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Abstract

and disease.

The TIP60 complex is an evolutionarily conserved, multifunctional chromatin remodeling complex involved in critical
cellular processes, including DNA repair, transcription regulation, and cell cycle control. Although its molecular organi-
zation and functions have been extensively studied, a comparative synthesis of its context-specific roles across evolu-
tionarily distant species and pathological conditions is important to fully grasp its biological and clinical significance.
In this review, we provide an integrative overview of the TIP60 complex, emphasizing its composition and conserved
functions in Homo sapiens and Drosophila melanogaster, with comparative insights from plant systems. We explore
how TIP60 complex dysregulation contributes to the molecular pathology of cancer and neurodevelopmental
disorders, highlighting recent mechanistic insights. We also examine the emerging interplay between TIP60 complex
subunits and long non-coding RNAs, which are increasingly recognized as pivotal regulators of genome accessibility
and transcriptional programs. Finally, in this intriguing scenario, we highlight the non-canonical functions of the TIP60
complex in mitosis and cytokinesis, underscoring its moonlighting roles in maintaining genomic and cellular integ-
rity, beyond its established contribution to epigenetic regulation. By connecting these diverse aspects, our review
aims to provide an integrated perspective on the TIP60 complex and its expanding functional landscape in health
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Introduction

ATP-dependent chromatin remodeling complexes are
multiprotein cellular machines classified into four dis-
tinct families (SWI/SNF, ISWI, NURD/Mi-2/CHD, and
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INO80) and typically consist of evolutionarily conserved
subunits, one of which carries an ATPase domain [1].
These complexes harness the energy derived from ATP
hydrolysis to modify chromatin architecture by sliding
or displacing nucleosomes, as well as replacing canoni-
cal histones with histone variants [1]. Such alterations
disrupt histone—~DNA interactions, increasing the acces-
sibility of nucleosomal DNA to specific proteins or
enzymes required for initiating critical cellular and bio-
logical processes, such as DNA transcription, replication,
and repair. Thus, the activity of chromatin remodeling
complexes is essential for regulating epigenetic gene
expression, maintaining genome stability, and enabling
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cells to respond dynamically to environmental and devel-
opmental cues.

Interestingly, some chromatin remodeling complexes
exhibit flexible subunit composition, which may vary
depending on cellular and developmental contexts. For
example, in mammals, the BAF, PBAF, GBAF, esBAF,
npBAF, and nBAF subcomplexes are characterized by
combinatorial assembly during development. Some sub-
units are shared across multiple complexes, while others
are complex-specific, resulting in subcomplexes that are
unique to particular tissues [2, 3].

Mutations in genes encoding subunits of ATP-depend-
ent chromatin remodeling complexes, as well as other
epigenetic regulators such as histone deacetylases and
methyltransferases, can lead to chromatin dysfunction.
Consequently, a wide range of defects may arise, contrib-
uting to human developmental diseases, chromosomal
instability and cancer [2, 4, 5].

Beyond epigenetic regulation, chromatin remodeling
complexes have been shown to play moonlighting func-
tions in various cellular processes. For example, during
cell cycle progression, subunits of the human TIP60 and
SRCAP complexes relocate to the cell division apparatus,
where they perform essential roles in ensuring proper
execution of mitosis and cytokinesis [6], further empha-
sizing their crucial involvement in preventing genomic
instability.

The evolutionarily conserved TIP60 chromatin
remodeling complex

The evolutionarily conserved human TIP60 complex
(also known as TIP60/p400, TIP60/EP400, or NuA4/
TIP60), hereafter referred to as hTIP60-C, is a member
of the INOS80 family. It represents a fusion of the S. cer-
evisiae SWR1 and NuA4 complexes which mediate the
incorporation of the variant histone H2A.Z (Htz1) into
chromatin and the acetylation of histones H4, H2A and
H2A.Z, respectively [1, 7-11]. With an approximate
molecular mass of 1.8 MDa, hTIP60-C comprises at least
20 subunits and performs both chromatin-remodeling
and histone-modifying activities. Specifically, hTIP60-C
promotes the exchange of canonical H2A with the vari-
ant H2A.Z and catalyzes the acetylation of histones H4,
H2A, and H2A.Z. The two activities are carried out by
the EP400 ATPase and the TIP60 (KAT5) acetyltrans-
ferase, respectively.

