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Abstract

The myocyte enhancer factor 2 (MEF2) transcription factor family plays crucial roles in
differentiation, lineage specification, stress responses, and tissue homeostasis. Recent in-
vestigations have shown that the dysregulation of MEF2A, MEF2B, MEF2C, and MEF2D is
associated with tumorigenesis, tumor progression, and adverse clinicopathological features
in several cancers. MEF2B has a particularly important role in B-cell malignancies, where re-
current mutations deregulate BCL6 and promote lymphoma progression. MEF2A, MEF2C,
and MEF2D also regulate malignant phenotypes, including proliferation, migration, inva-
sion, apoptosis, drug resistance, angiogenesis, inflammation, and immune evasion, by the
mechanism of regulating cell-cycle regulators, apoptosis-related genes, EMT-related genes,
and other transcriptional programs. This review summarizes the mechanisms by which
MEF2 family members contribute to tumor initiation and progression, with added empha-
sis on MEF2B mutations and MEF2D fusions. We also discuss clinical associations with
overall survival and recurrence in solid tumors and hematologic malignancies. Because
MEF2 proteins are transcription factors with broad physiological functions, we evaluate
therapeutic strategies: RNA interference, genetic perturbation, small molecules that alter
MEF2-dependent transcription, and PROTAC or oligonucleotide-PROTAC. These plat-
forms remain promising but require MEF2-specific validation, tumor-selective delivery,
and careful toxicity assessment.

Keywords: MEF2 family; transcriptional regulation; malignant hallmark; targeted therapy

1. Introduction
The myocyte-specific enhancer factor 2 (MEF2) protein, including four members,

MEF2A, MEF2B, MEF2C and MEF2D, was initially identified by researchers in 1989 as the
nuclear protein that interacts with the enhancer region of the muscle creatine kinase gene
(MCK) during muscle differentiation [1]. The MEF2 genes are widely expressed in many
species of eukaryotes, including homo sapiens [2], acting as master regulators of target
genes [3]. MEF2 families play crucial roles in the essential progression of differentiation,
cell stemness, proliferation and in various adaptive responses in different tissues. MEF2A
and MEF2D are widely expressed across various human tissues, with particularly high
enrichment in the brain, heart, and skeletal muscle [4]. MEF2C is predominantly localized
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to the central nervous system, the cardiovascular system (including endothelial cells) [2],
and specific hematopoietic lineages, whereas MEF2B expression is largely confined to the
brain, testes, and germinal center B cells [5]. In addition, MEF2C is absolutely essential for
early embryonic development; global Mef2c knockout mice are embryonic lethal at day
9.5 due to severe cardiovascular defects, including the failure of cardiac looping and the
absence of a right ventricle [6].

Transcription factor imbalance may be one of the causes of tumorigenesis. For ex-
ample, NEPC-enriched TFs induce the progression of prostate adenocarcinoma (PRAD)
to neuroendocrine prostate cancer (NEPC) [7]. In recent years, increasing evidence has
confirmed the molecular mechanisms and pathways related to MEF2 families and the
differences in the members in different solid tumors, lymphomas and leukemias. In some
cases, the function of MEF2s in cancer cannot be clearly classified, although most studies
indicate that MEF2s act as oncogenes. This review surveys the molecules, signal activation,
cell and animal models about the MEF2 deregulation reported in the literature before and
emphatically updates the latest 5-year tumor studies. We then discuss the role of MEF2
proteins in malignant processes, focusing on the recent significance of MEF2 proteins in
cancer proliferation, migration, metastasis, drug resistance, and angiogenesis. At the same
time, we summarized the research results of MEF2 on the prognosis and pathological
characteristics of clinical patients with various blood tumors and solid tumors, illustrating
the mechanism of context-dependent transcription factors in tumor progression.

The review will be helpful in finding the potential intervention targets for new thera-
peutic methods in the future by unraveling and summarizing the regulatory mechanism of
the MEF2 and its clinical value. There has been considerable research conducted on the
relationship between MEF2 and the clinical prognosis of tumor patients and its predictive
value. Referring to other transcription factor intervention methods, although there are
currently no preclinical drugs directly targeting the MEF2 transcription factor, they still
have unlimited potential for the future. However, translating MEF2 biology into therapy re-
mains challenging because MEF2 proteins are DNA-binding transcription factors that share
conserved MADS/MEF2 domains and interact with broadly used co-regulators. Therefore,
this review distinguishes established preclinical data from more speculative therapeutic
concepts and highlights the need for isoform-selective or tumor-selective strategies.

2. MEF2 Family Proteins
In humans, the MEF2A, MEF2B, MEF2C, and MEF2D genes are found at distinct chromo-

somal locations: 15q26, 19p12, 5q14, and 1q12-q23, respectively. Despite their non-proximity
in terms of chromosomal locations, these genes exhibit a high degree of sequence similarity [8].
From the perspective of gene sequence and homology, the MEF2B gene appears to be more
distantly related to the other three MEF2 genes and is presumed to have the most ancient
origin [9] (Figure 1A). Furthermore, after differential alternative splicing events, there are
significant differences between the mature transcripts of different MEF2 (Figure 1B).

In terms of protein structure and superimposition, the MEF2 family belongs to the
type II MADS domain-containing proteins (Mini-chromosome Maintenance 1, agamous,
deficient and serum response factor), which contain a conserved MADS domain and
MEF2 domain and a less conserved transactivation domain (TAD) [10] (Figure 1C). The
MADS domain is involved in non-specific binding to DNA and protein partners, while the
MEF2 domain interacts with specific DNA sequences. The protein molecular structures
of different MEF2 members are relatively conserved, but the similarity of MEF2B is lower
(Figure 1D). However, different or similar expression patterns are often observed among the
four family members depending on the specific cellular context, different tissues, lineages,
and differentiation stages [10,11].
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Figure 1. (A) Gene sequence homology of the MEF2 families across different factors. The percentage
of sequence identity is calculated relative to human MEF2A, served as the reference 100%. (B) MEF2s
have similar gene structures and alternative splicing patterns among coding exons. There are nine
common exons in the coding region of MEF2A, MEF2C and MEF2D, among which two alternatively
spliced third exons 3α1 and 3α2 exist mutually exclusive in the mature RNA transcript. In contrast,
MEF2B is the structurally simplest of the MEF2 proteins, the splicing of which mainly brings two
isoforms, respectively made up of 8st and 9st exons. (C) The structure and common modification
sites of the MEF2 protein share a similar N-terminus, including the highly conserved MADS-box
domain and the adjacent MEF2 domain. The former consists of 55 amino acids, and the latter has
29 amino acids, respectively. In addition, β exon is translated into TAD. The structure of the C-
terminal transactivation domain of MEF2 protein is diverse and contains multiple amino acids with
the potential to be phosphorylated, SUMOylated, and glycosylated. (D) Protein superimposition of
aligned MEF2A (PDB ID: 3KOV), MEF2B (PDB ID: 6C9L), MEF2C (PDB ID: 5F28) and MEF2D (PDB
ID: 8Q9N) are shown in two orientations (90◦ rotation). In the conserved N-terminal domain, the
sequences with the most significant structural variation are S9, S73-H76 and R90-I93 of the MEF2B
molecule, where the loops have a high degree of variability.
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2.1. Cancer-Associated MEF2 Gene Mutations

