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as modulate interactions with other molecules. Through 
these mechanisms, PTMs enable precise and dynamic 
regulation of protein functions, allowing cells to respond 
rapidly to environmental changes and maintain homeo-
stasis. Although, scientists have understood the physi-
ological relevance of PTMs for many decades, significant 
progress was only achieved in the early twenty-first cen-
tury with the advent of high-resolution mass spectrom-
etry techniques, that allow for the identification of less 
prevalent PTMs. As of now, more than 400 PTMs are 
known to exist, and the number continues to grow [1, 2].

Some of the key post-translational modifications 
include phosphorylation, acetylation, ubiquitination, 
SUMOylation, and methylation [2]. PTMs can influence 
various aspects of a protein’s function, including local-
ization, activity, stability, protein-protein interactions 
(PPIs), protein-DNA interactions, and phase separa-
tion [1–6]. For example, protein kinase A (PKA) phos-
phorylates the repression domain of the nuclear receptor 

Introduction
Organisms carry out a multitude of finely synchronized 
functions, which necessitates the cellular machinery to 
operate in a well-organized manner by precisely con-
trolling the activity of proteins to ensure proper cellular 
function. This can be achieved through various mecha-
nisms, including protein post-translational modifications 
(PTMs), which are covalent modifications that occur on 
the amino acid side chains of proteins after their transla-
tion. PTMs, most of these being reversible, add an extra 
layer of control over the biological activity of proteins 
by altering their structure, localization, stability, as well 
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Abstract
TIP60 is a crucial lysine acetyltransferase protein that catalyzes the acetylation of histone and non-histone proteins. 
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occurring on the TIP60 protein and their functional implications. We also discuss previously uncharacterized PTM 
sites identified on TIP60 and examine their relationship with cancer-associated mutations, with a particular focus on 
residues potentially modified by various PTMs, to understand the cause of deregulation of TIP60 in various cancers.
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corepressor (N-CoR), which modulates several nuclear 
receptors, including progesterone, estrogen, and gluco-
corticoid receptors. This phosphorylation event results 
in increased nuclear translocation of N-CoR, thereby 
enhancing its repressive functions [7]. Thus, PTMs can 
lead to significant alterations in protein function. In the 
present work, we concentrated on the TIP60 protein, 
which serves as a protein modifier by acetylating both 
histone and non-histone proteins.

TIP60, a lysine acetyltransferase protein and a well-
documented tumour suppressor, is a part of the MYST 
(MOF, Ybf2, Sas3, & TIP60) family of acetyltransferases 
[8–10]. Initially discovered as a TAT (trans-activator of 
transcription) interacting protein of HIV-1, TIP60 was 
later identified as a nuclear histone acetyltransferase 
(HAT) capable of acetylating free histones (H2A, H3, 
and H4) [8, 11]. However, its acetylation activity sig-
nificantly decreases when using nucleosome substrates, 
leading scientists to hypothesize that TIP60 exists within 
a multimeric protein complex [8]. Eventually, Ikura et al. 
demonstrated and confirmed that TIP60 forms a part of 
a 14-subunit complex (known as TIP60 complex), that is 
capable of acetylating nucleosomes [12]. Also, this com-
plex possess ATPase and DNA binding activities that 
assists in DNA repair [12]. Recent cryo-EM studies by 
three independent groups elucidated the structure of the 
TIP60 complex, revealing it to consist of over 20 proteins, 
and providing insights into the configuration of several 
protein subunits [13–15]. All investigations highlighted 
EP400 as a key protein that interacts with all other mod-
ules, including TRRAP, ARP, TINTIN, HAT, and the base 
module, thus imparting flexibility to them. The TRRAP 
subunit was found to be essential for efficient and precise 
deposition of acetylation and H2AZ on chromatin by the 
TIP60 complex [14].

TIP60 is shown to be essential for survival in mammals 
as homozygous knockout of TIP60 results in embry-
onic lethality in mice [16]. Additionally, heterozygous 
TIP60 knockout mice exhibited a higher susceptibility to 
tumorigenesis [9]. TIP60 mediates the acetylation of both 
histone and non-histone proteins playing a pivotal role in 
various cellular functions, including transcriptional regu-
lation, DNA damage repair, apoptosis, autophagy, cell 
cycle regulation, mitosis, and wound-induced cell migra-
tion [12, 17–22]. Under conditions of DNA damage, 
TIP60 acetylates ataxia telangiectasia mutated (ATM) 
kinase thereby activating it and facilitating ATM-depen-
dent phosphorylation of p53, which is essential for DNA 
repair [17]. However, in case of extensive DNA damage, 
TIP60 shifts the cellular equilibrium towards apoptosis 
[23]. TIP60 interacts with and activates p53, resulting 
in the upregulation of p21 expression and consequent 
growth arrest. Conversely, in conditions, when DNA 
damage is beyond repair, TIP60 acetylates p53 at Lys 

120, which triggers PUMA activation and leads to cellu-
lar apoptosis [23]. TIP60 also acetylates Aurora B kinase 
and Nup62, ensuring error-free chromosomal segrega-
tion during mitosis thereby helps in maintaining genomic 
integrity [24, 25].

Besides regulating the activity of various cellular fac-
tors, TIP60 controls the transcriptional regulation of 
several nuclear receptors by acting as their cofactor. 
Brady et al. have demonstrated that TIP60 functions as 
a ligand-dependent coactivator of the androgen receptor 
(AR), progesterone receptor (PR), and estrogen recep-
tor (ER) [26, 27]. In one of our research work, we have 
demonstrated that TIP60 associates with and acety-
lates PXR (pregnane & xenobiotic receptor), a class II 
nuclear receptor [28]. Together, the TIP60-PXR complex 
promotes wound-induced cell migration by activating 
genes, such as Cdc42, ROCK1, GADD45β, and IGFBP-1, 
involved in actin reorganization and filopodia formation. 
This complex also acetylate histone H4 and H2B, leading 
to changes in the chromatin landscape that enhance the 
transcription of target genes [20, 21]. More lately, we have 
shown that TIP60 undergoes phase separation which is 
crucial for its interaction with its partners to perform its 
functions according to the cellular environment [29].

TIP60 is encoded by KAT5 gene in humans and is 
predominantly present in three isoforms (isoform 1, 2, 
3) due to alternative splicing [30–33]. Isoform 2 is 513 
amino acid and is the most abundantly expressed [30]. 
TIP60 features various conserved domains, including a 
chromodomain that facilitates its loading onto chroma-
tin, an intrinsically disordered region (IDR) that aids in 
its phase separation, a conserved MYST domain encom-
passing a catalytic HAT domain that regulates the KAT 
(lysine acetyl transferase) activity of TIP60 and a nuclear 
receptor box (NR box) which facilitates TIP60’s interac-
tions with different nuclear receptors (Fig.  1) [8, 20, 26, 
27, 29, 30, 34–36].