Ultrastructural studies on the functional architec-
ture of hTIP60-C have highlighted that it is organized
into distinct functional modules, including the his-
tone acetyltransferase (HAT), the actin-related protein
(ARP), and the TRRAP modules [9-11]. This modular
organization enables the integration of histone acety-
lation with chromatin remodeling. Moreover, EP400
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consistently emerges as a central structural scaffold that
connects and coordinates these modules, while TRRAP
plays a crucial role in recruiting the TIP60 complex
to specific genomic loci. Through these coordinated
activities, the TIP60-C in humans and mice regulates
transcription, facilitates DNA repair, and plays a crucial
role in maintaining stem cell pluripotency and guiding
lineage specification [1, 12-16]. Most notably, cancer-
related mutations in EP400 were mapped on the high-
resolution structure of the hTIP60-C [10]. A group of
mutations are predominantly clustered in the EP400
ATPase domain and may affect the hTIP60-C function
by impairing the ATPase activity, while other mutations
occur on the interaction surface of EP400 with other
hTIP60-C subunits. In general, most of these mutations
are predicted to destabilize hTIP60-C assembly.

The Drosophila melanogaster TIP60-C (dTIP60-C),
also known as DOM/TIP60, was originally characterized
from S2 cells [17] and found to be structurally homolo-
gous to its human counterpart. The authors also pro-
vided evidence showing that the dTIP60-C combines
both histone acetylation and exchange of canonical H2A
with the unique Drosophila H2A variant (H2A.v). The
exchange reaction is catalyzed by the Domino ATPase
(DOM) and enhanced by dTIP60-mediated acetylation
of nucleosomal phospho-H2Av. Recent findings suggest
that, in Drosophila melanogaster cell lines, ATPase and
acetyltransferase activities are not carried out by a sin-
gle complex but rather by two distinct complexes, called
DOM-A.C and DOM-B.C, each defined by the presence
of the DOM-A or DOM-B isoform, respectively, and
characterized by unique functions and subunit composi-
tions [18, 19]. The DOM-A.C is functionally equivalent to
the S. cerevisiae NuA4 complex [7], catalyzing the acety-
lation of H4K12, while the DOM-B.C is responsible for
the incorporation of H2A.V into chromatin, similar to the
SWRI1 complex [8]. However, it remains unclear whether
these two distinct complexes are also assembled in vivo
and across different Drosophila cell types. As previously
mentioned, in mammals the composition of chromatin
remodeling complexes can vary between cell types [3].
For example, the transition from neural stem/progenitor
cells to post-mitotic neurons involves the replacement of
BAF45a and BAF53a with BAF45b and BAF53b subunits
in the npBAF complex [20]. For simplicity and to avoid
confusion, we will continue to refer to the complex in D.
melanogaster as dTIP60-C.As in humans, the dTIP60-C
performs essential functions including chromatin regu-
lation, DNA repair, and ensuring the proper develop-
ment and differentiation of both somatic and germline
cells [18, 21-24]. Moreover, the epigenetic functions of
dTIP60 HAT contribute to the regulation of learning,
memory, and circadian processes [25—28].
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Genome-wide expression analysis following dTip60
HAT depletion in cell cultures revealed the up- or down-
regulation of approximately a thousand genes, indicating
that the complex is involved in both gene activation and
repression [29]. Among the downregulated genes, there
is a strong enrichment for those with chromatin-related
functions. Thus, the chromatin remodeling activity of
the dTIP60-C complex may contribute to epigenetic
silencing processes, particularly in the establishment
and maintenance of heterochromatin organization. This
conclusion is supported by findings showing that muta-
tions in genes encoding various dTIP60-C subunits act
as dominant suppressors of position effect variegation
(PEV), thereby reactivating gene expression [23, 30—35].
In this context, it is tempting to speculate that dTIP60-C
might also influence the regulation of hundreds of pro-
tein-coding genes and other sequences embedded within
constitutive heterochromatin [36].