Disease-associated MEF2 alterations are most clearly established in hematologic malig-
nancies. MEF2B mutations occur recurrently in follicular lymphoma and diffuse large B-cell
lymphoma and deregulate BCL6 expression, supporting a driver role in B-cell lymphoma-
genesis [6]. MEF2D fusions, including MEF2D-BCL9 and related rearrangements, define
high-risk subsets of B-cell precursor acute lymphoblastic leukemia and are associated with
adverse clinical features [12–14]. MEF2C dysregulation has also been reported in immature
T-cell acute lymphoblastic leukemia and acute myeloid leukemia [15,16]. These genetic and
transcriptional alterations justify discussing MEF2 family members not only as deregulated
expression markers but also as cancer-associated mutant or fusion genes.

2.2. MEF2A

As an intracellular protein, Myocyte enhancer factor 2A (MEF2A) acts in both the cyto-
plasm and nucleus. Protein domains for MEF2A include MADS_MEF2-like, TF_MADS box,
TF_MADS box_sf and HJURP_C (Holliday junction recognition protein C-terminal) [17]
(Figure 1C). MEF2A, acting as a homo- or heterodimer [18,19], is a direct DNA-binding regu-
lator that activates a large number of transcriptional upregulation of muscle-specific, growth
factor-induced and stress-inducible genes [20]. Both interactor and post-translational modi-
fications for MEF2A can influence the transcription activity (Figure 1C,D). Phosphorylation
on Ser-408 is the main factor that shows vital functions on MEF2A transcriptional acti-
vation [11,21]. MEF2A is highly expressed in gastric cancer and phosphorylated by p38,
which is regarded as activated and promotes glycolysis by transcribing GLUT4 [22].

2.3. MEF2B

Myocyte enhancer factor 2B (MEF2B) can be spliced and translated into several iso-
forms with a missing HJURP_C region, causing a shorter amino acid sequence compared
with other family members (Figure 1C,D). The molecule interacts with the dimer compo-
sition of the DNA-binding complex by specifically binding to the 5′-YTA[AT](4)TAR-3′

elements in numerous muscle-specific genes as a transcriptional activator [21]. At the same
time, dimer formation with interacting molecules also affects the activity of transcription
factors. MEF2B protein interacts with members of the MyoD family of transcriptional
activators and forms dimers to initiate the transcription of downstream genes [22]. MEF2B
protein also binds to TWIST to inhibit myogenesis, and is negatively regulated by MITR in
association with HDAC1 [23] (Figure 2B). Furthermore, MEF2B mutations commonly occur
in approximately 15% of follicular lymphoma cases. These results provide strong evidence
that MEF2B alterations are involved in the pathogenesis of these lymphoma subtypes and
highlight their potential as biomarkers in lymphoid malignancies [6,24].

2.4. MEF2C

Similarly, Myocyte Enhancer Factor 2C (MEF2C) has both DNA-binding and trans-
activating activities [3,23]. There are a total of six domains from N-terminal to C-terminal
in MEF2C: MADS, MEF2, HJURP-C, TAD1 and 2, and NLS, with some alternative
donor/acceptor splicing sites [24,25] (Figure 1C). Deletions and mutations in these loci
encoding critical domains have been linked to diseases such as stereotypical movements,
epilepsy, cognitive impairment and brain malformations [26,27]. This protein is implicated
in maintaining the differentiated state of muscle cells [28], myogenesis [29] and cardiac
morphogenesis, and neurogenesis and the development of cortical architecture [30]. In
terms of tumor cell differentiation, some evidence shows that MEF2Cα2 improves differ-
entiation in rhabdomyosarcoma (RMS) cells, while the expression of the MEF2Cα1 exon
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inhibits differentiation, demonstrating distinct roles of different MEF2C isoforms in tumor
progression [31].

 
Figure 2. Interacting proteins of the different MEF2 transcription factors with enhancing or inhibiting
the transcriptional activity. These interactors are classified into the co-activator that enhances or
the co-repressor that reduces transcriptional activity of (A) MEF2A, (B) MEF2B, (C) MEF2C and
(D) MEF2D.

2.5. MEF2D

The sequence length of Myocyte Enhancer Factor 2D (MEF2D) protein is about
500 Aas—the longest protein in the MEF2 family, containing the HJURP_C region do-
main such as MEF2A and MEF2C (Figure 1C,D). Several key sites in the TAD of MEF2D
can interact with other transcription factors or coactivator proteins to regulate the transcrip-
tional activity of the gene. MEF2D can interact with members of the histone deacetylase
(HDAC) family (Figure 2A), which enables MEF2D to participate in histone deacetylated
modifications and chromatin remodeling, thereby affecting the transcriptional activity of
genes [32,33]. This factor mediates cellular functions not only in muscle development [4]
but also in neuronal differentiation and survival [34]. This molecule plays multiple roles in
the regulation of the muscle-specific and/or growth factor-associated transcription by the
canonical p38 MAPK signaling [35]. At the same time, as an important regulator of the pre-
metastasis microenvironment, MEF2D plays an important role in promoting hepatocellular
carcinoma (HCC) and metastasis [36].

3. The Factors That Influence MEF2 Transcription Activity
The MEF2 protein is a key regulator of transcriptional activity in the nucleus. Previous

studies have shown that MEF2s serve as scaffolding proteins within the cell nucleus and
interact with intracellular proteins and genes. There are relatively few studies on the
MEF2s that do not depend on the transcriptional role. The capacity for transcription is
influenced by the following factors: the folding structures and domains of MEF2 proteins,
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the co-regulators that interact with the transcription factors, and the post-translational
modification of key sites (Figure 2A–D).

