed
of competing clones, and treatment imposes strong selective
pressures that may not only eliminate existing Mtp53 clones but
also favor the emergence of subclones with newly acquired gain-of-
function (GOF) properties or secondary mutations.

In small-cell lung cancer (SCLC), longitudinal genomic analyses
have revealed that chemotherapy and immunotherapy profoundly
reshape clonal architecture. In some patients, novel TP53 subclones
emerge or pre-existing ones expand—events tightly correlated with
the development of an immunosuppressive microenvironment,
including T-cell depletion, accumulation of MDSCs and Tregs,
and downregulation of IFN-y signaling (138).

In CRC, TP53-mutant clones are frequently positively selected
and expanded under therapy, eventually dominating the tumor
population and conferring resistance to both chemotherapy and
targeted agents (139). Similarly, in TP53/BRCAI co-deficient
models, PARP inhibitor treatment induces heterogeneous
resistant clones, some of which escape therapy by restoring
genomic stability or activating alternative DNA repair pathways—
highlighting the remarkable adaptive evolutionary capacity of
Mtp53-driven tumors (140).

In pediatric acute lymphoblastic leukemia (ALL), 78% of post-
transplant relapse cases exhibit significant clonal replacement and
branched evolution, demonstrating that therapy can fundamentally
reconfigure the tumor genome (141). Even TP53 mutant clones
present at low frequency at diagnosis (variant allele frequency
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[VAF] <5%) can be positively selected during chemotherapy or
targeted therapy, expand to become dominant, and ultimately drive
treatment failure (142). Moreover, TP53-mutant clones may
actively reshape the microenvironment through cytokine
secretion, suppressing drug-sensitive competitors and establishing
themselves as “ecologically dominant” populations (143).

Circulating tumor DNA (ctDNA) analysis provides a critical
tool for monitoring this dynamic process. In biliary tract cancer,
ctDNA profiling has revealed substantial fluctuations in TP53
mutant clone abundance during treatment, with molecular
changes preceding radiographic progression and correlating with
clinical deterioration (144). In locally advanced NSCLC, the rate of
ctDNA clearance has been shown to predict the magnitude of
benefit from consolidative immunotherapy (145). In CRC, ctDNA
is already being used for postoperative minimal residual disease
(MRD) detection and early relapse warning, with molecular signals
appearing months before imaging-based progression (146). The
latest-generation MRD platforms achieve detection limits of
approximately 0.01% VAF, and analytical validation studies have
confirmed their robustness and reliability (147, 148).

We therefore recommend serial plasma collection—at baseline
and every 6-8 weeks during treatment—for dynamic ctDNA
tracking to capture shifts in Mtp53 clonal abundance, provide
early warning of TIME remodeling, and guide timely
therapeutic intervention.

Consequently, future research must move beyond the simplistic
“mutant/wild-type” dichotomy and instead focus on the evolutionary
trajectories of Mtp53 clones and their spatiotemporal control
over the TIME. Only through such systems-level understanding
can we effectively anticipate and overcome resistance to
immunotherapy (149).

6 Therapeutic prospects: from
functional restoration to synthetic
lethality and immune combination

Mtp53 is one of the most frequent genetic alterations in human
cancers and, in theory, represents a highly promising therapeutic
target. However, translating its biological properties into reproducible
clinical benefit remains a formidable challenge. Although therapeutic
strategies have expanded beyond functional restoration to include
protein degradation, read-through therapies, synthetic lethality, and
combination immunotherapies, the vast majority remain in
preclinical or early-phase clinical development, with no agent yet
approved by the U.S. Food and Drug Administration (FDA) or the
European Medicines Agency (EMA). This persistent translational gap
underscores a disconnect between basic research and clinical efficacy:
in vitro activity or early-phase responses often fail to predict success
in confirmatory clinical endpoints. To address this, we systematically
review the mechanisms of action, clinical progress, and limitations of
current major therapeutic approaches, aiming to identify the root
causes of this translational chasm and explore potential paths
forward (Table 4).
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6.1 Direct targeting: restoration,
degradation, and read-through

Direct intervention on the Mtp53 protein is the most intuitive
approach, but its feasibility critically depends on whether wild-type
function can be restored or the oncogenic protein selectively
eliminated. Given the existence of over a thousand missense
mutations and multiple conformational states of Mtp53,
developing broadly effective drugs is extremely challenging.