The SWR1, NuA4, INO80 complexes have been also
identified in plants and play roles similar to those of
their counterparts in humans and animals [37-41]. For
instance, the A. thaliana SWR1 complex regulates gene
transcription by enabling H2A.Z deposition. Interest-
ingly, the OsINO80 complex in rice facilitates H3K27me3
establishment, promotes H3K9me2 deposition, and
maintains transposable element silencing. While many
subunits of the A. thaliana complexes share evolution-
ary conservation with their human counterparts, some
are plant-specific, as observed in the SWR1 complex.
As expected, mutations or depletion of subunit-coding
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genes result in chromatin alterations and aberrant gene
expression, potentially affecting flowering time, stress
responses, and other developmental processes [37, 38, 40,
41].

The TIP60-C dysregulation in cancer
and developmental diseases
Dysregulation of hTIP60-C subunits is implicated in a
variety of diseases, most notably cancer, including lym-
phoma, testicular germ cell tumors, and pancreatic
ductal adenocarcinoma (Table 1). In these cases, muta-
tions or altered expression of hTIP60-C subunits have
been associated with increased tumor progression and
poor prognosis [42—44]. In particular, KAT5, the TIP60
HAT-coding gene, has been defined as a haplo-insuf-
ficient tumor suppressor [45]. According to data from
The Cancer Genome Atlas (TCGA) database (https://
portal.gdc.cancer.gov/genes/ENSG00000172977),  can-
cer patients with TIP60 HAT-related alterations exhibit
point mutations, such as missense or frameshift, as well
as deletions or copy number variations in the KAT5 gene.
A functional interplay between TIP60 HAT and
Aurora B, the kinase subunit of the chromosomal pas-
senger complex [46], has been identified as important
in coordinating acetylation and phosphorylation events
during mitosis, thereby preventing genomic instabil-
ity. At the outer kinetochore, TIP60 HAT interacts with
phosphorylated Aurora B, and directly acetylates it at
lysine 215 [47]. This specific modification is crucial for
the proper activity of Aurora B, as it ensures correct

Table 1 Dysregulation of genes encoding hTip60-C subunits in various cancer types

Subunit
ACTL6A
ACTR6

ACC|BLCA | BRCA | GBM | HNSC | CESC | COAD | DLBC | ESCA | KICH | LAML | LGG | LIHC | LUSC | OV | PAAD | READ | SKCM | STAD | TGCT

THCA | THYM | UCEC | UCS

BRD8

CFDP1

DMAP1

EPC1 | |

ING3
MEAF6

MORF4L1

MRGBP
P400
RUVBL1
RUVBL2

TIP60
TRRAP
VPS72

YEAST4

T |

Red box indicates over-expression, while blue box indicates down-expression. Data retrieved by GEPIA database: http://gepia.cancer-pku.cn/

ACC, Adrenocortical carcinoma; BLCA, Bladder Urothelial Carcinoma; BRCA, Breast invasive carcinoma; GBM, Glioblastoma multiforme; HNSC, Head and Neck

squamous cell carcinoma; CESC, Cervical squamous cell carcinoma and endocervical adenocarcinoma; COAD, Colon adenocarcinoma; DLBC, Lymphoid Neoplasm
Diffuse Large B-cell Lymphoma; ESCA, Esophageal carcinoma; KICH, Kydney Chromophobe; LAML, Acute Myeloid Leukemia; LGG, Brain Lower Grade Glioma; LIHC,
Liver hepatocellular carcinoma; LUSC, Lung squamous cell carcinoma; OV, Ovarian serous cystadenocarcinoma; PAAD, Pancreatic adenocarcinoma; READ, Rectum
adenocarcinoma; SKCM, Skin Cutaneous Melanoma; STAD, Stomach adenocarcinoma; TGCT, Testicular Germ Cell Tumors; THCA, Thyroid carcinoma; THYM, Thymoma;
UCEC, Uterine Corpus Endometrial Carcinoma; UCS, Uterine Carcinosarcoma
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kinetochore-microtubule attachment, spindle checkpoint
activation, and the correction of erroneous attachments,
ultimately preventing chromosomal instability [46, 48—
51]. Conversely, when TIP60 HAT-mediated acetyla-
tion of Aurora B is downregulated, the kinase activity of
Aurora B is no longer properly regulated, leading to its
hyperactivity and subsequent hyperphosphorylation of
various substrates. This results in aberrant chromosome
segregation and aneuploidy. In agreement, overexpres-
sion of Aurora B, observed in several human cancers,
leads to hyperphosphorylation of substrates, disrupting
mitosis and enhancing genomic instability, a key driver of
tumorigenesis.