3.1. The Folding Structure and Domains That Are Related to MEF2s Transcriptional Activity

The MADS-box, MEF2 and C-terminal are the main domains of MEF2 members
(Figure 1C). It is worth noting that the specific DNA sequence and structure recognition
may vary among different MEF2 isoforms, different cell types, and different contexts [37].
The conserved MADS-box domain always facilitates mainly binding with the CC[A/T]6GG
motif in DNA sequence [38]. The MEF2 domains can also interact with DNA structures
that have bends or deformations. Elevated DNA bending has also been linked to the
high-affinity binding of the MADS-box domain [38].

The MEF2 domain exhibits a significant level of conservation among different
MEF2 families, and its specific conservative sequence is typically represented as 5′-
T(A/T)A(A/T)T(A/T)T-3′. This specific sequence is commonly found in the upstream
region of the MEF2 binding site, and it collaborates with the MADS domain to form a
complex that binds to DNA [39]. Furthermore, despite the high conservation of the N-
terminus, each MEF2 exhibits some differences in preference for DNA binding since the
C-terminal regions of MEF2 proteins are highly divergent [39] (Figure 1C,D). Typically, the
interaction between the well-characterized MEF2 chaperone and the MADS and MEF2
domains is facilitated by the hydrophobic pocket formed by Leu66, Tyr69, and Thr70. And
the helix H2 plays a crucial role in mediating this interaction [17] (Figure 1D). These MEF2
partners possess a consensus sequence, referred to as the MEF2 binding sequence, which
fits snugly into this groove [17]. Although neither the MADS box nor the MEF2 domain
has its own transcriptional site activity, the MEF2 domain regulates DNA binding affinity
and interactions with cofactors; other MEF2 proteins are critical for MEF2 transcriptional
activity [40].

The C-terminal transactivation domain varies significantly among different members
of the MEF2 protein family due to gene sequence differences and some tissue-specific
alternative splicing [39,41] (Figure 1B,C). The diverse C-terminal transactivation domains
of MEF2 proteins interact with different transcriptional co-regulators in various biological
contexts. These interactions involve co-activators like the widely recognized P300 and
CBP (CREB-binding protein) acetyltransferases [40,42], as well as co-repressors such as
the classic class II histone deacetylases and SMRT (silencing mediator of retinoic acid and
thyroid hormone receptor) [43,44] (Figure 2A–D). The MADS and MEF2 domains and TAD
constitute pivotal pillars in the transcriptional activity of MEFs, ultimately influencing the
affinity of DNA binding and the rate of transcription initiation.

3.2. The Interactors Related to MEF2s Transcriptional Activity

There are many types of proteins that bind to the MEF2 transcription factor, including
histone- and non-histone-modifying enzymes, other transcription factors, transcriptional
coactivators, and signal transduction proteins [45]. The interaction of these proteins with MEF2
can affect the transcriptional regulatory function of MEF2, regulating gene expression and cell
function (Figure 2A–D). The protein sequence XX(V/T/I)(K/R)XZ(L/F)ZXX(V/I/L)XXX is
considered a consensus partner for binding to MEF2 in previous reports [17].

At times, different types of co-activators and repressors may compete to interact
with the same region of MEF2. This mechanism is also one of the important mechanisms
affecting MEF2 transcriptional activity. The overall transcriptional activity of MEF2 is
tightly controlled by the mutually exclusive effects of HDAC or p300/CBP, a common set of
interacting partners, by which MEF2 regulates the activation or repression of a regulatory
element [46]. Furthermore, MEF2 proteins have been observed to interact with both histone
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acetyltransferases (HATs) and histone deacetylases (HDACs), which play crucial roles
in regulating the epigenetic status of the regulatory region [47]. MEF2s associate with
the chromatin remodeling proteins, like class IIa HDACs, such as HDAC4, -5, -7 and -9,
by MEF2 domain in the resting state and co-recruit HP-1 (heterochromatin protein 1),
CtBP (C-terminal binding protein), and class I HDACs (histone deacetylases) to specific
loci of the genome, which leads to the inhibition of target gene transcription [47,48]. The
transcription will be activated by the upstream Ca2+-dependent mechanisms that lead to
MEF2s—as scaffold proteins—interacting with Ca2+-sensitive transcription factors, such
as NFAT (nuclear factor of activated T cells) or CREB (cAMP response element-binding
protein), and facilitating the recruitment of p300/CBP (CREB-binding protein) to promoters.
This recruitment enables transcriptional activation of downstream genes [33,46,49,50].
At the same time, these HDACs and acetylases also participate in epigenetic regulation
by recruiting chromatin remodeling complexes to acetylated histones, and in this way
participate in the activation of MEF2-dependent transcriptional regulation [51]. However,
when HDACs are released into the cytoplasm, and MEF2 in the nucleus can interact with
other proteins for transcriptional activation, acetylation becomes a sign of transcriptional
repression [52].

Apart from enzymes, intranuclear proteins, including other transcription factors, also
interact with MEF proteins and modulate their transcription activity as co-regulators of
transcription. In B-cells, for instance, the stabilized β-catenin protein is translocated into
the nucleus, where it forms complexes with MEF2 proteins through interactions [53,54].
Transcription elongation factors may be involved in the regulation of MEF2 transcriptional
activity. For example, the positive transcription elongation factor b (P-TEFb) interacts
with MEF2, which then leads to the hyperphosphorylation of the C-terminal region of
RNA polymerase II, effectively enhancing the speed of transcription, which relies on the
formation of intricate dimerization complexes of MADS-MEF2 domains [47,55].

The modification of key sites of transcription factors may change the ability of MEF2s
to bind to other proteins and thus affect the transcriptional activity of MEF2s. Conse-
quently, mutations in specific sites of MEF2s can result in positive or negative effects on
the transcriptional activities of MEF2s, and the outcome is contingent upon the stability
of the respective complexes within the epigenetic context and specific cell lineage. Con-
sequently, mutations in specific MEF2 regions may have activating or repressive effects
depending on the epigenetic context, lineage, and stability of the relevant protein com-
plexes. Small molecules derived from BML-210 and the compound NKL54 illustrate this
complexity: these agents can influence MEF2-dependent transcription indirectly by altering
HDAC-associated regulatory programs rather than acting as validated MEF2-selective
inhibitors [56].