Multiple studies have shown that TIP60 undergoes var-
ious post-translational modifications, which influence its 
functions. These modifications include phosphorylation, 
acetylation (including autoacetylation), SUMOylation, 
methylation, glycosylation, and ubiquitination (Fig. 2). In 
this review, we have summarized all the PTMs that occur 
on TIP60 and their implications in regulating TIP60-
associated functions (Table 1). Additionally, we have dis-
cussed uncharacterized potential PTM sites on TIP60 
and examined the relationship between cancer-asso-
ciated mutations in TIP60 and its PTM sites. This aims 
to provide a deeper understanding of its deregulation in 
pathological conditions due to disruptions in its PTMs.
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Phosphorylation
Phosphorylation is the most extensively studied revers-
ible PTM, that occur on proteins within the nucleus or 
cytoplasm of cells, influencing protein activities in both 
prokaryotic and eukaryotic organisms [37]. This process 
involves the addition of phosphate group to serine (Ser), 
threonine (Thr), or tyrosine (Tyr) residues [38] facili-
tated by protein kinases that catalyze the transfer of a 
phosphate group from adenosine triphosphate (ATP) to 
the target protein. Conversely, dephosphorylation, the 
removal of the phosphate group, is carried out by phos-
phatases [39]. Protein phosphorylation plays a crucial 
role in regulating various cellular processes, including 
cell signalling, growth and division, cell cycle regulation, 
apoptosis, protein localization and stability [40–45].

TIP60 contains many serine, threonine and tyrosine 
residues that are conserved across various species and 
could serve as potential phosphorylation sites. Numer-
ous studies have demonstrated the ability of TIP60 to 
undergo phosphorylation. According to available reports, 
five specific residues of TIP60 - Ser 86, Ser 90, Thr 158, 
Ser 199 and Tyr 294, are phosphorylated and play cru-
cial role in regulating TIP60-mediated cellular activi-
ties, including DNA damage repair, autophagy, cell cycle 
progression, and apoptosis [24, 46, 47]. Lemercier and 
colleagues discovered TIP60 phosphorylation using an 

alkaline phosphatase assay (calf intestinal phosphatase 
or CIP) two decades ago [48]. They purified TIP60 and 
detected two bands on an SDS-PAGE gel. Interestingly, 
when they treated the protein with CIP and ran the gel 
they observed a single faster migrating band on the gel, 
suggesting phosphorylation of TIP60 [48]. Through 
mass spectrometric analysis, they identified two pri-
mary phosphorylation sites: Ser 86 and Ser 90. Muta-
tions at these sites altered TIP60’s migration pattern on 
the gel. Furthermore, they identified cyclin B/Cdc2 as the 
enzyme responsible for phosphorylating Ser 90, influ-
encing TIP60’s histone acetyltransferase activity. Given 
that Cdc2 is involved in mitosis, they noted increased 
TIP60 phosphorylation in the G2/M phase, suggest-
ing a role for TIP60 phosphorylation in regulating the 
cell cycle [48]. Subsequent investigations by various 
groups explored the significance of these phosphoryla-
tion events and determined their involvement in mul-
tiple cellular processes including DNA damage repair, 
autophagy, apoptosis, and fatty acid synthesis. It was pre-
viously established that TIP60 plays a key role in apop-
tosis by acetylating p53 under DNA damage conditions, 
leading to either cell cycle arrest or apoptosis, depend-
ing on the extent of DNA damage [23]. Charvet and col-
leagues have demonstrated that TIP60 phosphorylation 
is crucial for this pathway selection. They demonstrated 

Fig. 1  Schematic diagram showing post-translational modifications in TIP60. (A) The domain map illustrates TIP60’s various domains and the post-
translational modifications associated with them (amino acid numbering is as per isoform 2). The different domains are CD (chromodomain), IDR (in-
trinsically disordered region), HAT domain (histone acetyltransferaese), and NR box (nuclear receptor) motif. Yellow color circle depicts acetylation, blue 
color circle represents phosphorylation, purple color quadrilateral shows glycosylation, pentagon represents methylation, dark blue octagon represents 
SUMOylation, and green rectangle represents ubiquitination modification. Note- Ubiquitination sites are yet not well charecterized. (B) The domain map 
of TIP60 isoforms 1, 2, and 3. Isoform 1 has an intron region of 33 amino acid, while isoform 2 and 3 lacks this intron region. Isoform 3 is also devoid of exon 
5 (52 amino acid). Dash line depicts missing regions in the respective isoform
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that GSK-3 (glycogen synthase kinase 3) phosphorylates 
TIP60 at Serine 86 [49], and the mutant version of TIP60 
at this site fails to acetylate p53 at the K120 position, 
which results in its inability to express PUMA, neces-
sary for inducing apoptosis under DNA damage condi-
tions. Additionally, the phosphorylation-defective TIP60 
mutant fails to acetylate histone H4 at the PUMA pro-
moter due to decreased HAT activity [49]. Notably, two 
other research groups have associated Serine 86 phos-
phorylation to the process of autophagy [19, 47]. In cells 
under serum deprivation conditions, the enzyme GSK-3 
is activated, which phosphorylate TIP60 at the Ser 86 
position, thereby influencing TIP60’s activity as an acet-
yltransferase [47]. This phosphorylation enables TIP60 to 
bind to and acetylate ULK-1, a kinase involved in autoph-
agy regulation. Moreover, it has been demonstrated 
that TIP60 depletion leads to compromised lipidation 
of LC3 (microtubule-associated protein 1), a marker for 
autophagosomes in cells [47]. When cells undergo endo-
plasmic reticulum (ER) stress induced by agents like 
tunicamycin (TM) and H₂O₂, GSK-3β becomes activated 
by a reduction in its Ser9 phosphorylation. The activated 
GSK-3β phosphorylates TIP60 at Ser86, leading to its 
activation. The activated TIP60 then acetylates ULK1, 
playing a role in apoptosis in response to ER stress. 

Furthermore, the GSK-3β-TIP60-ULK1 pathway not only 
regulates autophagy but also helps prevent ER stress-
induced apoptosis by inhibiting CHOP, a transcription 
factor involved in the ER stress and unfolded protein 
response (UPR) pathways [19].

