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Abstract

TIP60 is multifunctional acetyltransferase highly expressed in heart cells, displays diverse functions including in regulation of transcription, autophagy, DNA damage
response, cell cycle and stem cell function. Coincidentally, all of these cell activity participants in the maintenance of cardiovascular cell and the anti-cardiovascular
disease. The conflictions exit between myocardial ischemic conditioning induce cardioprotection and the conditioning methods fail to be effective in humans,
suggesting a strong demand of target with multipath effect to the cardiovascular disease (CVD). There are multiple association between the molecular pathway of
TIP60 and the pathogenesis of CVD, but the correlation study between TIP60 and CVD is scant. Hence, we review the common action pathways for TIP60 and

CD, to better understand the role of TIP60 in CVD.

Introduction

The acetyltranferase TIP60 (HIV-1 Tat interactive protein, 60 kD)
is a member of the MYST family of histone acetyltransferases, and
the expressed intensity of TIP60 in adult tissues is followed as: testis
> heart > brain > kidney > liver > lung [1]. TIP60 is multifunctional
acetyltransferase displays diverse functions in various cellular
processes, including gene expression [2,3], autophagy [4], DNA damage
response (DDR) [3,5], cell cycle, chromatin structure alternation,
genomic instability, and stem cell maintenance and differentiation
[6]. Interestingly, the autophagy maintains intracellular homeostasis
of cardiovascular cells [7] and induces accumulated DNA damage,
defective response to DSBs, increased chromosomal breakages and
cell-cycle checkpoint defects in cardiovascular disease (CVD) and (or)
models, suggesting a potential connection between the TIP60 function
and the occurrence of CVD.

CVD is the leading global cause of death, creating an favourable
environment for DNA repair of the damaged myocardium or
enhancing the heart’s/myocardium’s tolerance to ischemia-reperfusion
injury are the two new approaches for treating CVD [8]. Large amount
of experimental research has demonstrated that all forms of myocardial
ischemic conditioning can induce potent and effective cardioprotection
[9-12], while none of these conditioning methods have been effective
in humans:

a. Remote ischemic preconditioning did not improve clinical outcomes
in 1,612 patients undergoing elective on-pump coronary artery
bypass grafting [13].

b. Upper-limb remote ischemic preconditioning also did not exhibit
any significant benefit in 1,385 patients undergoing elective cardiac
surgery [14]. These ineffective results may be due to the underlying
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risk factors that interfere with cardiac conditioning and the effects
of cardioprotective agents, suggesting future research should focus
more on comorbid animal models and the finding of multiple
pathways and target points [8].

At present, few studies center on the correlations of TIP60 with
the development of cardiovascular cell (13 related articles, 5 directly
related literature), and that less attention has been given to the TIP60
in CVD (5 related articles, no directly one). Herein, we summarize
the effects and molecular pathway of TIP60 which may be associated
with the development of cardiovascular cell and pathogenesis of CVD,
suggesting a new and potent effective target of CVD.

Tip60 inducts autophagy and autophagy modulates
cardiovascular cell homeostasis

Autophagy is a highly regulated process involving the removal
of damaged proteins and organelles from cells and tissues through a
lysosomal-mediated pathway. Earlier study uncovered the GSK3-
TIP60-ULK1 autophagy-activating pathway linked with the growth
factor deprivation to autophagy, demonstrating that activated GSK3
catalyzes phosphorylation of TIP60 at Ser®, which depends on a prior
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phosphorylation at Ser® and results in higher affinity of TIP60 for ULK1
and increased acetylation and kinase activity of ULK1 [15]. In line
with an essential role of TIP60 for autophagy induction is the previous
observation that TIP60"- mouse blastocysts fail to undergo implantation
and die around embryonic day 3.5, when autophagy activity is strongly
elicited for normal implantation [16].

Similarly, Sato, et al. first raised the GSK-3 isoforms may drive
the differentiation of stem cell [17], and latter studies showed that
the GSK-3 promotes embryonic stem cell differentiation into a
cardiomyocyte lineage via Wnt/B-Catenin-independent mechanisms
[18,19]. Moreover, Yu W, et al. [20] suggested that the inactivation of
the mTOR/ULK1-dependent pathway may serve as a key mechanism
for the cardiac protective effect. These results suggesting these mutual
molecules and pathways in the TIP60 function and cardiovascular cell
activity.