6.1.1 Functional restoration

Functional restoration aims to restore wild-type conformation
and transcriptional activity through small-molecule-induced
folding. APR-246 (eprenetapopt) is the most clinically advanced
candidate in this category. Its active metabolite, MQ, covalently
binds to cysteine residues (C124, C229, C277) in the DNA-binding

10.3389/fimmu.2026.1753215

domain of Mtp53, thereby restoring DNA-binding capacity in
certain mutant variants (150, 151).

In TP53-mutant myelodysplastic syndromes (MDS) and acute
myeloid leukemia (AML), phase II trials (NCT03072043 (152),
NCT03588078 (153)) showed high overall response rates (ORR
71%) and complete response rates (CR 44%) with APR-246 in
combination with azacitidine, along with reductions in variant allele
frequency (VAF), indicating biological activity (154). This depth of
response is markedly superior to the historical complete remission
(CR) rates observed with azacitidine monotherapy (approximately
20-25%), suggesting that this combination may hold clinical value
in specific patient populations. These encouraging results generated
high expectations for the broad applicability of this therapy in
TP53-mutant hematologic malignancies. However, the pivotal
phase III randomized trial (NCT03745716) failed to meet its
primary endpoints: no statistically significant differences were
observed in CR rate (P = 0.13) or overall survival (OS) (155).

TABLE 4 Therapeutic strategies and clinical investigations targeting p53 in oncology.

St Therapeutic Cancer
trial - (Fe)nt Mechanism of action tvoe Stage Reference
identifier 9 yp
NCT03072043 AML/MDS TI/111 (152)
NCT03588078 | APR-246+Aza MDS/AML 1I (153)
Covalently binding to the cysteine residue of Mtp53, restoring the wild-
NCT03745716 type conformation MDS$ 111 (155)
APR-24 A li
NCT04383938 ot dvanced solid | |, (156)
Pembrolizumab tumors
NCT04906031 | SSG Sb** binds to thelcys'téine‘ residue of Mtp53, stabilizes the conformation MDS/AML I (160)
and promotes ubiquitination degradation
Inhibition of HDAC6 promotes HSP90 acetylation, leading to the release Metastatic solid
NCT01339871 | SAHA of mutant p53 (Mtp53) and its subsequent degradation via MDM2/ tumor I (162)
CHIP-mediated ubiquitin-proteasome pathway.
NCT04767984 TNBC. ovarian
, ovari
NCT03560882 | Statins Inhibit HMGCR, block RhoA isoprene, disrupt Mtp53 stabilized axis cancer In progress (167-169)
NCT03358017
Bisphosphonates o . . .
- +Stati Inhibit FPP/GGPP synthesis and block Rho-Mtp53 stable axis Breast cancer Preclinical (166)
atins
NCT01357161 Adavosertib Ovarian cancer | II (174)
WEEL Inhibits WEE], forcing DNA-damaged cells into mitosis
- (WEELD mCRC Il (FOCUS4-C) | (173)
Metastatic
NCT02340177 pancreatic /11 (171)
cancer
SGT-53 Deliver wild-type TP53 cDNA to restore p53 function
CNS
NCT03554707 malignancy in /11 (172)
children
Y220C mutant
Specific binding to p53 Y220C mutant pocket rest ild
NCT04585750 | PC14586 pectiic pndmg o p frttant pockel restores wi advanced solid | TIT (158)
conformation
tumor
Advanced
NCT01191684 | p53MVA vaccine | Viral vector delivers p53 antigen, activates T cell response gastrointestinal | I (175)
tumor
RNA-4157 High-risk
NCT03897881 m / Personalized mRNA vaccine encodes neoantigens (with p53 epitopes) 180 11 (176)
V940 melanoma
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This negative result indicates that, in an unselected, broad
population of patients with TP53-mutant myelodysplastic
syndromes (MDS), APR-246 failed to demonstrate clinical benefit
beyond standard therapy, and therefore does not support its use as a
routine treatment. Notably, the mechanism of action of APR-246
depends on its active metabolite, MQ, which covalently binds to
cysteine residues (C124, C229, and C277) within the DNA-binding
domain of Mtp53. Consequently, APR-246 is only effective against
missense mutations that retain these cysteines and possess a
conformationally reversible defect—such as R175H or R273H—
but is ineffective against nonsense, frameshift, or structurally
disruptive mutations that are not temperature-sensitive (150, 151).