Research by Mo et al. and Mischa and colleagues has 
demonstrated the critical role of Ser 90 phosphorylation 
of TIP60 in maintaining genomic integrity [24, 50]. Dur-
ing mitosis, cells preserve their genomic stability through 
mechanisms like the DNA damage response (DDR) and 
the spindle assembly checkpoint (SAC) [51, 52]. Aurora 
B kinase (Ser/Thr kinase) a part of the chromosome pas-
senger complex (CPC), is integral to SAC surveillance 
[53]. Mo et al. found that TIP60 acetylates Aurora B 
kinase, process that ensures precise chromosomal segre-
gation during mitosis. The acetylation of Aurora B kinase 
by TIP60 is triggered by the phosphorylation of TIP60 at 
Ser 90 by the CDK1-cyclin B complex [24]. Furthermore, 
another study by Li et al. showed that phosphorylation 
of TIP60 at Ser 86 and Ser 90 is essential for balancing 
the localization and aggregation of 53BP1(p53-binding 
protein 1) and BRCA1 (breast cancer gene 1) at Double-
Strand Breaks (DSBs) during the S and G2 phases of the 
cell cycle [50]. 53BP1 promotes non-homologous end 
joining (NHEJ), while BRCA1 facilitates homologous 

Fig. 2  The image depicts distinct types of TIP60’s post-translational modifications as well as their effects on its functions. Modifications on the amino acid 
residues of TIP60 are indicated as Ser (Serine), Thr (Threonine), Tyr (Tyrosine), Lys (Lysine), and Asn (Asparagine) (Image is generated using Biorender.com 
and modified using Microsoft office)
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recombination repair (HRR), both critical for DSB repair 
[54]. Additionally, the phosphorylation of Ser 90 is a key 
component in TIP60-mediated histone acetylation dur-
ing DNA damage, as Ser 90 mutants exhibit lower levels 
of H4K16 and H2AZ acetylation compared to wild-type 
TIP60 [50]. This evidence underscores the pivotal role of 
Ser 90 phosphorylation in maintaining genomic integrity, 
particularly through its involvement in chromosomal 
segregation, DSB repair, and histone acetylation during 
DNA damage.

Recently the significance of TIP60 Serine 86 phosphor-
ylation has been highlighted in the synthesis of triacylg-
lycerols (TAGs) [55], which serve as the body’s primary 
energy storage molecules. During periods of starvation, 
TAGs are hydrolyzed to meet the body’s energy demands 
[56]. This phosphorylation enables TIP60 to interact with 
acetylate lipin1(phosphatidic acid phosphatase), which 
is necessary for lipin1’s translocation to the endoplasmic 
reticulum. This translocation is a pre-requisite for the 
conversion of phosphatidic acid to diacylglycerol, a vital 
step in TAG synthesis [55]. Under dietary stress condi-
tions like a high-fat diet, TIP60 S86A knock-in mice, 
which have a mutation leading to reduced acetyltransfer-
ase activity, exhibited lower body mass and reduced liver 
TAG levels compared to their wild-type counterparts. 
This highlights the importance of TIP60’s acetyltrans-
ferase activity in maintaining normal TAG synthesis and 
storage and suggests that disruptions to TIP60 function 
might lead to metabolic alterations and affect how the 
body handles high-fat diets. In another study, Prisca and 
colleagues have demonstrated the importance of Ser 90 
phosphorylation catalyzed by CDK9, in regulating the 
association of TIP60 with the transcription machinery 
[57]. They revealed that a mutation in Ser 90 disrupts 
TIP60’s ability to bind chromatin and decreases its inter-
action with histone H3 and RNA polymerase II. Addi-
tionally, they found that phosphorylation at TIP60 Ser 86 
and Ser 90 is essential for preserving TIP60’s KAT activ-
ity [57]. In a separate study, it was observed that the use 
of Ser 86 and Ser 90 mutants along with the CDK inhibi-
tor roscovitine led to decreased activation of TIP60 by 
APP/Fe65, resulting in its enhanced nuclear localization 
[58].

Similarly, TIP60’s Thr 158 residue is of significant 
importance. Phosphorylation of TIP60 at the Thr 158 
residue by p38α (mitogen-activated protein kinase) and 
VRK1 (vaccinia-related kinase 1) has multiple important 
biological roles [59, 60]. Hui Zheng’s research highlighted 
the pivotal role of Thr 158 phosphorylation in oncogene-
induced senescence, a key defense mechanism that inhib-
its tumor growth [59]. The proto-oncogene Ras activates 
p38α [61], which subsequently phosphorylates TIP60 at 
Thr 158. This, in turn, leads to TIP60 binding and TIP60-
mediated acetylation of PRAK (p38-regulated/activated 

protein kinase) at the K364 position, a crucial step for 
PRAK’s activation and its role in oncogene-induced 
senescence [59]. In addition to its role in senescence, 
Thr 158 phosphorylation is also implicated in apoptosis 
[62]. When cells are treated with doxorubicin, a DNA-
damaging agent, p38α phosphorylates TIP60 at Thr 158. 
This phosphorylated TIP60 aids in the apoptosis process 
through the p38α-TIP60-p53 axis [62]. Furthermore, Thr 
158 phosphorylation also facilitates TIP60’s role in DNA 
damage repair. When cells are exposed to doxorubicin, 
a DNA-damaging agent, VRK1 kinase phosphorylates 
TIP60, which subsequently acetylates H4K16, a marker 
of open chromatin. This acetylation promotes chroma-
tin relaxation, facilitating the interaction of DDR (DNA 
damage repair) proteins with the damaged DNA [46]. 
Besides, more recent studies have shown that phosphory-
lation at Thr 158 mediates TIP60’s loading onto chroma-
tin [60]. Additionally, DNA-PK (DNA-dependent protein 
kinase) phosphorylates chromatin-bound TIP60 at Ser 
199, activating TIP60. The activated TIP60 further acety-
lates H4K16 and ATM (ataxia telangiectasia mutated), 
thereby regulating the DDR response [60].

Shin and Kang demonstrated the importance of TIP60 
tyrosine 294 phosphorylation, in maintaining TIP60’s 
protein interactions, HAT activity and localization [63]. 
They found that TIP60 needs to be phosphorylated at 
tyrosine 294 (reported as tyrosine 327) by Ab1 kinase to 
bind with FE65. Mutating tyrosine 294 to phenylalanine 
disrupts this interaction. Furthermore, the phosphoryla-
tion mutant form shows reduced TIP60 autoacetylation 
but increased HAT activity, indicating the critical nature 
of this specific phosphorylation. The phosphorylation at 
tyrosine 294 also influences TIP60’s nuclear localization 
and facilitates cell cycle progression from the G0 to G1 
phase [63]. From these research work, it becomes evi-
dent that phosphorylation of TIP60 is vital for mediating 
crucial cellular functions, such as apoptosis, autophagy, 
DNA damage response (DDR), cell cycle regulation, and 
TAG synthesis.

Acetylation
Acetylation is a common PTM in proteins that typically 
occurs on the lysine residues of a polypeptide chain. This 
process involves the transfer of an acetyl group from 
acetyl coenzyme-A to the ε-amino group of a lysine resi-
due. The enzymes responsible for catalyzing these reac-
tions are known as lysine acetyltransferases (KATs). 
Conversely, the removal of the acetyl group from lysine 
residues is carried out by enzymes known as lysine 
deacetylases (KDACs). Acetylation can occur on both 
histone and non-histone proteins. When it takes place on 
histone tails, acetylation neutralizes the charge interac-
tion between DNA and histone proteins, leading to the 
loosening of chromatin [64].