Accumulating evidence suggests that autophagy is necessary
to maintain redox homeostasis, stress stimulate an increase in
mitochondrial ROS to increase autophagic flux. Similarly, the induction
of autophagy leads to a diminishment of oxidative stress, either through
a change in metabolism or through the removal of ROS-producing
organelles (e.g. mitochondria or peroxisomes) [21]. Autophagy
contributes to the maintenance of intracellular homeostasis in most
cells of cardiovascular origin, including cardiomyocytes, endothelial
cells, and arterial smooth muscle cells [7]. Genetic defects in autophagy
have been shown to exacerbate the propensity of laboratory animals
to spontaneously develop cardiodegenerative disorders (such as
myocardial infarction, cardiomyopathy and atherosclerosis) [22-
26]. Moreover, pharmacological or genetic maneuvers that alter the
autophagic flux have been shown to influence disease outcome in
rodent models of several cardiovascular conditions, such as myocardial
infarction, various types of cardiomyopathy and atherosclerosis [27-
29].

The regulation mechanisms of Tip60 in DDR and DDR
participants in anti-cardiovascular disease

DNA damage can be induced by several exogenous and endogenous
stimulate factors, accumulated DNA damage causes persistent
activation of the DNA damage response (DDR), genome instability and
telomere attrition, and then repair factors are recruited to response the
consequences of the DNA damage response (DDR) [30]. Double-strand
break (DSB) as an important type of DNA damage are induced by
exposure to ionizing radiation, which can be repaired by homologous
recombination (HR) and non-homologous end-joining (NHE]). Tip60
regulates the repair of DNA damage and plays a key role in DSB repair
[31], the regulation mechanism can be summarized as:

Response to DDR: activation of ATM: The ATM protein kinase
is a master regulator of the cell’s response to DNA damage through
the phosphorylation of proteins involved in DNA repair and cell-
cycle checkpoints [32]. Exposed to ionizing radiation induced DSB,
and activated Tip60’s acetyltransferase activity, which leading to the
acetylation of the ATM kinase and regulating the DDR [32]. These actions
including chromodomain at the N-terminal of Tip60 and histone H3
trimethylated on lysine 9 induced the Tip60's acetyltransferase activity
and the interaction between activated Tip60 and ATM is mediated by
FATC domain which acetylates lysine 3016 of ATM [33,34].

Chromatin structure-Acetylation and ubiquitination of H2AX:
H2AX is a histone variant that differs from H2A. When the DSBs have
been induced, the MRN complex (MRE11, RAD50, and NBS1) binds to
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broken DNA ends and recruits active ATM, ATR, and/or DNA protein
kinase, which further leading to the initial phosphorylation of H2AX
(y-H2AX) [35-37]. The phosphorylated H2AX participants in the
accumulation of DNA repair factors such as the MRN complex, 53BP1,
and BRCA1 [38,39]. Moreover, once DSB happens, TIP60 regulates the
acetylation-dependent ubiquitination of H2AX and leads to the release
of H2AX from damaged chromatin through the forming the TIP60-
UBC13 complex, which further promotes enhanced histone dynamics
and stimulates the DDR [40].

Genome stability: NuA4/TIP60 complex-DSB repair is a
particularly harmful DNA damage, which leads to loss of genetic
material and genomic instability. The NuA4/TIP60 complex plays a
key role in DSB repair [41], which could rapidly acetylate H4, H2A
and H2AX and facilitating the relaxation of the chromatin at the DSB
[41-43]. Meanwhile, both the TIP60 and NuA4 directly interact with
y-H2AX, which further facilitate chromatin dynamics in DNA repair
[44,45].

TIP60 controls 53BP1-dependent DNA repair-53BP1 is a
bivalent chromatin reader, and is directly ubiquitylated by RNF168,
leading to 53BP1 oligomerization, which is critical for its relocalization
to DSBs [46]. Strikingly, both the TIP60 and 53BP1 are binding to
H2AK15ub and H4K20me2, H4K20 methylation is rapidly recognized
by the double Tudor domain of 53BP1 at DSB, while the activities of
deacetylases and de-ubiquitinases of H2AK15 are important in shifting
the balance between TIP60 and 53BP1 [47,48]. TIP60 shares common
nucleosomal histone targets with 53BP1 on nucleosomes and create an
acetylation/ubiquitylation switch at H2AK15 to regulates DSB repair.