The phase III trial NCT03745716 enrolled all types of TP53
mutations, including approximately 10-15% of nonsense or
frameshift variants, likely diluting any potential efficacy signal.
We hypothesize that the primary reason for the phase III failure
was inadequate patient stratification rather than intrinsic inefficacy
of the drug itself.

To test this hypothesis, future trials should prospectively enrich
for TP53 mutation subtypes known to be sensitive to APR-246 (e.g.,
missense mutations adjacent to critical cysteines) and exclude
patients harboring nonsense or frameshift alterations. For
example, a phase II “basket trial” could be designed to enroll only
patients with MDS, AML, TNBC, or PDAC who carry TP53
missense mutations with documented conformational reversibility
(as annotated in functional databases such as the IARC TP53
Database), and evaluate the complete remission (CR) rate and
depth of variant allele frequency (VAF) clearance with APR-246
combined with standard therapy. Such a biomarker-driven trial
design holds promise for reestablishing the clinical utility of this
strategy—particularly in solid tumors like TNBC and PDAC.

This outcome not only questions the clinical viability of APR-
246 but also highlights a broader translational bottleneck—positive
signals in early single-arm studies may be influenced by patient
selection bias or transient pharmacodynamic effects and often fail to
replicate in larger randomized trials. Potential reasons include
heterogeneous responses across Mtp53 subtypes, intrinsic tumor
resistance mechanisms, and pharmacokinetic/pharmacodynamic
limitations of the drug. Thus, while functional restoration is
mechanistically sound, the phase III failure of APR-246 indicates
that this strategy has not yet crossed the critical threshold from
biological activity to clinical efficacy. Future success may depend on
more precise biomarker-driven patient selection and optimized
combination regimens.

In contrast, PC14586 exemplifies a “precision targeting”
paradigm: it specifically binds to a surface cleft created by the
Y220C mutation, stabilizing and restoring p53 function (157). In a
phase I/II trial (NCT04585750), PC14586 demonstrated an ORR of
approximately 32% in high-dose cohorts among patients with
advanced solid tumors harboring the TP53 Y220C mutation, with
a favorable safety profile (158). Given that Y220C-mutant solid
tumors are typically highly resistant to standard therapies
(historical objective response rate [ORR] <10%), this response
rate holds clear clinical significance and supports further
development. This suggests that structure-guided drug design
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may overcome the limitations of broad-spectrum restorers.
However, Y220C accounts for only 1-2% of all TP53 mutations,
indicating a narrow applicable population. Expanding this
approach will require the development of additional mutation-
specific drugs to broaden the treatable patient population.

Additionally, sodium stibogluconate (SSG) promotes Sb*"
binding to the DNA-binding domain (DBD), facilitating
recognition by E3 ubiquitin ligases (e.g., CHIP) and subsequent
proteasomal degradation—a “stabilize-degrade” dual mechanism
(159). A phase II trial (NCT04906031) is currently evaluating its
efficacy in temperature-sensitive p53 mutant MDS/AML (160).
Although the mechanism is novel, concerns regarding long-term
safety and off-target effects remain, and reliable clinical evidence is
still lacking.

6.1.2 Protein degradation

Rather than restoring complex transcriptional functions,
directly eliminating oncogenic Mtp53 may offer a more universal
strategy. Vorinostat, an HDAC6 inhibitor, disrupts the HSP90-
Mtp53 chaperone complex, promoting Mtp53 degradation via the
MDM?2/CHIP-mediated ubiquitin-proteasome pathway (161). A
phase I trial (NCT01339871) suggested that vorinostat in
combination with pazopanib could counteract Mtp53-driven
angiogenesis (162), but confirmatory efficacy data are lacking.
Moreover, the general toxicity of HDAC inhibitors limits their
long-term use.