Page 7 of 17Gupta and Gupta Epigenetics & Chromatin           (2025) 18:18 

Starting with the discovery of histone acetylation by 
Allfrey and colleagues in the 1960s, where they proposed 
its potential role in regulating gene expression [65], the 
field expanded to include the discovery of acetylation in 
other important proteins such as HMG (chromatin-bind-
ing protein) [66], tubulin, and p53 [67, 68]. In 1995, Kleff 
and colleagues discovered that HAT1 in yeast has HAT 
activity and can acetylate histone H4 at Lys12 [69]. A year 
later, Allis and coworkers identified Gcn5 as a HAT pro-
tein and its role in transcription [70]. These discoveries 
marked the beginning of extensive research into protein 
acetylation and the enzymes responsible for these reac-
tions. Subsequently the discovery of various histone 
acetyltransferases (HATs) like CBP, EP300, and MYST 
further emphasized the importance of acetylation in cel-
lular functions [8, 71–75]. Apart from exploring the role 
of acetylation in regulating essential processes like gene 
transcription, DNA damage repair, cell signalling, protein 
folding, subcellular localization, phase separation, and 
protein catalytic activity [29, 76–80], the phenomenon of 
autoacetylation, where proteins can acetylate themselves, 
was identified.

TIP60 is one such enzyme that can autoacetylate. Mar-
tina and colleagues were pioneers in demonstrating that 
TIP60 undergoes autoacetylation, independently of its 
interaction with the HIV-1 Tat protein [35]. Later in 2010, 
Wang and Chen established that TIP60 acetylates itself in 
response to UV radiation, which augments its interac-
tion with p53. They identified four autoacetylation sites 
in TIP60 (Lys 76, 80, 189, and 327) using mass spectrom-
etry [81]. Later another study by Yang et al. expanded 
on this finding by identifying 7 lysine residues in TIP60 
that can be auto-acetylated (Lys 76, 80, 104, 150, 187, 327 
and 383) [82]. Among these, Lys 327, located near the 
catalytic pocket, was found to be conserved within all 
the MYST family members of HATs and plays a crucial 
role in maintaining the enzyme’s HAT and autoacety-
lation activity [82]. Jingjie and co-workers reported 6 
putative autoacetylation sites (Lys 104, 120, 148, 150, 187, 
and 189) in TIP60 through a unique approach involving 
the purification of different TIP60 domains followed by 
an in-vitro autoacetylation assay, which allowed them to 
discover previously unknown autoacetylation sites [83]. 
Mutating these sites resulted in no detectable autoacety-
lation levels in TIP60 autoacetylation mutants in-cellulo, 
compared to the wild-type protein, indicating the impor-
tance of these sites for TIP60’s autoacetylation [83]. 
Notably, 4KR mutant of TIP60 (K120R, K148R, K187R, 
and K189R) failed to acetylate p53 at K120, crucial for 
p53 activation. Additionally, their research indicated that 
HDAC3, alongside SIRT1, plays a role in TIP60 deacety-
lation, leading to an increase in its half-life and ubiquiti-
nation. They observed diminished apoptosis in cells after 
DNA damage when TIP60 was deacetylated by HDAC3 

and SIRT1, emphasizing the importance of TIP60’s auto-
acetylation in p53 activation and the cellular apoptosis 
process [83].

Xiao and colleagues underscored the significance 
of TIP60’s autoacetylation at the Lys104 residue in 
p53-mediated apoptosis [84]. They observed that under 
metabolic stress conditions, like glucose deprivation, cells 
are more inclined to undergo apoptosis, and this process 
necessitates TIP60-mediated acetylation of p53 at the 
K120 site. The study further revealed that mutating the 
Lys104 residue diminishes cellular apoptosis compared 
to wild-type TIP60, as the mutant fails to acetylate p53 
at the K120 site, consequently leading to reduced PUMA 
expression. Additionally, they showed that K104 is essen-
tial for TIP60’s interaction with its complex partners [84]. 
In a separate study, Fang et al. discovered that the auto-
acetylation of TIP60 at the conserved lysine residue K327 
functions as a molecular switch for modulating its bind-
ing preference with partner proteins like FOXP3 (a tran-
scription factor that regulates the immune system) [85]. 
p300-mediated autoacetylation of TIP60 at K327 pro-
motes TIP60’s interaction with FOXP3, thereby facilitat-
ing FOXP3’s acetylation by TIP60 which is necessary for 
its efficient transcriptional activity [85]. Recently our lab 
findings highlight the critical role of TIP60’s autoacety-
lation at K187 in its nuclear import, oligomerization, and 
phase separation [29]. Moreover, autoacetylation at K187 
is essential for maintaining TIP60’s catalytic activity. 
When this site is mutated (replacing lysine with arginine), 
TIP60 loses its ability to autoacetylate and transfer acetyl 
groups to histones. Besides, this mutant version of TIP60 
shows a deficiency in oligomerization and phase separa-
tion capabilities. Furthermore, we also demonstrated that 
this mutant form of TIP60 is functionally compromised, 
unable to protect cells from DNA damage, and ineffective 
in promoting wound-induced cell migration in conjunc-
tion with the nuclear receptor PXR [29]. In essence, K187 
autoacetylation is vital for TIP60’s structure, activity, and 
its role in cellular protection and repair mechanisms.

Beyond TIP60’s autoacetylation, research on its acety-
lation by other acetyltransferases is limited. So far, only 
two studies have suggested TIP60’s acetylation by CBP/
p300 [85, 86]. Among them, only one report indicated 
that CBP/p300 acetylates TIP60 at the K268 and K282 
residues [86]. Additionally, it has been demonstrated that 
p300/CBP enhances the polyubiquitination of TIP60 by 
HIV-1 Tat [86]. Another study revealed that p300 stim-
ulates TIP60 autoacetylation at the K327 position [85]. 
However, there is still a lack of information on whether 
other acetyltransferases are directly acetylating TIP60 or 
influencing its autoacetylation. In summary, while auto-
acetylation is a key process for TIP60, more research is 
needed to fully understand the potential contributions of 
other acetyltransferases to its regulation and function.
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SUMOylation
In 1995, researchers identified SUMOylation through 
a yeast genetic screen as a modifiable post-translational 
modification [87–89]. SUMO (small ubiquitin-like modi-
fier) proteins, approximately 10 kDa in size, are encoded 
by distinct SUMO genes. Humans have four SUMO iso-
forms: SUMO-1, SUMO-2, SUMO-3, and SUMO-4. 
While SUMO-1 to SUMO-3 are ubiquitously expressed, 
SUMO-4 is predominantly expressed in the kidney and 
spleen [90]. The process of SUMO conjugation to target 
proteins involves several steps, that involves maturation, 
activation, conjugation, ligation, and demodification. 
Initially, a SUMO-specific protease cleaves the imma-
ture pro-form of SUMO proteins to activate them and 
allowing them to attach to the target. The E1 activating 
enzyme, in an ATP-dependent reaction, then activates 
the matured SUMO. This activated SUMO is subse-
quently transferred to the SUMO E2 conjugating enzyme. 
Finally, the SUMO protein is attached to the lysine resi-
due of the substrate through a reaction catalyzed by the 
SUMO E3 ligase. Being a reversible post-translational 
modification, deSUMOylation or the removal of SUMO 
is mediated by SENP proteins [91]. SUMOylation is 
crucial for regulating various molecular and cellular 
processes, such as DNA damage repair, cell cycle pro-
gression, and the development of cancer [89].