DNA damage and these consequences of the DDR (eg, cellular
apoptosis and senescence) are present in atherosclerotic plaques, ataxia-
telangiectasia, Werner Syndrome and Hutchinson-Gilford Progeria
Syndrome, pulmonary arterial hypertension, myocardial Infarction and
heart failure, myocarditis and rheumatic heart disease. Herein, the role
and mechanisms of DNA Damage in CVD have been summarized as:

Atherosclerotic Plaques-Human samples and animal models
studies found that atherosclerotic plaques contain accumulated DNA
damage and activated DNA damage response elements. Compared
with normal tissue, human atherosclerotic plaques have more DSBs
and activation of ATM [49], oxidative DNA damage is also increased
[50]. Increased apoptosis and senescence have also been shown in the
cellular components of atherosclerotic lesions [51-53].

Ataxia-Telangiectasia-Ataxia-telangiectasia is an autosomal
recessive disorder [54], the heterozygotes of the ataxia-telangiectasia
mutated allele have an increased death risk from ischemic heart disease
compared with noncarriers [55]. The cells from Ataxia-Telangiectasia
patients also display a defective response to DSBs, increased
chromosomal breakages, and cell-cycle checkpoint defects.

Werner Syndrome and Hutchinson-Gilford Progeria Syndrome:
Werner syndrome (WS) is also a rare autosomal recessive disease,
is characterized by premature onset of the signs of aging [56] and
myocardial infarction, stroke and malignancies are the major causes
of death in patients with WS. WS mutations lead to truncation or
instability of the WRN protein [56,57], which shows single-strand
annealing activity [58,59]. Cells from WS patients are hypersensitive
to genotoxic reagents and display various chromosomal abnormalities,
and WRN knock-down cells also exhibit chromosomal abnormalities
and increased amounts of DSB and enhanced DDR [60]. These
observations suggest that WRN is involved in DNA replication and
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repair, telomere maintenance, and gene transcription [61]. Hutchinson-
Gilford Progeria Syndrome (HGPS) is a rare but severe premature
aging syndrome, HGPS cells or tissue samples also display increased
sensitivity to genotoxic reagents, activated ATM and their downstream
kinases, elevated Foci of 53BP1 and amount of yH2AX, and increased
DNA damage and defects in DDR [62-67].

Pulmonary arterial hypertension: Pulmonary arterial
hypertension (PAH) is associated with oxidative stress and sustained
inflammation which are known to increase DNA damage [68].
Compared with healthy tissues/cells, higher levels of DNA damage
and makers (53BP1 and y-H2AX) have been detected in PAH lungs
and remodeled arteries as well as in animal models of pulmonary
hypertension [68,69]. The loss of breast cancer 2 protein (BMPR2)
usually damaged the DNA damage repair, and the down-regulation of
BMPR2 in PAH pulmonary arterial endothelial cells (PAECs) increased
susceptibility to DNA damages [70]. Topoisomerase DNA II binding
protein 1 (TopBP1) is also involved in PAH susceptibility [71], which is
important in maintaining genome integrity by preventing DNA damage
during replication [72-74], further strengthens the fact that impaired
DNA repair is involved in PAH susceptibility.

Myocardial infarction and heart failure: A multifarious types of
DNA damage including single-strand break (SSB), double-strand break
(DSB) and DNA oxidation have been detected in the heart of infarcted
zone, and the activation of DDR strongly influences cardiac remodeling
after myocardial infarction [75-77]. Similarly, the activated DDR has
also been observed in cardiomyocytes of the heart failure mice induced
by pressure-overload [78] as well as the end-stage heart failure patients
with [79]. Higo T et al. demonstrated that in the cardiomyocytes of heart
failure mice induced by pressure-overload, the unrepaired DNA SSB is
accumulated, which further activates continuing DDR and causes gene
expression of inflammatory cytokines through NF-kB signaling [80].

In short, theaccumulation of DNA damage activates persistent DDR,
genome instability, and telomere attrition, further lead to progressive
cellular senescence and apoptosis presenting in CVD. Moreover,
persistent DDR promotes the secretion of proinflammatory cytokines,
chemokines and growth factors in cardiovascular cells [81], which may
accelerate atherosclerosis and/or increase plaque vulnerability [82,83],
also participate in the pathology of the myocarditis [84] and rheumatic
heart disease [85]. Tip60 regulates the repair of DNA damage and
plays a key role in DSB repair [31] through the activation of ATM and
modulating the acetylation and ubiquitination of H2AX, controlling
the formation of NuA4/TIP60 complex and 53BP1-dependent DNA
repair, which may participant in the treatment of CVD.