Intriguingly, Bose et al. [52] reported that TIP60 HAT-
mediated acetylation of Aurora B at lysines 85 and 87
negatively regulates the kinase. Loss of TIP60 HAT activ-
ity removes this inhibitory control, resulting in increased
Aurora B kinase activity. In contrast, according to Mo
et al. [47] reduced TIP60 HAT levels affect Aurora B
acetylation at lysine 215, eliminating a positive regulatory
modification required for proper Aurora B function dur-
ing cell division. Despite the apparent discrepancies, both
studies converge in showing that TIP60 HAT downregu-
lation leads to Aurora B hyperactivation, albeit through
distinct mechanisms. Taken together, these findings sug-
gest a dual role for TIP60 in the regulation of Aurora B
activity, which appears to depend, at least in part, on the
specific acetylation sites involved.

Recent studies have shown that during early mito-
sis TIP60 HAT also acetylates Bubl, a core component
of the spindle assembly checkpoint [53], at lysines 424
and 431 on kinetochores [54]. These acetylation events
enhance Bubl kinase activity, enabling it to phosphoryl-
ate the centromeric histone H2A at threonine 120, which
in turn recruits Aurora B and Shugoshin 1 to ensure
faithful chromosome segregation. Thus, TIP60 HAT may
promote Aurora B activation through both direct acetyla-
tion at the outer kinetochore [47] and indirect modula-
tion via Bub1 acetylation [54]. These mechanisms are not
mutually exclusive and may function in parallel to ensure
proper mitotic progression.

TIP60 HAT also cooperates with key tumor suppres-
sors to preserve genomic integrity. For instance. For
instance, TIP60 HAT-dependent acetylation of p53 at
lysine 120 promotes apoptosis following DNA damage,
representing a dual mechanism of carcinogenesis sup-
pression [55]. Furthermore, TIP60 HAT is required for
ATM activation in response to DNA damage, a crucial
step in the DNA damage response (DDR) that triggers
cell-cycle arrest and connects chromatin remodeling to
genome surveillance mechanisms [56, 57].

The relevance of hTIP60-C extends beyond cancer,
as recent studies have also highlighted its involvement
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in neurodevelopmental diseases. Dominant missense
hTIP60 HAT variants in humans lead to a deficiency in
histone acetylation and transcriptional dysregulation
of multiple genes, resulting in a neurodevelopmental
syndrome characterized by sleep disturbances, cerebel-
lar atrophy, and facial dysmorphisms [58]. In addition,
whole-exome sequencing in humans has identified
allelic variants of the EP400 gene associated with epi-
lepsy and other neurodevelopmental conditions. Con-
sistent phenotypes have also been observed in zebrafish
and Drosophila models [59].

Interestingly, the lack or dysfunction of TIP60-HAT
in mouse also leads to a variety of developmental
defects, highlighting its evolutionary conserved func-
tions [60—64]. In particular, the impact of TIP60 HAT
loss was studied in a neuronal stem/progenitor cell
(NSC)-specific knockout mouse model. It was found
that TIP60 HAT-deficient embryonic brains resulted
in microcephaly, with reduced cell proliferation, neural
differentiation defects, and impaired neuronal migra-
tion [13, 65]. Moreover, homozygous neural crest-spe-
cific deletion of TIP60 HAT or EP400 in mice induce
facial malformations and orofacial clefting, supporting
the essential roles of both remodelers in facial develop-
ment and palatogenesis [66]. In line with these findings,
a variety of craniofacial abnormalities were observed
following depletion of the CFDP1 gene, the ortholog
of the SWC5 subunit of the S. cerevisiae SWR1 com-
plex [67]. Intriguingly, RNAi-mediated knockdown of
CEDP1 in human cells results in chromosome conden-
sation defects [68], reminiscent of those observed in
cells lacking MCPHI1, a gene whose mutations cause
autosomal recessive primary microcephaly [69].

Importantly, human genes implicated in the patho-
genesis of Alzheimer’s disease have Drosophila
orthologs whose alternative splicing is regulated by
TIP60 HAT, suggesting a conserved role for this protein
in RNA processing relevant to neurodegenerative dis-
orders [70]. Similarly, MRG15, another subunit of the
TIP60 complex, has RNA-binding activity and is essen-
tial for pre-mRNA splicing during spermatogenesis, as
demonstrated in conditional MRG15 knockout mice
[71].