3.3. The Post-Translational Modification That Affects Transcriptional Activity of MEF2s

There is a complex relationship between the post-translational modification and the
stability and transcriptional activity of MEF2. Various modifications and sites can exert
either positive or negative regulatory effects on the transcriptional activity of MEF2, which
is regulated by a variety of enzymes. The acetylation of MEF2s, regulated by the inter-
actors HDACs and P300/CBP, can affect the activity of MEF2 transcriptionally activated
downstream genes [57,58]. For instance, the acetylation of Lys4 plays a significant role
in the P300-dependent activation of MEF2C by enhancing the DNA-binding affinity [51].
The modification of key sites of transcription factors may affect the ability of MEF2s to
bind to other proteins and thus affect the transcriptional activity of MEF2s. Consequently,
mutations occurring in the specific portion of MEF2s can result in positive or negative
effects on the transcriptional activities of MEF2s and the outcome is contingent upon the
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stability of the respective complexes within the epigenetic context and specific cell lineage.
The small molecule BML-210, specifically designed to bind MEF2, can inhibit the interaction
between MEF2 and class IIa HDACs, which induces the acetylation of MEF2 and histones,
leading to growth inhibition, apoptosis and differentiation in leukemia cells [59].

Furthermore, phosphorylation modifications, regulated by various kinases and phos-
phatases, can also affect the interaction with transcriptional co-regulators and the DNA-
binding affinity [58]. Casein kinase II and protein kinase A phosphorylate the MADS
domain of MEF2 and influence its DNA-binding affinity. The phosphorylation will further
promote class II histone deacetylases (HDACs), dissociating from the MEF2 DNA-binding
domain and complexes, which play a role in chromatin stability, transcription initiation,
and the rate of transcription [60]. Phosphorylation of MEF2A/D at Ser408/Ser444 by the
cyclin-dependent kinase 5 (Cdk5) can subsequently inhibit the Cdk5-dependent apoptosis
process [53].

Other post-translational modifications, such as sumoylation, also affect MEF2 tran-
scriptional activity. It should be noted that the effects of different modification sites may
interact and be regulated by other transcriptional regulators, especially modifications at
adjacent sites that can interact and affect the function of MEF2C. For instance, phosphory-
lation at S396 of MEF2C promotes SUMOylation at K391, which recruits an unidentified
corepressor and inhibits transcription [54]. As an important positive regulator of MEF2-
dependent transcription, calcineurin has been shown to phosphorylate MEF2D by con-
trolling SUMOylation of Lys-439; furthermore, in SUMOylation-deficient MEF2D mutant
samples, calcineurin has a minimal negative effect on MEF2D transcriptional activity [58].
In addition, the status of the modification site may also be affected by the cellular envi-
ronment and signaling pathways, thereby further regulating the transcriptional activity of
MEF2 [20].

4. The MEF2s Associated with Malignant Biological Behavior
The altered expression and activity of MEF2 members are observed in different cancer

types, but their functions cannot be classified uniformly as oncogenic or tumor suppressive.
Increasing evidence links MEF2 proteins to cancer-related processes such as proliferation,
apoptosis, epithelial–mesenchymal transition, angiogenesis, immune escape, and therapy
resistance (Table 1). MEF2B is now also included because recurrent MEF2B mutations
have important roles in B-cell lymphoma [6,24]. The biological effect of each MEF2 mem-
ber depends on the regulated target genes, interacting cofactors, signaling context, and
tumor lineage.

Table 1. Representative cellular functions and mechanisms of MEF2 proteins in cancers.

Molecular Role of MEF2
Protein Cancer Type Alteration of MEF2 Effects of MEF2 Alteration

MEF2A [61] Tumor
suppressor RCC Modulation of Wnt/β-catenin

signaling.

MEF2A overexpression
inhibits RCC proliferation,
invasion, migration and
epithelial–mesenchymal
transition (EMT)

MEF2A [22] Oncogene GC
Activated p38MAPK leads to
increased MEF2a-dependent
expression of GLUT-4

Promotes glycolysis and
proliferation of gastric
tumor cells.

MEF2A [55] Oncogene CRC
MEF2A promotes ZEB2,
CTNNB1, EMT-related TFs
and Wnt/β-catenin signaling.

Increases the frequency of
tumor formation and
metastasis.
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Table 1. Cont.

Molecular Role of MEF2
Protein Cancer Type Alteration of MEF2 Effects of MEF2 Alteration

MEF2B [62] Oncogene DLBCL

Mutations of MEF2B
contribute to
lymphomagenesis by
deregulating BCL6 expression.

MEF2B increases cell
proliferation by promoting
cell-cycle progression.

MEF2C [63] Oncogene Immature T-ALL

Increased expression because
of rearrangements or
alterations affecting interacting
proteins.

Inhibition of
differentiation.

MEF2C [64] Oncogene BC

MEF2C expression in
malignant cells extravasating
into the brain and still close to
blood–brain barrier (BBB)
microvessels.

Promotes breast cancer
brain metastases.

MEF2C [65] Oncogene ALL

MEF2C activates a B cell
transcriptional program
including RUNX1, GATA3,
LMO2, BCL2 and the IL-7R to
boost cell survival.

Blocks early T cell
differentiation and
promote mixed phenotype
acute leukemia.

MEF2C [66] Oncogene PC
Low-expression YY1 increases
MEF2C expression and
downregulates MMP10.

Promotes invasiveness.

MEF2D [67] Oncogene AML

MEF2D represses
CEBPE-centered myeloid
differentiation program by
binding to and suppresses the
chromatin accessibility of
CEBPE cis-regulatory regions.

Promotes cell stemness.

MEF2D [68] Oncogene B-ALL Fusion with DAZAP1 protein. Promotes proliferation and
inhibits apoptosis.

MEF2C,
MEF2D [36,47,69–72] Oncogene HCC

MEF2D transactivates Itgb1
(coding β1-integrin) and Itgb4
(coding β4-integrin) to provide
superior anti-metastatic
efficacy.

Promotes pro-metastatic
signaling.

MEF2C,
MEF2D [13]

Tumor
suppressor LMS

The increased HDAC4 and
PI3K/AKT activity decreased
MEF2 activity and abundance.

Promotes cell proliferation
and
anchorage-independent
growth.

MEF2C, MEF2D [31,73] Tumor suppressor RMS
MEF2 target genes such as
PTEN is repressed in soft
tissue sarcomas.