Tip60 ensures the normal cell-cycle in cardiovascular cell: As
described, DSB can be repaired by HR and NHE]. Interestingly, these
functions of HR and NHE] normally act through the cell cycle to modify
the broken DNA [86,87]. The ATM protein kinase is a master regulator
of the cell’s response to DNA damage through the phosphorylation of
proteins involved in DNA repair and cell-cycle checkpoints [88]. DeRan
M, et al. demonstrated that Tip60 and transformation/transactivation
domain-associated protein (TRRAP) are associated with histone gene
promoters at the G1/S-phase boundary, histone H4 acetylation at
histone gene promoters increases at the G1/S-phase transition [89].
Mo FE et al. identified CDK1-cyclin B phosphorylated Ser90 of TIP60,
which elicited TIP60-dependent acetylation of Aurora B at Lys215
protected the phosphorylation of its activation loop, and promoted
accurate chromosome segregation in mitosis [90]. Niida H, et al. found
that Active reductase (RNR) subunits RRM1 bounds to a damage site
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in a Tip60-dependent manner, while lacking Tip60 binding RRM1
mutants failed to rescue an impaired DNA repair in RRM1-depleted
G1-phase cells [91]. Taubert S, et al. declared that ectopically expressed
E2F1 bounding to unrelated HAT Tip60, induced recruitment of five
subunits of the Tip60 complex (Tip60, TRRAP, p400, Tip48, and Tip49)
to target promoters to chromatin occurred in late G1 following serum
stimulation [92]. In conclusion, TIP60 mediates the progression of
the cell cycle by maintaining the genome integrity and facilitating the
G1/S phase transition during the G1 and S phase, ensuring the faithful
chromatin segregation during the M phase.

In the developing mouse heart, DNA synthesis, karyokinesis and
cytokinesis of cardiomyocyte become arrested by the third postnatal
week [93]. Recent evidence indicates that adult cardiomyocytes can
re-enter the cell cycle and divide it [94-96]. Tip60 is highly expressed
in the developing heart [97,98], while Tip60-heterozygous mice do
not have a haploinsufficient phenotype at adult stages and that Tip60-
null mice die at the blastocyst stage [99]. In adult Tip60-heterozygous
B-lymphocytes, imposition of Myc-induced stress was recently shown
to induce lymphomagenesis, revealing a haploinsufficient phenotype
accompanied by diminished cell-cycle control [100]. Moreover, stress
induced hypertrophy in Tip60*" adult hearts, and caused increased
activity in cardiomyocyte cell-cycle, which is accompanied by reduced
apoptosis [101]. All of these results indicate that the role of Tip60 in
maintaining cell-cycle inhibition and promoting apoptosis in the adult
myocardium.

GSK3/p-Tip60 promote and maintain the differentiation of
cardiomyocytes: Stem cells are a kind of multipotent cells with self-
renewing ability. Under certain conditions, it can be differentiated
into multiple functional cells. Stem cell is an under differentiated,
immature cell with the potential to regenerate a variety of tissues and
organs and human body function, the medical community known as
"universal cells". stem cells can differentiate into Endothelial cell, while
cardiovascular health relies on a fully functional endothelium. Now
days, more and more Clinical studies have reported that safety, efficacy
and dosage response to stem cell populations [102]. In vitro, studies in
recent years have also implicated GSK-3 (glycogen synthase kinase-3)
is a vital regulator of embryonic stem cells differentiation [103-105].
Under certain condition, GSK-3, isoform of GSK-3, playing a central
role in regulating differentiation into the cardiomyocyte lineage [106-
110], deletion of GSK-3 is sufficient to sustain the proliferative capacity
of stem cells.

Tip60 can hold the maintenance and renewal of stem cells. It was
found that the SANT domain of P400 and the HAT domain of Tip60
bind to each other, which locate in embryonic stem cells, neural stem
cells, and hematopoietic stem and progenitor cells, and inhibit the
activity of Tip60 acetyltransferase [111], Tip60-p400 genes promote
stem cells to undergo self-renewal, and to switch off the genes that
transform stem cells into other kinds of cells [112], but the molecular
mechanisms responsible for these effects have Not yet been identified.
Experimental studies suggested that Tip60 is required for pluripotency
and represses the downstream processes of differentiation [113,114] in
embryonic stem cells.