Targeting the subunits of the hTIP60-C has emerged
as a promising therapeutic strategy for the treatment
of cancer and other diseases [72-76]. The compounds
developed for this purpose fall into three main cat-
egories: bisubstrate inhibitors, synthetic compounds,
and natural products. Representative examples include
TH1834, NU9056, and MG149, which have shown
potential in modulating TIP60 HAT activity and down-
stream effects.
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Chromatin remodelers and long non-coding RNAs:
an intriguing connection

Long non-coding RNAs (IncRNAs) are transcripts longer
than 200 nucleotides that usually do not encode for pro-
teins but play essential roles in epigenetic processes [77].
An increasing number of IncRNAs have emerged as cru-
cial players in chromatin regulation and gene expression
by recruiting chromatin remodeling complexes and mod-
ulating their activity [78-80].

LncRNAs can also recruit a variety of RNA-binding
proteins (RBPs) to form IncRNA—protein complexes that
act in a wide range of biological processes [81]. Among
reported interactions between IncRNAs and remod-
eling complexes, well known examples include IncRNAs
interacting with Polycomb repressive complex 2 (PRC2),
which facilitate its binding and spreading across tar-
geted chromatin [82—88]. Other IncRNAs can influence
the activity of chromatin remodelers, either inhibiting or
promoting their ATPase functions, which are essential
for proper complex assembly and function [89, 90].

Diverse IncRNAs are known to interact with subunits
of the SWI/SNF chromatin remodeling complex. For
example, IncRNA Mhrt binds Smarca4 (Brgl), preventing
over-expression myosin heavy chain 7, thereby mediating
cardioprotection [91]. The SWI/SNF complex subunits
interact with NEAT1 IncRNA to contribute to the for-
mation of nuclear paraspeckles, acting as key architec-
tural components [92], but they can also be implicated
in carcinogenesis. The LncTCF7 directly binds SWI/
SNF complex subunits, and its overexpression promotes
tumorigenic activity in liver cancer stem cells [93]. The
SWINGN IncRNA interacts with SMARCBI, a core sub-
unit of the SWI/SNF complex, and modulates the activa-
tion of the GAS6, as well as a network of pro-oncogenic
genes [94].

As previously mentioned, dTIP60-C subunits pos-
sess RNA-binding activity associated with splicing func-
tions [70, 71]. In addition, several hTIP60-C subunits
have also been shown to interact with IncRNAs, not
only in normal cellular processes but also in carcinogen-
esis, where such interactions may play critical regulatory
roles. For instance, the IncAKHE interacts with GAS41
(also known as YEATS domain-containing protein 4) to
enhance NOTCH?2 signaling activation, and its overex-
pression promotes hepatocellular carcinoma progression
[95]. LINC00839 promotes colorectal cancer progression
by serving as a scaffold for the recruitment of RUVBL1
(also called Pontin) to the hTIP60-C [96]. This, in turn,
increases the activity of the complex, resulting in histone
acetylation at the NRF1 gene promoter and consequent
enhancement of its expression. Two IncRNAs, CASC7
and RNCR3 (LINC00599) act as competing endogenous
RNAs (ceRNAs), regulating the function of hTIP60-C
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subunits, BRDS, in prostate cancer and ING3 in colorec-
tal cancer, respectively [97, 98].

Finally, the roX1 and roX2 IncRNAs contribute to the
recruitment of MOEF, a dTIP60-closely related acetyl-
transferase of the MSL complex which is involved in his-
tone H4 acetylation at lysine 16 [99-101], thus ensuring
proper chromatin accessibility on the male X chromo-
some in D. melanogaster [102]. This finding suggests a
conserved role of IncRNA-mediated regulation of chro-
matin remodelers in dosage compensation across species.

The other side of chromatin remodeling:

the mitotic trip of TIP60-C subunits

As previously mentioned, besides its functions in chro-
matin regulation, the TIP60 HAT plays a crucial role at
kinetochores in regulating the proper kinase activity of
Aurora B and Bubl [54-57] and interacts with tumor
suppressors, such as p53 and ATM, in maintaining
genomic integrity.