Promotes differentiation
and inhibits cell
proliferation and cell
migration.

CRC: Colorectal cancer; DLBCL: diffuse large B-cell lymphoma; GC: Gastric cancer; PC: pancreatic cancer;
HCC: Hepatocellular carcinoma; T-ALL: T cell acute lymphoblastic leukemia; AML: Acute myeloid leukemia;
T-cell ALL: T-acute lymphoblastic leukemia; BC: Breast cancer; B-ALL: B-cell acute lymphoblastic leukemia;
LMS: Lipo- and leiomyosarcoma; RMS: Rhabdomyosarcoma.

4.1. Proliferation and Apoptosis

In the MEF2 family, MEF2C and MEF2D are the most common factors related to
promoting cancer cell proliferation and inhibiting apoptosis. MEF2D mainly promotes cell
proliferation in several types of cancers, including lung cancer [74], T-cell lymphoma [75],
prostate cancer [76], gastric cancer [77] and HCC cells [70] (Figure 3A). For example, in
non-small-cell lung cancer, the upregulation of MEF2D under inflammatory conditions
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has a positive effect on cancer cell proliferation and migration and may further promote
malignant tumor development by affecting the cancer microenvironment and cell biological
behavior [74]. In gastric cancer, miR-19 is significantly decreased, which induces a high
expression of MEF2D and then activates the classic Wnt/β-catenin pathway and promotes
cell proliferation [77]. In PC3 prostate cancer cells, MEF2 increased lncRNA PCGEM1
promoter activity and upregulated PCGEM1 expression. Then, this lncRNA promotes
downregulation of tumor suppressor miR-148a, promotes proliferation and reduces apop-
tosis of PC3 prostate cancer cells [76]. Furthermore, MEF2D overexpression was also found
to promote HCC cell proliferation. MEF2D-positive HCC cells exhibited higher prolifera-
tion rates compared to MEF2D-negative cells by activating the Wnt/β-catenin signaling
pathway, which is positively related to cell proliferation [70].

Figure 3. MEF2 family members are involved in various biological functions, including proliferation
and differentiation (A), invasion and metastasis (B), drug resistance (C), and angiogenesis and
immune escape (D). ↑: upregulation; ↓: down-regulation.

In non-solid tumors, the role of MEF2D in promoting tumor cell proliferation and
inhibiting differentiation has also been observed. In T-cell lymphoma, MEF2D regulates
Sh2d1a expression in a DNA binding-dependent manner as a transcriptional repressor,
which prevents differentiation of antigen-specific CD4 T cells into germinal center T fol-
licular helper (GC-Tfh) cells and impairs tumor cell growth rate [75]. The c-Jun promoter
is recognized by the conserved MEF2 motif in MEF2A and MEF2D and is involved in
regulating cell proliferation in several cell types [68,78,79]. In high serum conditions, the
DAZAP1/MEF2D fusion protein regulates serum-induced c-Jun expression, whereby MEF2
regulates the cell cycle and leads to a slight reduction in apoptosis in acute lymphoblastic
leukemia [68].

The detailed mechanisms by which MEF2C promotes cell proliferation are different in
several kinds of cancer. In Rhabdomyosarcoma cells, different alternatively spliced forms
of MEF2C exhibit distinct transcriptional activities. The expression of the MEF2Cα1 exon
has been shown to inhibit differentiation in the cells. The expression of the MEF2Cα1
exon in RMS cells contributes to the lack of differentiation observed in those cells. On
the other hand, the inclusion of the α2 exon enhances MEF2C activity by facilitating the
recruitment of various histone deacetylases (HDACs) to target gene promoters. The repair
of SRPK3 or MEF2Cα2 in RMS cells can improve differentiation and inhibit proliferation
and tumorigenic growth [31]. In CTCL cells, MEF2C is a pro-proliferative factor by tar-
geting MiR-223 to promote cell growth and clonogenic potential [80]. However, some
reports indicate that MEF2C inhibits tumor cell proliferation by PKC and p38 MAPK sig-
naling in vitro and in vivo, which is contradictory to previous studies that showed that
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MEF2C promotes proliferation in HCC [68,71]. Another study has reported that nuclear
MEF2C promotes VEGF-mediated invasion and angiogenesis of HCC cells, whereas cyto-
plasmic MEF2C sequesters β-catenin, reducing the capacity of β-catenin to promote cell
proliferation [81,82].

4.2. Migration and Metastasis

In the complex progression of tumors, three members of the MEF2 family, MEF2A,
MEF2C and MEF2D significantly promote tumor EMT, migration and metastasis by regu-
lating the expression of genes related to cell movement and morphological changes [64]. In
HCC, TGF-β1 activates Akt, which phosphorylates MEF2 and enhances its nuclear translo-
cation and transcriptional activity. This pathway regulates the expression and activity
of MEF2A, MEF2C and MEF2D and then impacts HCC cell proliferation, invasion, and
metastasis. Thus, targeting the TGF-β1/Akt/MEF2 signaling pathway holds potential for
HCC treatment and offers new therapeutic avenues [83].

MEF2A is involved in fibroblast growth factor signal transduction in prostate and
breast cancer epithelial cells [84–87]. In terms of mechanism, TGF-β is upstream of MEF2A
and activates MEF2A transcriptional activity by directly catalyzing the acetylation of
MEF2A and indirectly inhibiting the HDAC activity [84,85]. Highly transcriptionally active
MEF2A is a direct activator of MMP10 transcription, which degrades the extracellular
matrix, thereby promoting malignant tumor invasion and metastasis of prostate and breast
cancer [85,88].

MEF2C is mainly expressed in malignant duct cells and other scattered malignant
epithelial cells in primary breast cancer. These cells have a low expression of epithelial and
tumor marker pan-cytokeratin, which means that MEF2C-expressing cells have lost their
epithelial characteristics [64,89,90]. In-depth research found that MEF2C plays a role not
only in the first step of metastasis—escaping from the primary site—but also in the step
of colonization, where the progress is accompanied by losing, restoring and continuing
expression of epithelial characteristics [64]. In addition, MEF2C was found to promote
breast cancer metastasis through the blood–brain barrier by affecting the expression of
downstream miR-802-5p and miR-194-5p in the blood [91].