Statins (e.g., simvastatin) and bisphosphonates (e.g.,
zoledronate) inhibit the MVA pathway, blocking the prenylation
of Rho GTPases, disrupting the Rho-Mtp53 stabilization axis, and
thereby promoting Mtp53 degradation (163-165). In breast cancer
models, their combination has shown potential to overcome
resistance to HER2-targeted therapies (166). Several clinical trials
(NCT04767984, NCT03560882, NCT03358017) are exploring their
use in Mtp53 tumors such as triple-negative breast cancer (167-
169). Although well-tolerated, systemic metabolic effects may
trigger compensatory mechanisms, narrowing the therapeutic
window. Prospective efficacy data remain limited.

6.1.3 Read-through therapies

For approximately 10% of TP53 nonsense mutations, read-
through therapies aim to induce ribosomes to bypass premature
termination codons (PTCs), allowing production of full-length
functional p53. Metabolites of 5-FU (e.g., fluorouridine, FUr) can
achieve non-specific read-through via mRNA misincorporation
(170), but lack target specificity and are unsuitable as
precision therapies.

SGT-53 is a liposomal nanoparticle delivering wild-type TP53
cDNA, bypassing the mutation to directly express functional p53
(171, 172). Several clinical trials (NCT02340117, NCT03554707)
are evaluating its combination with chemotherapy or radiotherapy.
While conceptually appealing, gene therapy faces persistent
challenges, including low delivery efficiency, immunogenicity,
and transient transgene expression. Its clinical utility remains
uncertain, placing it in a highly exploratory category, far from
widespread application.
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6.2 Indirect and combination strategies:
exploiting derived vulnerabilities

Given the difficulties in directly targeting Mtp53, increasing
efforts are focusing on indirect strategies—exploiting synthetic
lethal dependencies or immune microenvironment remodeling
resulting from p53 loss, ie., a “surround and suppress” rather
than “direct attack” approach.

6.2.1 Synthetic lethality

Loss of p53 forces tumor cells to rely on the G2/M checkpoint to
manage DNA damage. The WEELI inhibitor adavosertib prevents
inhibitory phosphorylation of CDK1/2, forcing cells with DNA
damage into premature mitosis, leading to mitotic catastrophe
(173). In a phase II trial (NCT01357161) in TP53-mutant ovarian
cancer, adavosertib combined with platinum-based chemotherapy
significantly improved progression-free survival (PFS: 9.9 vs. 8.0
months), although overall survival was not significantly extended
and hematologic toxicity increased (174). Although this
progression-free survival (PES) benefit did not translate into an
overall survival (OS) advantage, it remains clinically informative in
the context of TP53-mutant ovarian cancer—a population with an
otherwise extremely poor prognosis—particularly for the subset of
patients who are platinum-sensitive.

Similar PFS benefits were observed in RAS/TP53 co-mutant
metastatic colorectal cancer (FOCUS4-C trial) (173). These data
provide relatively strong biological and preliminary clinical support
for synthetic lethality, making it one of the most promising indirect
strategies. However, balancing efficacy with toxicity remains a key
challenge. Future directions include dose optimization and rational
combinations with PARP or ATR inhibitors to enhance efficacy and
reduce adverse effects.

6.2.2 Immune combination strategies

Restoring Mtp53 alone is often insufficient to eradicate tumors;
synergistic effects with immunotherapy are crucial. A phase I trial
(NCT04383938) showed that APR-246 combined with
pembrolizumab increased CD8+ T cell infiltration and TCR
clonal diversity (156), suggesting potential to convert “cold”
tumors into “hot” ones. However, the overall response rate was
only 8.8%, substantially lower than the historical objective response
rate (ORR) of pembrolizumab monotherapy in PD-L1-high non-
small cell lung cancer (NSCLC) (~40%), indicating limited immune
activation by this combination in unselected solid tumors—possibly
due to deeper immunosuppressive mechanisms such as Treg
enrichment, MDSC expansion, or STING pathway silencing. This
again illustrates how even rational mechanisms can be thwarted by
the complexity of the TIME.