SUMOylation of TIP60 was initially identified by 
Cheng et al. in 2008 [92]. They found that the enzyme 
Ubc9 catalyzes the SUMOylation of TIP60 in response 
to UV irradiation and identified lysine residues 430 and 
451 as the SUMOylation sites under these conditions. 
Moreover, their research illustrated that SUMOylated 
TIP60 contributes to the stabilization of the p53 protein 
via the ATR/chk1 pathway, which in turn increases p21 
levels to regulate the cell cycle during UV-induced DNA 
damage [92]. Subsequent studies revealed that lysine 
residues 430 and 451 of TIP60 are SUMOylated by the 
SUMO E3 ligase PIASγ, which triggers p53 acetylation 
at K120, thereby stimulating autophagy [93]. Further 
research by Gao et al. indicated that the SUMOylation 
of TIP60 at lysine 430 is essential for HR-mediated DNA 
damage repair, showing that this modification reduces 
the interaction between TIP60 and DNA-PKcs (DNA-
dependent protein kinase catalytic subunit) during the 
S-phase of the cell cycle [94]. PIASγ catalyzes the addi-
tion of SUMO2 to TIP60 at K430. TIP60’s SUMOylation 
reduces the phosphorylation of DNA-PKcs at serine 
2056, promoting homologous recombination (HR) path-
way-dependent repair during the S-phase of the DNA 
damage response (DDR) [94]. In a follow-up study by 
the same group it was revealed that under normal con-
ditions, TIP60 is normally highly SUMOylated, how-
ever, when cells are exposed to irradiation-induced DNA 
damage, TIP60 undergoes deSUMOylation at K430, 

facilitated by SENP3 [95]. This deSUMOylation enables 
TIP60 to interact with DNA-PKcs, leading to its acety-
lation and autophosphorylation, which promotes non-
homologous end joining (NHEJ)-mediated DNA damage 
repair [95]. Together, these findings demonstrate that 
SUMOylation state of TIP60 plays a crucial role in gener-
ating appropriate cellular response to DNA damage and 
stress, particularly safeguarding cells under conditions 
of UV irradiation and is crucial for maintaining genomic 
integrity by regulating DNA repair mechanisms.

Methylation
Methylation is a reversible post-translational protein 
modification that occurs at lysine or arginine residues. 
This process is catalyzed by methyltransferases (writ-
ers) using S-adenosylmethionine (SAM) as a methyl 
group donor. Distinct methyltransferases are responsible 
for methylating lysine and arginine. Lysine can undergo 
mono-, di-, or tri-methylation, primarily facilitated by 
lysine-specific methyltransferases (PKMTs). In contrast, 
arginine can be mono- or di-methylated by arginine 
methyltransferases (PRMTs), with the latter occurring 
symmetrically or asymmetrically [96, 97]. Methylation 
can take place at both histone and non-histone proteins, 
influencing processes such as chromatin remodelling, 
DNA damage repair, gene transcription, and protein 
synthesis [98]. To date, only one study has examined the 
methylation of TIP60. In this study, Kim et al. reported 
that the SET7 methyltransferase mediates the meth-
ylation of TIP60 at lysine 189 (reported as lysine 137 
in isoform 3) under DNA damage conditions induced 
by hydroxyurea (HU) [99]. This modification enhances 
homologous recombination (HR)-directed double-strand 
break (DSB) repair. Additionally, it was shown that this 
methylation of TIP60 at lysine 189 enhances the prolif-
eration of colon cancer cells. This highlights the impor-
tance of methylation in regulating TIP60-mediated 
cellular processes and its potential implications in cancer 
research.

Glycosylation
Glycosylation is a prevalent and reversible post-trans-
lational modification (PTMs) where a glycan (a poly-
saccharide) is enzymatically added to a protein, either 
during or after translation [100, 101]. The process is 
tightly regulated and involves various enzymes. Glycans 
can be N-linked (N-acetylglucosamine added to aspara-
gine) or O-linked (N-acetylgalactosamine added to ser-
ine or threonine). N-linked glycosylation involves the 
addition of N-acetylglucosamine to the amide group of 
asparagine, while O-linked glycosylation entails the addi-
tion of N-acetylgalactosamine to the hydroxyl groups 
of serine or threonine [102]. Glycosylation has a pro-
found impact on many critical protein functions, such 
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as solubility, protein-protein interactions, localization, 
protein folding, and activity [100, 101]. Lee et al. were the 
first to report the possible N-glycosylation of TIP60 at 
asparagine 291 (reported as 324 in isoform 1) [103]. Their 
findings showed that TIP60’s binding to concanavalin A, 
which is reliant on its glycosylation at the Asn 291 site, is 
essential under endoplasmic reticulum (ER) stress. This 
glycosylation influences TIP60’s retention in the ER, its 
stability, localization, histone acetyltransferase (HAT) 
activity, and interaction with FE65. Nearly a decade later, 
Liu et al. discovered that OGT (O-GlcNAc transferase) 
catalyzes the O-GlcNAcylation of TIP60 at serine 119 
[104]. Their data revealed that the downregulation of the 
enzyme PCK-1 (phosphoenolpyruvate carboxykinase-1), 
which plays a role in hepatic gluconeogenesis, promotes 
the O-GlcNAcylation of TIP60, which in turn stabilizes 
TIP60 by inhibiting its ubiquitination and degradation. 
Moreover, they linked O-GlcNAcylation of TIP60, to the 
development and metastasis of hepatocellularcarcinoma 
by showing TIP60's dual role in transcriptional activation 
of TWIST1 and c-Myc acetylation [104].

Ubiquitination
About fifty years ago, in the 1970s, scientists discov-
ered a protein called ubiquitin, whose function was 
initially unknown [105] and it was thought to be ubiq-
uitous (hence the name) because it was found in all liv-
ing cells [105]. Later research discovered that APF1 
(ATP-dependent proteolysis factor-1) is actually ubiqui-
tin, which binds to protein substrates and acts as signal 
for downstream protease action [106]. Ubiquitination 
is a reversible post-translational modification involv-
ing the addition of ubiquitin moieties (around 8.6  kDa) 
to proteins, typically marking them for degradation via 
the proteasome pathway and the process is known as 
ubiquitin-mediated proteolysis. This process is medi-
ated by action of three enzymes: E1 (ubiquitin-activating 
enzyme), E2 (ubiquitin-conjugating enzyme), and E3 
(ubiquitin-ligating enzyme) [105, 107, 108]. Ubiquitin 
first binds to E1 using ATP as an energy source, then 
is transferred to E2, and finally to E3, which attaches 
ubiquitin to the target protein. Deubiquitinases (DUBs) 
remove ubiquitin moieties from proteins, regulating pro-
tein turnover through ubiquitination-deubiquitination 
cycles [109, 110].