In CRC, MEF2D was found to be related to tumor metastasis and involved in regulat-
ing the EMT phenotype, in which EGF and hypoxia-induced EMT behaviors are dependent
on MEF2D for function [92]. Mechanistically, MEF2D acts as a central integrator of microen-
vironmental signals to activate ZEB1, through which MEF2D regulates cancer cell EMT.
The therapeutic target of MEF2D can be further studied in the future [92] (Figure 3B).

4.3. Drug Resistance

MEF2C and MEF2D are both related to treatment resistance in HCC [93], OC [69],
ALL [65] and AML [94], among which the mechanism of drug resistance in leukemia has
been studied in depth. In the study of steroid treatment for patients with Early T-cell precur-
sor acute lymphoblastic leukemia (ETP-ALL), MEF2C expression was significantly higher
in steroid-resistant LOUCY cells compared to steroid-sensitive cells. MEF2C antagonizes
Notch signaling indirectly and activates mutations in IL-7R signaling pathway components
and BCL2, which induce steroid resistance more frequently [65]. The SIK inhibition blocks
MEF2C function by reducing phospho-MEF2C protein levels and decreasing expression of
MEF2C target genes, which synergistically reversed the MEF2C-induced steroid resistance
of LOUCY cells [65].

In addition, MEF2C is a highly expressed and active TF gene in HCC models [14,95].
Mitogen-inducible gene 6 (MIG6) is upregulated in gefitinib-resistant cancer tissues and
cell lines, which can promote the growth of HCC cells by increasing the activity of Caspase-
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MEF2C, which is the upstream transcriptional factor of MIG6. MEF2C knockdown inhibited
the gefitinib resistance and limited the proliferation of HCC by blocking the MIG6/Caspase-
3 signal in both in vitro and in vivo experiments [93].

MEF2D correlates with sorafenib resistance in HCC and high expression of MEF2D
correlates with poor prognosis of HCC patients treated with sorafenib. In vivo experiments
show that overexpression of MEF2D reduces sorafenib-treatment sensitivity, while deple-
tion of MEF2D decreases tumor cell survival and tumor growth rates under the treatment
of sorafenib [96]. Further in vitro mechanism experiments exhibit that MEF2D forms a
complex with the co-repressor HDAC4, which represses SPRY4 expression and activates
ERK and subsequently promotes sorafenib resistance in HCC cells. Inhibiting HDAC4
reverses MEF2D-mediated SPRY4 suppression, sensitizes HCC cells to sorafenib-induced
apoptosis and inhibits liver tumor growth in mice treated with sorafenib [96].

In ovarian carcinoma (OC), MEF2D serves as an oncogenic driver associated with cis-
platin resistance. In a retrospective of patients with OC, a high level of MEF2D was strongly
associated with resistance and poor prognosis [69]. Further mechanism research shows
that MEF2D can directly bind to the promoter regions of DNA repair genes, anti-apoptotic
genes and drug resistance genes, thereby promoting the development of cisplatin resis-
tance because DNA damage caused by chemotherapy drugs is not effectively repaired [69]
(Figure 3C). In addition to solid tumors, children with relapsed or primary refractory B-cell
acute lymphoblastic leukemia (B-ALL) have also been found to have an MEF2D-BCL9
translocation, and they are resistant to dexamethasone treatment for this specific subtype
of leukemia [97].

4.4. Angiogenesis and Immune Evasion

MEF2A, MEF2C, and MEF2D are also expressed in endothelial cells and are key
mediators involved in sprouting angiogenesis and remodeling the vascular downstream
of VEGFA [88,98]. They promote the expression of Dll4 and some other key genes in-
volved in sprouting angiogenesis in tumor vasculogenesis by specifically enriching for
the genes related to sprouting angiogenesis via the dissociation of MEF2 and HDAC, and
the combination of EP300 and MEF2 [88]. High levels of Dll4 expression are required for
the formation of leading tip endothelial cells, which in turn triggers Notch signaling and
promotes vascular [88].

The dual role of MEF2C in tumors has also been reported in HCC because of the
subcellular distribution [71,99]. The cytoplasmic MEF2C dissociates with β-catenin in the
cytoplasm and reduces the ability of β-catenin to promote cell proliferation, while the
nuclear MEF2C promotes invasion and angiogenesis. The nucleus MEF2C plays a role in
VEGF-induced vasculogenic mimicry and vasculogenesis through regulation of p38 MAPK
and PKC signaling pathways, and further promotes upregulation of the angiogenesis-
related biomarker CD31 [71].

MEF2D expression is positively correlated with CD31-positive microvessel density in
CRC tissues. MEF2D induces the expression of pro-angiogenic cytokines, which are also
downstream mediators of hypoxia-inducible factor (HIF)-1α that drive tumor angiogenesis
in CRC. These findings suggest that targeting the HIF-1α/MEF2D axis may be a potential
therapeutic strategy for the treatment of CRC [100,101].

MEF2D can also regulate immune evasion in cancer treatment. It increases T-cell
activation and inhibits T regulatory (Treg) cell suppressive function in HCC [102]. In
murine HCC tumors, p300-induced MEF2D acetylation blocked T-cell-mediated antitumor
immunity by regulating the expression of CD70 and activating the CD70-CD27 signaling
(Figure 3D).
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5. Correlation of Clinicopathological Characteristics and Therapeutic
Potential

The combination of transcription factors and a specific binding site depends on the
thermodynamic stability of the TF–DNA complex, multidimensional DNA/chromatin
architecture, the cooperative action of other TFs and co-activators at nearby or overlapping
sites. In order to target the TF signal, intervention methods can be designed from the
following perspectives, including small molecule inhibitor (SMI) targeting activity and
antibody therapies blocking the molecular and gene therapies by regulating gene expression.
For example, OTX-2002—an mRNA therapeutic delivered via lipid nanoparticles (LNPs)
and designed to downregulate transcription factor MYC expression—showed antitumor
activity in patients with hepatocellular carcinoma and other solid tumor types in some
clinical trials [103,104].