Vaccine-based approaches offer an alternative. The p53MVA
vaccine demonstrated safety and immunogenicity in a phase I trial
(NCTO01191684) (175). More promisingly, personalized mRNA
vaccines (e.g., mRNA-4157/V940) combined with pembrolizumab
significantly reduced the risk of recurrence in high-risk melanoma
(NCT03897881) and received FDA Breakthrough Therapy
designation (176). This landmark result validates that combining
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neoantigen vaccines with immune checkpoint inhibitors (ICIs) can
yield clinically meaningful survival benefits, providing conceptual
support for the future inclusion of Mtp53-derived neoantigens.
Although these vaccines do not directly target Mtp53, they validate
the feasibility of harnessing neoantigens to activate anti-tumor
immunity. Incorporating Mtp53-derived neoantigens into future
personalized vaccine designs may enhance immunogenicity, though
this remains at a conceptual stage. Notably, the phase Ib trial of
APR-246 combined with pembrolizumab (NCT04383938) reported
a manageable safety profile, with grade >3 treatment-related adverse
events occurring in 28% of patients and immune-related adverse
events (irAEs) in 12% (including colitis and pneumonitis), with no
new safety signals observed (156). This irAE incidence is
comparable to historical data for pembrolizumab monotherapy in
similar populations (~10-15%), suggesting that APR-246 may not
substantially exacerbate the immune toxicity of immune checkpoint
inhibitors (ICIs). Pharmacokinetic/pharmacodynamic (PK/PD)
analyses further revealed that APR-246 exposure levels correlated
positively with CD8" T-cell activation but showed no significant
association with irAEs, implying a potentially dissociable efficacy-
toxicity window. However, the study was limited by a small sample
size (n=34) and did not specifically assess high-risk irAEs (e.g.,
myocarditis); thus, the safety of this combination warrants further
evaluation in larger, biomarker-enriched trials.

6.2.3 Targeting metabolic and epigenetic
microenvironments

Mtp53 reprograms metabolism (e.g., enhancing glycolysis, lactate
accumulation) and recruits epigenetic regulators (e.g, EZH2, BET
proteins) to shape an immunosuppressive TME. Preclinical studies
indicate that inhibition of monocarboxylate transporter 4 (MCT4)
can block lactate efflux, while GLUT1 inhibitors (e.g., BAY-876 (177))
can attenuate Mtp53-driven glycolysis, thereby alleviating TME
acidification and partially reversing lactate-mediated suppression of
T-cell function. Similarly, EZH2 or BET inhibitors have
demonstrated potential in vitro and in animal models to reverse
Mtp53-induced chromatin silencing and re-activate immune-related
genes such as CXCLI0 and interferon-responsive genes. Additionally,
targeting stromal cells—such as CAFs or TAMs—to disrupt their
crosstalk with Mtp53-expressing tumor cells is also being explored as
a strategy to overcome immune resistance.

However, no metabolic-immune or epigenetic-immune
combination strategies specifically tailored for TP53-mutant
tumors have yet advanced to confirmatory clinical validation.
Although early-phase trials of MCT1 inhibitors (e.g., AZD3965)
and EZH2/BET inhibitors are underway, none of these studies have
used TP53 mutation status as an enrollment criterion, nor have they
systematically evaluated the impact of these agents on the immune
microenvironment or their ability to modulate the efficacy of ICIs
(178, 179). GLUT1 inhibitors such as BAY-876 remain in
preclinical development and have not yet entered human trials.

Moreover, combination strategies pairing Mtp53 reactivators
(e.g, APR-246) with metabolic inhibitors (e.g., GLUTI or MCT
inhibitors) currently lack supporting safety data. Given that agents
like BAY-876 have not been tested in humans, the potential

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1753215
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liang and Wang

combined toxicities—such as energy deprivation in high-glucose-
demand organs or suppression of immune cell metabolism—are
entirely unknown. To date, no preclinical toxicology studies have
been reported that assess the safety or therapeutic window of such
dual combinations. In the absence of fundamental toxicological
data, clinical development of these regimens carries substantial risk
and urgently requires systematic evaluation in humanized models
to determine the maximum tolerated dose, metabolic compensatory
mechanisms, and dual effects on the immune microenvironment.