Legube and colleagues were the first to demonstrate 
the ubiquitination of TIP60 [111]. They found that Mdm2 
(an E3 ubiquitin ligase) binds to TIP60 (within the 258–
364 amino acid region) leading to its ubiquitination and 
subsequent degradation via the proteasomal pathway. 
Additionally, they observed that TIP60 stabilizes upon 
UV radiation exposure due to decreased Mdm2 levels 
[111]. Conversely, in another study, TIP60 was shown 
to be ubiquitinated by UHRF1, another E3 ligase, which 

does not result in TIP60 degradation [112], but rather 
interferes TIP60’s interaction with p53, thereby inhibit-
ing processes like growth arrest and apoptosis mediated 
by p21 and PUMA, respectively. These findings indicated 
that Ubiquitination plays a significant role in regulat-
ing the stability and function of the TIP60 protein. Dif-
ferent E3 ubiquitin ligases, such as Mdm2 and UHRF1, 
can ubiquitinate TIP60, leading to different outcomes. 
USP-7 (Ubiquitin-specific protease 7) has been identified 
as deubiquitinases (DUBs) for TIP60 [113, 114]. USP7-
mediated deubiquitination of TIP60, stabilizes TIP60 
levels in cells. This stabilization plays crucial roles in dif-
ferent cellular processes, such as apoptosis under con-
ditions of genotoxic stress and early adipogenesis [113, 
114]. Through, mass spectrometric analysis, authors 
identified six lysine residues at position, K35, K150, 
K243, K359, K296, and K404, as ubiquitination sites on 
TIP60. Mutating all six lysine residues to arginine did not 
affect the ubiquitination levels of TIP60. This implies that 
the ubiquitination of TIP60 might not be confined to spe-
cific lysine residues [114]. Interestingly, no study has yet 
successfully pinpointed the specific ubiquitination sites 
of TIP60, suggesting that TIP60’s ubiquitination may 
be nonspecific implying at a broader and more flexible 
mechanism of regulation through ubiquitination.

Cancer-associated mutations and post-
translational modifications of TIP60
Generally, TIP60 helps maintain genome stability and 
regulate gene expression, functioning as a tumor sup-
pressor however atypical expression and deregulated 
activity of TIP60 have been detected in various cancers 
[115–123]. In some cancers, such as certain epithelial 
tumors, in colorectal cancer, down-regulation of TIP60 
is associated with larger tumor size, poor differentia-
tion, peritoneal dissemination, distant metastasis, and 
higher TNM stage [118]. Conversely, in certain types of 
epithelial tumors, such as those involving overexpres-
sion of ornithine decarboxylase (ODC), TIP60 levels 
are found to be elevated [124]. This overexpression can 
contribute to abnormal histone acetyltransferase (HAT) 
activity, potentially promoting tumour development and 
progression. This dual role of TIP60 underscores its com-
plex involvement in cancer, highlighting its importance 
in maintaining cellular integrity while also having poten-
tial tumor-promoting effects depending on the specific 
context. To probe into the less-explored aspects of TIP60 
in cancer, particularly how cancer-associated mutations 
might influence TIP60 functions through post-transla-
tional modifications, we conducted a comparative anal-
ysis of TIP60 residues mutated in different cancers, and 
compared them against both characterized PTM sites 
and those reported as PTM sites in various databases but 
not yet fully characterized (Table 2). We identified seven 
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Modification (Phosphorylation/Acetylation/SUMOylation/Ubiquitination) Databases
Phosphosite Plus https://www.phosphosite.
org

dbPTM 
http://
dbptm.
mbc.
nctu.
edu.
tw

Bi-
oGRID 
https://
orcs.
thebi-
ogrid.
org

Phosphorylation
S33 - ✓ -
Y44 ✓ - -
T77 - ✓ -
T79 - ✓ -
S86 ✓ ✓ -
S90 ✓ ✓ -
S98 - ✓ -
S102 - ✓ -
S155 ✓ ✓ -
T158 ✓ ✓ ✓
S162 - ✓ -
T164 - ✓ -
S168 - ✓ -
S190 ✓ ✓ -
T195 ✓ ✓ -
S199 ✓ ✓ -
S202 ✓ ✓ ✓
S203 ✓ ✓ -
S208 - ✓ -
T227 ✓ - -
T281 ✓ - -
Y294 ✓ - -
S431 ✓ - -
Y472 ✓ ✓ -
Acetylation
K52 ✓ ✓ -
K76 - ✓ -
K80 - ✓ -
K104 ✓ ✓ -
K120 ✓ ✓ -
K148 ✓ ✓ -
K150 ✓ ✓ -
K187 ✓ ✓ -
K189 ✓ ✓ -
K268 ✓ ✓ -
K282 ✓ ✓ -
K327 ✓ ✓ -
K383 - ✓ -
K404 - ✓ -
SUMOylation
K430 ✓ ✓ -
K451 ✓ ✓ -
Ubiquitination
K35 ✓ ✓ ✓
K230 ✓ - ✓
K274 ✓ - -

Table 2  List of post-translational modification sites on TIP60 identified through various databases
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http://dbptm.mbc.nctu.edu.tw
http://dbptm.mbc.nctu.edu.tw
http://dbptm.mbc.nctu.edu.tw
https://orcs.thebiogrid.org
https://orcs.thebiogrid.org
https://orcs.thebiogrid.org
https://orcs.thebiogrid.org
https://orcs.thebiogrid.org
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specific sites in TIP60 associated with cancer muta-
tions [125, 126] that could potentially serve as PTM sites 
(Table  3). Two of these sites, K35 and T77, are located 
in the chromodomain, with K35 being a ubiquitination 
site and T77 a phosphorylation site. Two other sites, 
S155 and S190 are found in the linker region between 
the chromodomain and the MYST domain. Both S155 
and S190 are phosphorylation sites located in the iden-
tified IDR region. The remaining three sites, K274, K310 
and S431, are found in the MYST domain, with K274 and 
K310 being a ubiquitination target and S431 a phosphor-
ylation modification site. Cancer-associated mutations at 
these PTM sites, can affect TIP60’s catalytic activity, sub-
strate preferences, intracellular dynamics, or interactions 
with binding partners, potentially leading to different cel-
lular outcomes. By disrupting TIP60’s normal function, 
these mutations and the resulting alterations in PTM 
sites may lead to genomic instability and can contribute 
to the initiation and progression of cancer. However, all 
these speculations need to be experimentally verified.