Based on the molecular structural characteristics of the MEF2 transcription factor
family members, we believe that there are several emerging potential strategies to intervene
in MEF2 targets to treat tumors. In theory, intervention can be conducted by targeting the
binding of transcription factors to chromatin sequences, either directly affecting the level
and activity of transcription factors or indirectly regulating transcriptional co-regulatory
molecules (Figure 4A). To suppress MEF2s directly, the main ways include CRISPR-Cas9
genetic editing of MEF2, RNAi genetic manipulation, conventional SMIs inhibiting pro-
tein activity, and monoclonal antibodies neutralizing protein (Figure 4B). However, the
conserved MADS/MEF2 DNA-binding domains make isoform-selective targeting difficult
(Figure 1A-C), and systemic suppression could affect normal cardiac, skeletal muscle, neu-
ronal, endothelial, and immune functions. To design a specific target for different MEF2
members, the HJURP_C domain can be the key region that researchers focus on. Therefore,
future therapeutic development must address whether a strategy suppresses one MEF2
family member, multiple MEF2 members, or a broader MEF2-associated transcriptional
complex. When targeting MEF2 family members, drug toxicity and side effects are issues
that require further validation in the future.

PROTACs were originally developed as chimeric molecules that recruit a target protein
to an E3 ubiquitin ligase for ubiquitination and degradation [105], and the field has since
expanded to many protein classes [106]. In principle, an MEF2-directed degrader would
require a ligand that binds the intended MEF2 protein with sufficient affinity and selectivity,
an E3 ligase ligand, and a linker that supports ternary-complex formation (Figure 4C). At
present, however, no validated MEF2-specific PROTAC has been reported. The PROTACs
operate via an event-driven mechanism, catalytically degrading target proteins through
proximity-induced ubiquitination without needing active site occupancy—allowing the
targeting of undruggable proteins. Targeted therapy against MEF2 protein molecules
using the PROTAC system represents a promising direction for future research. Moreover,
existing drug-resistance test results indicate that combining MEF2-targeted therapy with
conventional chemotherapy may be a key direction for future combination therapy in
drug-resistant patients.

Since oligonucleotides are natural ligands of transcription factors, DNA-oligonucleotide-
based (ODN) TF-PROTACs can be modified to target different transcription factors by
swapping out the DNA part of the chimeric oligo, offering a promising approach for tar-
geting traditionally undruggable transcription factors (Figure 4D). To design PROTACs
targeting MEF2, the ODN targeting MEF2 is linked to an E3 ligand via a linker, and TF-
PROTACs induce the formation of an E3 ligand-TF-PROTAC-TOI ternary complex, leading
to degradation of TFs by the ubiquitin–proteasome system (Figure 4D). Oligonucleotide-
based degrader strategies provide another conceptual route for DNA-binding transcription
factors. TF-PROTACs and oligo-PROTACs have degraded selected transcription factors
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such as NF-kappaB family proteins, LEF1, and ERG in experimental systems [107,108]
and an oligo-PROTAC strategy has also been reported for activated STAT3 [109]. These
platforms suggest a possible path for MEF2, but MEF2-specific ODN degraders must
still overcome sequence selectivity, nuclear delivery, degradation efficiency, and off-target
transcriptional effects (Figure 4D).

Figure 4. The potential strategies to modulate MEF2-dependent transcription. (A) MEF2 family
member regulates target genes by forming complexes with DNA and transcriptional co-regulators;
these complexes may be modulated directly or indirectly. (B) There are four main approaches to sup-
press MEF2s: by CRISPR-Cas9 genetic editing; by RNAi genetic manipulation; by conventional SMIs
protein inhibiting activity; or by monoclonal antibodies neutralization. (C) PROTACs are bifunctional
molecules interacting with the protein of interest while engaging an E3 ubiquitin ligase to degrade
the target protein selectively. This concept was established for other targets and remains hypothetical
for MEF2 until high-affinity MEF2 ligands are developed. (D) Model of DNA oligonucleotide-base
(ODN) TF-PROTACs are designed to target MEF2, where an ODN is linked to an E3 ligand via a
linker. The TF-PROTACs of MEF2-specific efficacy, selectivity among MEF2 isoforms, delivery, and
safety have not yet been demonstrated.

It is worth noting that there have been many studies on the relationship between
MEF2 and the clinical prognosis of tumor patients and its predictive value (Table 2).
Existing data suggest that MEF2A, MEF2B, MEF2C, and MEF2D can have prognostic
or clinicopathological value in selected cancers. And a research analysis showed that
increased MEF2A mRNA expression is linked with the poor prognosis of patients with
gastric cancer [103]. The aberrant high expression of MEF2A in human CRC tissues is
correlated with unfavorable prognosis and metastasis, by the mechanism of inducing EMT-
related TFs and Wnt/β-catenin signaling [104]. MEF2D mRNA expression is correlated
with poorer survival of patients with pancreatic cancer [105]. Gastric cancer patients with
upregulated MEF2D expression had aggressive clinical features and a poor prognosis,
including OS and PFS [106].

Table 2. The clinical evidence linking MEF2 dysregulation with clinicopathological features and prognosis.

Cancer MEF2 Role in Cancer Expression Status
Relationship with
Patient Survival and
Prognosis

Relevant Clinical
Factors

AML MEF2C [15] Promotive High mRNA
expression

High level of MEF2C
is an independent
prognostic factor for
worse OS

Therapy resistance
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Table 2. Cont.

Cancer MEF2 Role in Cancer Expression Status
Relationship with
Patient Survival and
Prognosis

Relevant Clinical
Factors

BCL MEF2B [5] Promotive Mutant MEF2BD83V

MEF2BD83V markedly
related to the less
incidence of
lymphomas

NA

B-ALL MEF2D [12] Promotive MEF2D fusion

High level of MEF2D
is an independent
prognostic factor for
worse OS and EFS

NA

CRC MEF2A [55] Promotive High mRNA and
protein expression

High level of MEF2A
is an independent
prognostic factor for
worse OS

Poor histological
differentiation, late
TNM stage, lymph
node metastasis,
distant metastasis,

CRC MEF2D [92] Promotive High mRNA and
protein expression

High level of MEF2D
is an independent
prognostic factor for
worse OS

Lymph node
metastasis, distant
metastasis and
recurrence.

GC MEF2D [110] Promotive High mRNA and
protein expression

High level of MEF2D
is an independent
prognostic factor for
worse OS and PFS

Distant liver
metastasis

GC MEF2C [111] Promotive High mRNA
expression

High level of MEF2C
is an independent
prognostic factor for
worse OS

Negatively correlated
with tumor mutation
burden (TMB) and
microsatellite
instability (MSI)

OC MEF2D [69] Promotive High mRNA and
protein expression

High level of MEF2D
is an independent
prognostic factor for
worse OS

Clinical stage,
pathological grade,
histologic type and
cisplatin-resistance.