Current support for these approaches stems largely from
mechanistic studies and animal models; there is a critical lack of
clinical data evaluating antitumor or immune endpoints (e.g., ORR,
PES, changes in T-cell infiltration) specifically in TP53-mutant
populations. Thus, while “microenvironment reprogramming”
holds theoretical promise for creating a more favorable ecosystem
to enhance the efficacy of other therapies—such as ICIs or targeted
agents—its clinical translation remains highly exploratory.
Prospective trial designs stratified by TP53 mutation status are
urgently needed to validate this concept.

Despite significant progress in Mtp53-targeted therapy, most
strategies remain in the “promising but unproven” stage. The phase
III fajlure of APR-246 serves as a cautionary tale: biological
plausibility does not guarantee clinical efficacy. Future
breakthroughs may depend on biomarker-driven patient
stratification, individualized combination strategies integrating
mutation subtypes and microenvironmental features, and dynamic
monitoring of clonal evolution and resistance mechanisms. Together,
these approaches represent the most viable path toward translating
Mtp53 targeting into meaningful clinical benefits.

7 Conclusions and future perspectives

Mtp53 is not merely a loss-of-function variant but an active
“systemic rewirer” that drives tumor progression and immune
evasion through GOF activities. This review has outlined how
Mtp53 establishes a highly coordinated oncogenic network via the
metabolism-epigenetics-immunity axis. From aberrant LLPS leading
to pathological nuclear condensates, to metabolic rewiring—lactate
accumulation, 0-KG imbalance, and acetyl-CoA enrichment—acting
as epigenetic messengers that reshape chromatin landscapes, and
further to multilayered immunosuppression including T-cell
exhaustion, NK cell inhibition, TAM/M2 polarization, and CAF
activation, Mtp53 orchestrates a pro-tumorigenic ecosystem
through both cell-autonomous and non-autonomous mechanisms.
This multidimensional regulatory network explains its strong
association with poor prognosis and resistance to immunotherapy,
underscoring Mtp53’s role as a central signaling hub in cancer.

However, Mtp53 function exhibits marked mutation dependency,
tissue specificity, and dynamic evolution, resulting in heterogeneous—
sometimes contradictory—effects on the TIME. For instance, TP53/
KRAS co-mutated lung cancers may respond to ICB, whereas TP53
mutations in triple-negative breast or colorectal cancers are often
linked to “cold” tumor phenotypes. Notably, in specific genomic
contexts such as TP53/KRAS co-mutated NSCLC, Mtp53 is
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associated with high tumor mutational burden and neoantigen load
and paradoxically correlates with enhanced immune infiltration and
improved response to immune checkpoint blockade (ICB), reflecting
its potential immunogenic role. This context dependence challenges
the utility of TP53 mutation status as a standalone biomarker and
underscores the need to move beyond binary “mutant vs. wild-type”
classification toward a multidimensional, spatiotemporally resolved
understanding of Mtp53 biology.

Future breakthroughs will require synergistic advances across
several fronts. First, targeting the biophysical behavior of Mtp53—
particularly its enhanced LLPS capacity—could open a new
therapeutic paradigm. Pathological nuclear condensates formed
by Mtp53 can sequester transcriptional co-activators (e.g., BRD4,
Mediator), driving immunosuppressive gene programs. Developing
small molecules, peptide mimetics, or molecular glues that
selectively disrupt these condensates, combined with cryo-EM
structural insights, single-molecule imaging, and Al-driven drug
design, may enable precise reversal of oncogenic transcription.

Second, building integrative biomarker platforms is essential for
precision targeting. Genomic profiling alone is insufficient. A
dynamic framework integrating mutation conformation classes
(e.g., R175H, Y220C), single-cell and spatial multi-omics of the
TIME, and ctDNA-based monitoring of clonal evolution is urgently
needed. Such platforms could enable patient stratification and real-
time detection of adaptive resistance, guiding optimal timing and
selection of combination therapies.