Domain-specific and isoform specific post-
translational modifications in TIP60
Functional domains are specific regions of a protein 
that have distinct structural and functional proper-
ties. Since these domains often have unique amino acid 
sequences and structural characteristics, they can be 
targeted by different modifying enzymes, leading to 

various PTMs. PTMs occurring in structurally signifi-
cant regions such as active sites, binding interfaces, sur-
face exposed residues or regulatory motifs, are more 
likely to be functionally important, controlling protein 
function. Understanding the PTMs of specific domains 
of TIP60 can provide valuable insights into the protein’s 
overall regulation and the roles it plays in different cel-
lular processes. TIP60 has many characteristic domains 
and while domain structures of the chromodomain 
[127] and MYST domain (PDB ID: 2OU2) are available, 
the presence of an intrinsically disordered region (IDR) 
between these domains complicates crystallization, due 
to its high flexibility. Cryo-EM studies by different groups 
have determined the TIP60 complex, yet the TIP60 pro-
tein structure itself remains unresolved [13–15]. In the 
absence of a full-length crystal structure for TIP60, it is 
difficult to comment on how PTMs and mutations might 
impact TIP60 protein’s structure and functions. However, 
we know a lot about the different functional domains of 
TIP60, which are very well characterized both structur-
ally and functionally. On the basis of available informa-
tion, we can predict the functional outcomes of PTMs 
occurring within these domains. The chromodomain, 
also known as the tudor-knot domain, plays a critical role 
as a reader of the epigenetic code, enabling TIP60 to load 
onto chromatin [128, 129]. TIP60 specifically anchors to 
histone H3 tri-methylated at lysine 9 (H3K9me3) dur-
ing DNA damage, and mutations in the chromodomain 

Table 3  List of PTM sites on TIP60 reported as mutations in various cancer
S. No. Mutations Modification Cancer Reference (https://www.cbioportal.org/)
1 K35R Ubiquitination Head and neck squamous cell carcinoma [125, 126]
2 T77A Phosphorylation Colorectal adenocarcinoma 125, 126]
3 S155L Phosphorylation Cervical squamous cell carcinoma & Bladder urothelial carcinoma [125, 126]
4 S190L Phosphorylation Pancreatic adenocarcinoma [125, 126]
5 K274N Ubiquitination Liver hepatocellular carcinoma [125, 126]
6 K310N Ubiquitination Ovarian serous cystadenocarcinoma & Skin cutaneous melanoma [125, 126]
7 S431L Phosphorylation Uterine corpus endometrial carcinoma [125, 126]

Modification (Phosphorylation/Acetylation/SUMOylation/Ubiquitination) Databases
Phosphosite Plus https://www.phosphosite.
org

dbPTM 
http://
dbptm.
mbc.
nctu.
edu.
tw

Bi-
oGRID 
https://
orcs.
thebi-
ogrid.
org

K282 ✓ ✓ ✓
K296 ✓ - ✓
K310 ✓ - ✓
K404 ✓ - -
K451 - - ✓
K498 ✓ - -
K505 ✓ - -

Table 2  (continued) 
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can prevent this anchoring. Research also highlights the 
importance of the chromodomain for cell survival as 
deletion or point mutations in this domain can lead to 
reduced global H4 acetylation and decreased cell num-
bers [130]. A study by Dubey et al. showed that mutations 
in the chromodomain can significantly reduce TIP60’s 
chromatin binding, autoacetylation, and HAT activity, 
impacting TIP60-mediated activation of genes related 
to wound healing [21]. Therefore, it is plausible that 
post-translational modifications and cancer-associated 
mutations in the chromodomain may impact TIP60’s 
interaction with the histone code, which is essential for 
its chromatin loading.

Another very important domain of TIP60 is the MYST 
domain which encompasses the catalytic HAT domain, 
is crucial for its catalytic functions, and interactions with 
other proteins [17, 20, 29, 85, 131]. PTMs in the MYST 
domain have a significant impact on its functions. For 
instance, autoacetylation of TIP60 at lysine 327, pro-
moted by interaction with p300, shifts its interaction 
towards FOXP3, which is vital for the survival and func-
tion of Treg cells [85]. These findings suggest that PTMs 
in TIP60, as well as variations in its PTMs influenced by 
interactions with other proteins or mutations, impact 
the protein’s structure, which in turn affects its catalytic 
activity and overall function.

Elevated frequencies of PTMs within the intrinsi-
cally disordered region (IDR) of TIP60 have been noted, 
including region that contain isoform-specific sites 
absent in isoform 3 (Fig.  1A). Recent studies indicate 
that TIP60’s IDR is integral to its phase separation [29]. 
Although IDRs lack stable structures, they are known 
for weak yet specific interactions with partner proteins 
[132–135]. Consequently, PTMs associated with TIP60’s 
IDR might enable it to interact with a wide array of part-
ners under varying cellular conditions by providing local 
stability to its disordered nature, acting as a scaffold for 
the binding of other proteins.

TIP60 is encoded by 14 exons, producing three main 
isoforms through alternative mRNA splicing [30, 31]. The 
canonical isoform, isoform 2, consists of 513 amino acids. 
Isoform 1 includes all 14 exons plus an intron, while iso-
forms 2 and 3 lack the intron region [31–33, 73]. Notably, 
isoform 3 specifically lacks exon 5, which is a proline-rich 
region (Fig. 1B). While various functions of TIP60 have 
been identified, there remains a gap in understanding its 
cell-type and tissue-specific roles, particularly in relation 
to its isoforms and their post-translational modifications, 
given they all share conserved domains. By analyzing the 
tissue-specific gene expression data for TIP60 and its iso-
forms from the GTEx portal, [data source: GTEx Analy-
sis Release V8 (dbGaP Accession phs000424.v8.p2)], we 
observed distinct differences in TIP60 isoform expres-
sion patterns across different tissues (Fig. 3). While most 

tissues primarily express isoform 2, isoforms 1 and 3 
show variations in tissue-specific manner. Isoforms are 
variations of a protein and can have different amino acid 
sequences and structural features, which can influence 
the sites as well as types of PTMs they receive. These dif-
ferences in PTMs can lead to variations in the protein’s 
function, stability, localization, and interactions with 
other molecules. For instance, a study suggested that 
TIP60 isoform 2 is localized in the nucleus, whereas iso-
form 3 can be found in both the nucleus and cytoplasm 
[31]. K104, K120, and S119 residues which are validated 
PTM sites in TIP60 are present in isoform 1 and 2 but 
are absent in isoform 3, may possibly be playing a role in 
influencing isoform localization and expression levels. 
Additionally, TIP60 is known to form a complex (TIP60 
complex); therefore, isoform 2, which remains in the 
nucleus, might serve as a complex partner, whereas iso-
form 3, present in both the nucleus and cytoplasm, could 
interact with cytoplasmic proteins and function indepen-
dently. Understanding the cell- and tissue specific varia-
tions in different isoforms of TIP60, would be crucial for 
comprehending the complexity of TIP60 protein regula-
tion and the diverse roles that proteins can play in differ-
ent cellular contexts.