Moreover, the TIP60 HAT and other subunits of the
human complex have been proposed as functional com-
ponents of the cell division apparatus, playing direct
roles in cell cycle control [6, 103—-110], a phenomenon
which has been largely overlooked. Specifically, during
cell-cycle progression, subunits of the hTIP60-C, many
of which are shared with the paralogous SRCAP com-
plex, can change their subcellular localization (Figs. 1 and
2), relocating to the centrosome, spindle, and midbody

Fig. 1 Recruitment of hTIP60-C subunits to cell division apparatus.
The figure shows an example of hTIP60 HAT recruitment

to the midbody (MB) in human RPE-1 cells using Expansion
Microscopy. Immunofluorescence detection was performed

using antibodies against TIP60 HAT (Abcam, ab137518, rabbit
polyclonal, 1:50) and acetylated-tubulin (Sigma, T7451, mouse
monoclonal, 1:250). The TIP60 HAT signal is shown in orange-red,
while acetylated-tubulin is in green. Preparations were performed
by MVS and images were visualized at the Advanced Imaging Core
Facility (AICF) in Trento, Italy
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Fig. 2 The mitotic trip of hTIP60 complex subunits. The cartoon schematically shows the relocation of hTIP60-C subunits to the cell division

apparatus during different stages of cell division

(MB). Among these subunits, BAF53a and TIP60 HAT
interact with each other during telophase, as well as with
o-tubulin, Aurora B, CIT-K, and other MB-associated
cytokinesis regulators, with the MB recruitment of these
regulators depending on BAF53a and TIP60 HAT [107].
Importantly, the interaction with tubulins and micro-
tubules appears to be a recurrent “signature” of other
chromatin remodelers carrying mitotic functions [103,
104, 106—-108]. RNAi-mediated knockdown of hTIP60-
C subunits in human cell lines results in specific classes
of mitosis and cytokinesis defects [103, 105-107, 109],
increasing the risk of aneuploidy.

Taken together, these findings indicate that, during
cell-cycle progression, hTIP60-C subunits act as func-
tional components of the centrosome, spindle, and MB,
thereby ensuring proper execution of cell division. Con-
sistently, dysregulation of hTIP60-C subunits have been
implicated in cancer development (Table 1). Interest-
ingly, the functional relocation of chromatin remodel-
ers to cell division apparatus has also been described for
the dTIP60 complex subunits [6, 107], highlighting the
evolutionary conservation of the moonlighting roles of
chromatin remodelers, which contribute to cell division
control, beyond their established functions in epigenetic
regulation.

Moreover, as previously discussed, alterations in
hTIP60-C impact neurodevelopment. Notably, autosomal

recessive primary microcephaly (MCPH) has been linked
to mutations in genes encoding components of the
mitotic machinery, with MCPH gene products localizing
to the centrosomes during interphase or to the spindle
poles during mitosis [111, 112]. In light of these findings,
it is plausible that dysfunctions in hTIP60-C subunits,
and the resulting defective cell division, may contribute
to the onset of a variety of neurodevelopmental disorders.

Concluding remarks

The TIP60-C plays a pivotal role in the epigenetic regu-
lation of gene expression in eukaryotes, with evolution-
ary conservation observed even in plants, underscoring
its fundamental functions across distantly related ani-
mal and plant species. Dysregulation of hTIP60-C and
its subunits is frequently linked to cancer and develop-
mental diseases, highlighting the complex as a promising
therapeutic target.

Research on the interactions between IncRNAs and
chromatin remodelers may uncover new challenges and
directions in cell biology. Investigating how IncRNAs
interact with TIP60-C subunits, modulate its activity, and
potentially contribute to the structural organization of
the mitotic apparatus [6] could provide valuable insights
into epigenetic regulation and the control of cell division
during development and differentiation.
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Beyond its role in chromatin regulation, the non-
canonical functions of TIP60-C in the organization and
function of the centrosome, spindle, and midbody (MB)
represent an overlooked area in cell biology. Further
studies in this field could provide valuable insights into
the link between defective cell division and human dis-
eases, reinforcing the critical role of TIP60-C in main-
taining genomic and cellular stability. The integration of
advanced techniques such as CRISPR-based gene editing
and high-resolution live-cell imaging [113] will be cru-
cial for gaining a deeper understanding of the cellular
roles of the "multitalented" TIP60-C, potentially opening
new therapeutic avenues for cancer and developmental
diseases.
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