Third, mutation-informed combination strategies are critical.
Given the complexity and redundancy of the Mtp53 network,
monotherapy is unlikely to succeed. Ideal regimens may combine
Mtp53 reactivators (e.g., APR-246, PC14586) or degraders (e.g.,
HDAC6 or MVA pathway inhibitors) with ICB to restore T-cell
responses; pair metabolic modulators (e.g., MCT4/GLUT1
inhibitors) or epigenetic drugs (e.g., EZH2/BET inhibitors) to
reverse immune gene silencing; and explore Mtp53 neoantigen
vaccines or adoptive cell therapies to turn Mtp53 into an
immunogenic target. However, the phase IIT failure of APR-246 in
MDS (NCT03745716) was likely due to a lack of stratification by
mutation subtype—such as the inclusion of patients with nonsense or
frameshift mutations—highlighting the need for future trials to
prospectively enrich for populations with conformationally
sensitive mutations. Meanwhile, although combinations of Mtp53-
targeted agents with metabolic inhibitors or immune checkpoint
inhibitors (ICIs) hold therapeutic promise, their cumulative toxicities
(e.g., energy deprivation-related organ damage or immune-related
adverse events [irAEs]) have not been systematically evaluated in
preclinical models. It is therefore urgent to define the therapeutic
window and maximum tolerated dose in humanized models to
ensure that efficacy gains are not offset by unmanageable toxicity.

Finally, distal regulation and niche modulation warrant deeper
exploration. Mtp53 communicates with stromal cells (CAFs), myeloid
populations, and even the gut microbiota via exosomes, cytokines, and
metabolites. These non-tumor components may feed back to stabilize
Mtp53 or amplify its GOF. Targeting the tumor niche—through
stromal reprogramming, microbiome modulation, or dietary
interventions—could enhance therapeutic efficacy and delay resistance.
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In summary, as a central integrator of metabolism, epigenetics,
and immunity, Mtp53 can drive profound immunosuppression
while also exhibiting immunogenic potential under specific
conditions; the success of its clinical translation depends not only
on mechanistic innovation but also critically on precise patient
stratification and rigorous safety validation of combination
regimens. Disrupting this network demands a systems-level
strategy—multipronged, multilayered, and dynamically adaptive.
Integrating phase separation biology, spatial omics, AI-powered
drug prediction, ctDNA monitoring, and microbiome science into
precision oncology will not only deepen our understanding of p53
biology but also unlock transformative therapeutic opportunities
for Mtp53-driven cancers. The path forward lies in bridging the gap
between mechanistic insight and clinical translation, advancing the
field from “theoretically feasible” to “clinically accessible,” and
ultimately achieving precise, durable control of Mtp53-
driven malignancies.
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5-FU
ACAT1
ACC
ACP6
ACSS2
a-SMA
AML
ARG1
BRD4
CAFs
ChIP-PS

circRNAs
CR
CRPC
CSF-1
CTLs
CTLA-4
CX3CL1
CXCL12
DBD
DCs
DNE
DNAM-1
EMT
ENO1
ERVs
EMA
FASN
FDA
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FGF10
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GLUT1
GLUT5
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GOF
GPR81
HATs
H3K18la
H3K27ac
H3K4mel
H3K4me2
HDAC

HGFR

5-Fluorouracil

Acyl-CoA:cholesterol acyltransferase 1

Acetyl-CoA carboxylase

Lysophosphatidic acid phosphatase type 6
Acetyl-CoA synthetase short-chain family member 2
o-Smooth muscle actin

Acute myeloid leukemia

Arginase 1

Bromodomain-containing protein 4
Cancer-associated fibroblasts

Coupling chromatin immunoprecipitation followed by
proximity ligation

circular RNAs

Complete response rates
Castration-resistant prostate cancer
Colony-stimulating factor 1

Cytotoxic T lymphocytes

Cytotoxic T-lymphocyte-associated protein 4
CX3C motif chemokine ligand 1
C-X-C motif chemokine ligand 12
DNA-binding domain

Dendritic cells

Dominant-negative effect

DNAX accessory molecule-1
Epithelial-mesenchymal transition
Enolase 1

Endogenous retroviruses

European Medicines Agency

Fatty acid synthase

U.S. Food and Drug Administration
Formalin-fixed paraffin-embedded
Fibroblast growth factor 10
Fluorescence recovery after photobleaching
Granulocyte colony-stimulating factor
Geranylgeranyl pyrophosphate
Glucose transporter 1

Glucose transporter 5
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