PC MEF2D [16,112] Promotive High mRNA
expression

High level of MEF2D
is an independent
prognostic factor for
worse OS

NA

RCC MEF2A [61] NA Low mRNA and
protein expression

Low level of MEF2A is
an independent
prognostic factor for
worse OS

NA

T-cell ALL MEF2C [113] Promotive High mRNA
expression

High level of MEF2C
is an independent
prognostic factor for
worse OS and EFS

Immature
immunophenotype.

CRC: Colorectal cancer; EC: Esophageal carcinoma; GC: Gastric cancer; PC: pancreatic cancer; AML: Acute
myeloid leukemia; T-cell ALL: T-acute lymphoblastic leukemia; BCL: B-cell lymphomas; OS: Overall survival;
EFS: Event-free survival; NA indicates that direct evidence is not available.

6. Conclusions
The MEF2 families are a group of highly conserved molecules that play pivotal roles

in the regulation of gene expression. This review aims to provide an overview of MEF2
family members, various regulatory mechanisms, involvement in tumor-related processes
and clinical application. Specifically, the MEF2 family consists of four members: MEF2A,
MEF2B, MEF2C and MEF2D, which show relatively conserved gene sequence and domains.
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These transcription factors share similar domains, including the MADS-box and MEF2
domains that serve as DNA- or protein-binding domains, as well as a less conserved
C-terminal domain, which is responsible for binding to other protein molecules [10]. By
its distinctive DNA-binding capacity, MEF2 interacts with specific binding sites in the
transcription start sites of target genes, then plays a role as a transcription activator or
repressor depending on the tumor microenvironment [38].

MEF2 proteins exhibit dual functionality as transcriptional activators or repressors
depending on MEF2 protein stability, DNA binding affinity, and transcriptional activity
modulated by their interactions with co-regulatory proteins and post-translational modifi-
cation, including phosphorylation, acetylation, and sumoylation [17]. The co-factors such
as HDACs, HATs, P300/CBP and SRF are the common interactors binding to MEF2 and
participating in gene regulation as complex protein complexes [33,46,49,50]. This sophisti-
cated molecular machinery involving MEF2 and its co-factors governs the physiological
and pathological processes of gene regulation, cellular function and tumor progression.
This summary highlights the significant contributions of MEF2 factors to cancer biology
and prognosis value, which provides valuable insights and potential therapeutic strategies
for targeting MEF2-mediated pathways.

MEF2A, MAF2B, MEF2C, and MEF2D are dysregulated and participate in malignant
progression in various types of cancer. MEF2B is a potent immunohistochemical marker
for neoplastic LP cells in nodular lymphocyte-predominant Hodgkin lymphoma [114].
Abnormal expression and activation of MEF2A, MEF2C, and MEF2D can have pivotal
effects on tumor initiation, growth, invasion, and metastasis [76]. MEF2 transcription
factors can regulate the expression of genes involved in cell-cycle progression, apoptosis,
and DNA damage response [64–68]. Dysregulated MEF2 activity, and therefore altered
MEF2 activity, can contribute to uncontrolled cell growth and clonal proliferation [64–68].
Moreover, MEF2 factors have been implicated in promoting EMT, which allows cancer cells
to acquire invasive and migratory properties, facilitating their spread to distant tissues
by menstrual blood [76,79,82]. The MEF2 protein also functions by interacting with other
transcriptional regulators and signaling pathways involved in cancer progression; they
can interact with oncogenic factors or modulate key signaling pathways, such as Norch,
Wnt/β-catenin and PI3K/AKT, to promote tumor growth [66]. However, a few studies
suggest that MEF2 factors may also act as tumor suppressors in certain contexts, such as
MEF2A, which exhibits tumor suppressive roles by inducing the expression of CDKN1A
via KLF4 [108].

Most current studies indicate that MEF2A, MEF2C, and MEF2D are associated with
poor prognosis in several cancers and often function in oncogenic programs [18,109]. Cur-
rent preclinical studies suggest that targeting the MEF2 signaling pathway is a highly
attractive strategy. Some model studies provide the clearest support: MEF2C knockdown
reduced gefitinib resistance and tumor growth in HCC models [88]. MEF2D depletion
sensitized HCC cells to sorafenib and reduced tumor growth in mice [94], and MEF2D
overexpression promoted oncogenic malignancy and cisplatin resistance in ovarian carci-
noma [89]. The normal cells would be spared or that systemic MEF2 inhibition would be
safe; therefore, off-target effects still need to be considered in subsequent treatments.

In the review, we highlight the activity of each MEF2 protein and the different results
of MEF2 biofunction, illustrating the pleiotropic effector transcription factors in tumor
progression. MEF2-directed treatment should currently be viewed as an investigational
strategy. The literature suggests that the transcription factor MEF2 has considerable poten-
tial for future tumor treatment, referring to other TF-related treatment strategies. Neverthe-
less, MEF2-directed treatment should currently be viewed as an investigational strategy.
ODN-based TF-PROTACs, O’PROTACs, small molecules such as NKL54, and RNA-based

https://doi.org/10.3390/biomedicines14081692

https://doi.org/10.3390/biomedicines14081692


Biomedicines 2026, 14, 1692 17 of 22

approaches offer useful conceptual frameworks, but MEF2-specific selectivity, delivery,
efficacy, and safety must be established before clinical translation [56,107–109]. DNA-
oligonucleotide-based (ODN) TF-PROTACs targeting MEF2 will be the future direction
because of the lower possibility of off-target effects.

In conclusion, the dysregulation of MEF2 transcription factors exhibits a significant
role in tumor initiation and progression. The MEF2A, MEF2C and MEF2D participate
in cell proliferation, stemness, apoptosis, EMT, and are associated with other malignant
signaling pathways, highlighting their potential as cancer therapeutic targets. They also
show potential prognostic value in future clinical applications. Further investigations
into the molecular mechanisms underlying MEF2-mediated tumorigenesis will provide
valuable insights for developing targeted therapies against various types of cancer.

7. Future Directions
Future studies should figure out which tumor types are most dependent on a specific

MEF2 member, whether MEF2 alteration is a driver or a passenger event, and which
normal tissues are vulnerable to MEF2 inhibition. Priority areas include isoform-selective
perturbation, tumor-selective delivery of RNA or oligonucleotide degraders, validation of
small molecules that alter MEF2-dependent transcription, and preclinical testing in models
that capture tumor lineage and immune context.
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