Present gaps and future directions
Despite current technological advancements, which 
have significantly enhanced the process of PTM iden-
tification, our comprehension of the precise conditions 
and mechanisms under which TIP60 undergoes spe-
cific modifications are not fully understood. The influ-
ence of different environmental or cellular contexts on 
TIP60’s PTMs needs further exploration. Comprehen-
sive mapping of all potential PTMs on TIP60 across vari-
ous tissues and conditions is lacking, and the functional 
consequences of these modifications on TIP60’s activity, 
interactions, and stability are not fully elucidated. Addi-
tionally, the interplay between different PTMs on TIP60 
is not well understood, necessitating studies on how one 
modification may influence another. There is also limited 
knowledge on the differential regulation of TIP60 iso-
forms by PTMs and their functional impacts. Most stud-
ies have been conducted in vitro, highlighting the need 
for in vivo validation. The specific role of TIP60’s PTMs 
in disease pathogenesis is not fully explored, and the 
potential for therapeutic targeting of these modifications 
remains underexplored. Addressing these gaps is crucial 
for a comprehensive understanding of TIP60’s regula-
tion and its implications for cellular function and various 
diseases.

Another interesting aspect of post-translational modi-
fications is that identical residues can undergo multiple 
modifications that might interact, conflict, or exhibit 
context-dependent effects based on their chemistry 
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and biological conditions [136, 137]. For instance, the 
K189 residue in TIP60 can be both acetylated or meth-
ylated. Specifically, acetylation of TIP60 at K189 has 
been observed in HEK293 (human embryonic kidney) 
cells, whereas methylation at the same residue has been 
reported in HCT116 (human colorectal cancer) cells [83, 
99]. Due to the use of different cell lines in these studies, 

it remains inconclusive whether these distinct PTMs on 
the same residue are cell-specific or could occur simul-
taneously or sequentially in a context-dependent manner 
within the same cell. Further studies are needed to deter-
mine whether these modifications are mutually exclu-
sive or can coexist in a context-dependent manner in the 
same cellular environment. Recent research has revealed 

Fig. 3  TIP60 expression profile. (A) Violin plot depicts tissue-wise expression of TIP60 (data source: GTEx Analysis Release V8 (dbGaP Accession phs000424.
v8.p2)). Expression values are shown in transcripts per million (TPM). The data of violin plots are displayed for the median, 25th percentile, and 75th percen-
tile. Points that fall above or below 1.5 times the interquartile range are identified as outliers. (B) Heat map depicts the TIP60 isoform-specific expression 
among different tissue samples. The expression values are displayed as transcripts per million (TPM) (data source: GTEx Analysis Release V8 (dbGaP Acces-
sion phs000424.v8.p2)). Figures are modified using INKSCPAE 1.2
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the presence of acetyl-methyllysine (Kacme), a newly 
identified post-translational modification, challenging 
the typical exclusivity of acetylation and methylation 
[138]. This novel PTM has been specifically observed on 
histone H4, with evidence suggesting that the informa-
tion encoded by Kacme is distinct from the information 
encoded by either methylation or acetylation alone. This 
emergent aspect of PTMs warrants further investigation, 
especially in relation to the regulation of TIP60. More-
over, it is crucial to explore the interplay between acety-
lation and ubiquitination. While acetylation enhances 
TIP60’s histone acetyltransferase activity, ubiquitination 
reduces its activity and promotes its degradation [112]. 
Both modifications target lysine residues, raising intrigu-
ing questions about whether they compete for the same 
sites. Additionally, it is essential to determine the factors 
that lead to a functional trade-off between activation and 
degradation when the same TIP60 molecule undergoes 
both acetylation and ubiquitination. This balance and 
its regulatory cues present compelling areas for future 
research. Recently, we have demonstrated that TIP60 
undergoes oligomerization [29], this will be intriguing to 
explore if various subunits of the oligomer could expe-
rience different post-translational modifications either 
sequentially or concurrently. We postulate that TIP60’s 
susceptibility to PTMs might be affected by the specific 
tissue where it is expressed, as well as the predominant 
isoform in that tissue. For instance, Isoform 3, can local-
ize both in the nucleus and cytoplasm, and intracellular 
localization of SET7, the enzyme responsible for cata-
lyzing TIP60 methylation at K189 also varies depending 
on the tissue of expression [139]. The tissue-specific dif-
ferential localization of SET7 could lead to differential 
methylation of TIP60 isoforms in various tissues, adding 
another layer of complexity to the regulation of TIP60’s 
PTMs.

Many residues of TIP60 could potentially serve as sites 
for PTMs, but remain uncharacterized. Researchers from 
different labs have utilized mass spectrometric analy-
sis, combining curated data with mathematical model-
ling, to create online databases storing details of known 
PTMs for all proteins. In this review, using three differ-
ent databases: Phosphosite Plus, dbPTM, and BioGRID: ​
h​t​t​p​s​:​/​/​w​w​w​.​p​h​o​s​p​h​o​s​i​t​e​.​o​r​g​​​​​, ​h​t​t​p​:​/​/​d​b​p​t​m​.​m​b​c​.​n​c​t​u​.​e​d​
u​.​t​w​​​​​, and https://orcs.thebiogrid.org, we have identified 
PTMs on TIP60 including the uncharacterized sites that 
may potentially undergo post-translational modifications 
(Table 2). Understanding these post-translational modifi-
cations could shed light on the previously undiscovered 
functions of the TIP60 protein.

Conclusions
Selective PTM of targeted residues may result from the 
combined effects of structural accessibility, enzyme 
specificity, functional importance, competition with 
other modifications, cellular conditions, and regulatory 
networks. To ensure that modification occurs precisely 
where and when it is needed for proper protein regula-
tion. Aberrant PTMs are often linked to diseases like 
cancer, neurodegenerative disorders, and diabetes. For 
example, hyper phosphorylation of tau protein is asso-
ciated with Alzheimer’s disease [140]. By systematically 
studying PTMs within defined domains, altered modifi-
cations in disease states can be identified, leading to iden-
tification of potential biomarkers or therapeutic targets. 
Overall, this review sheds light on TIP60’s PTMs and 
their implications in its diverse cellular functions expand-
ing our comprehension of about how these PTM can alter 
TIP60’s functions under different cellular context. It also 
introduces some new potential PTMs/sites on TIP60 and 
provides a comparative analysis revealing how certain 
cancer-associated mutations might impact PTM sites on 
TIP60, consequently affecting its functionality. Despite 
these insights, our knowledge of the full significance of 
these PTMs is still limited, and the enzymes responsible 
for these modifications often remain unidentified, pos-
sibly due to their condition-specific or tissue-specific 
expression patterns. Future research should focus on 
developing innovative methods to detect transient post-
translational changes in this vital multifunctional protein, 
to examine the impact of these PTMs on TIP60 itself, as 
well as on the structure and function of the TIP60 com-
plex and its associated subunits.
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