Currently, increasing studies have revealed that Tip60 also induce
the DNA damage response, apoptosis, and cell-cycle regulation of
cardiomyocytes [115,116]. Just as in pluripotent cells of the blastocyst
[8], Tip60 is indispensable for maintaining cytoactive of differentiated
cardiomyocytes. In addition, some other experiments further show that
Tip60 modulates expression of serum response factor-dependent cardiac

Volume 4(6): 3-7



Chen D (2018) A mini review about Tip60 functional mechanism: A potential therapeutic target in cardiovascular disease

genes [117]. Through phosphorylating TIP60-Ser®, GSK-3 activates
acetyltransferase TIP60, then directly acetylates and stimulates the
protein kinase ULK1, which is required for autophagy [118,119]. On
the one hand, default of GSK-3P enhance the proliferative capacity
of stem cells, which differentiate into Endothelial cells; On the other
hand, GSK-3 can promote acetyltransferase TIP60, which keep the
viability of differentiated cardiomyocytes. Thus, Stem cells, TIP60
and cardiovascular disease interact with each other via certain
biomolecules.

Conclusion

TIP60 is highly expressed in heart cells, which participant in the
regulation of autophagy, DDR, cell cycle and stem cell differential. The
activated GSK3 catalyzes phosphorylation of TIP60 at Ser®, results in
higher affinity of TIP60 for ULK1 and increased acetylation and kinase
activity of ULK1, which further activate autophagy. The induction of
autophagy leads to a diminishment of oxidative stress and contributes
to the maintenance of intracellular homeostasis in most cardiovascular
cells. Genetic defects in autophagy or alteration of autophagic flux
have been shown to exacerbate the propensity of laboratory animals
to spontaneously develop cardiodegenerative disorders. Moreover,
the GSK-3 also B promotes embryonic stem cell differentiation into a
cardiomyocyte lineage via Wnt/B-Catenin-independent mechanisms,
and the inactivation of the mTOR/ULK1-dependent pathway may
also serve as a key mechanism for the cardiac protective effect. These
results suggesting that the TIP60 may participant in the forming
and maintaining of cardiomyocyte function through modulation of

Stem Cell to Cardiomyocyte
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Autophagy

TIP60-UBC13 complex

intracellular homeostasis
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the autophagic flux, and the dysfunction of TIP60 may damage the
cardiomyocyte and induce CVD.

Exposed to ionizing radiation induces DSB, activates Tip60’s
acetyltransferase activity, leading to the acetylation of the ATM kinase
which further induce the initial phosphorylation of H2AX (y-H2AX)
and regulating the DDR. TIP60 regulates the acetylation-dependent
ubiquitination of H2AX and leads to the release of H2AX from
damaged chromatin through the forming the TIP60-UBC13 complex,
which further promotes enhanced histone dynamics and stimulates
the DDR. Moreover, TIP60 forms the NuA4/TIP60 that interact with
y-H2AX facilitating chromatin dynamics in DNA repair, and controls
53BP1-dependent DNA repair. TIP60 also mediates the progression
of the cell cycle by maintaining the genome integrity and facilitating
the G1/S phase transition during the G1 and S phase, ensuring the
faithful chromatin segregation during the M phase to play against DNA
damage. The accumulation of DNA damage activates persistent DDR,
genome instability, and telomere attrition, further lead to progressive
cellular senescence and apoptosis presenting in CVD including
atherosclerotic plaques, ataxia-telangiectasia, Werner Syndrome etc.
While, Tip60 facilitates chromatin dynamics and regulates the repair
of DNA damage, which participant in the anti-cardiovascular disease.
Herein, the roles and pathway mechanisms of TIP60 in modulation
of cardiomyocyte and its effect of anti-cardiovascular disease through
regulating autophagy and DDR, suggesting TIP60 acts a new and potent
effective target of CVD. Herein, we summarized the action mechanisms
of TIP60 in the activation of autophagy and DDR, suggesting a potential
anti-cardiovascular disease role of TIP60 (Figure 1).
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Figure 1. 1) The GSK3-TIP60-ULK1 autophagy-activating pathway linked with the growth factor deprivation to autophagy, which may be necessary to maintain the intracellular homeostasis
of cardiovascular cells. 2) Exposed to ionizing radiation induces DSB, activates Tip60’s acetyltransferase activity, leading to the acetylation of the ATM kinase and regulating the DDR.
TIP60 forms the NuA4/TIP60 that interact with y-H2AX facilitating chromatin dynamics in DNA repair, and controls 53BP1-dependent DNA repair. 3) TIP60 promotes and maintain the
differentiation of cardiomyocytes. 4) All of these pathways of TIP60 may act important roles in the pathophysiology and treatment of CVD
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