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ABSTRACT

The world is becoming an aging society at an unprec-
edented pace, and the health and socioeconomic bur-
den from age-associated diseases continue to rise.
Age-associated conditions are causing physical and
functional deterioration toward organs failure. Under-
standing the aging process is the key to developing
therapeutic protocols for many Non-Communicable
Diseases (NCDs). Recently, persistent DNA damage
has been proposed to drive the human aging process.
However, the underlying mechanisms of the DNA
damage accumulation in the elderly have not been
clearly understood. Our research showed the DNA
protective role of the naturally occurring DNA gaps
called Youth-associated genome-stabilizing DNA gaps
(Youth-DNA-gaps). The reduction of the DNA gaps
in the elderly accumulates DNA damage. Box A of
HMGB1 protein acts as molecular scissors producing
Youth-DNA-gaps. Introducing the Box A expression
plasmids into the cell resulted in DNA stabilization and

ABBREVIATION

AD: Alzheimers Disease; ATM: Ataxia-Telangiectasia Mutated
protein kinase; AP: Amyloid-beta; CCL4: Chemokine (C-C mo-
tif) Ligand 4; COPD: Chronic Obstructive Pulmonary Disease;
D-gal: D-galactose; DAMPs: Damage-Associated Molecular Pat-
terns; DDR: DNA Damage Response; DM: Diabetes Mellitus;
GDF15: Growth Differentiation Factor 15; HF: Heart Failure;
IKK: ITkappaB Kinase; IL-1: Interleukin-1; IL-6: Interleukin-6;
IL-7: Interleukin-7; IL-8: Interleukin-8; IL-13: Interleukin-13;
IL-15: Interleukin-15; JNK: c-Jun N-terminal Kinases; MDSCs:
Myeloid-Derived Suppressor Cells; NCDs: Non-Communicable
Diseases; NFTs: Neurofibrillary Tangles; OPN: Osteopontin; P53:
Tumor protein 53; PARP: Poly (ADP-ribose) Polymerase; PGC-
1: Peroxisome proliferator-activated receptor-Gamma Coactiva-
tor-1; RIND-EDSBs: Replication-Independent Endogenous DNA
Double-Strand Breaks; SASPs: Senescence cells release senes-
cence-Associated Secretory Phenotypes; TAMs: Tumor-Associat-
ed Macrophages; TNF-a: Tumor Necrosis Factor-alpha; WBCs:
White Blood Cells; Youth-DNA-GAPs: Youth-associated gen-
ome-stabilizing DNA Gaps; yH2AX: Phosphorylation of histone
H2AX

INTRODUCTION

The accumulation of endogenous DNA damage has been pro-
posed to be the driver of the molecular pathogenesis process of
age-associated diseases (Schumacher B, et al., 2021; Milic M, et al.,
2015; Yousefzadeh M, et al., 2021). Therefore, understanding the
cause of DNA damage in the elderly is crucial knowledge leading
to a breakthrough technology in coping with aging society health
problems. Persistent DNA damage drives cells to enter cellular
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rejuvenation. The role of the DNA gap is to relieve the
double helix torsion stress and protected DNA from
damage. The accumulation of DNA damage also led to
chronic inflammation and cellular senescence, which
led to the development of many NCDs, such as Diabe-
tes Mellitus, Alzeimer’s disease, Heart Failure, Chronic
Obstructive Pulmonary Disease, radiation insult, and
cancer. These Box A-produced DNA gaps can revital-
ize organ functions, rejuvenate senescent cells, and
clear organ fibrosis. Therefore, Box A of HMGB1 pro-
tein is a genomic stabilizing molecule that can rejuve-
nate DNA and may be used as a therapeutic agent to
cure various NCDs.
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senescence (Olivieri F, et al., 2015; Fagagna FD, et al., 2003). Sen-
escence cells release Senescence-Associated Secretory Phenotypes
(SASPs) to signal to immune cells to remove these senescent cells
and, in turn, repair aging tissues (Lopes-Paciencia S, et al., 2019;
He S and Sharpless NE, 2017; Ritschka B, et al., 2017). However,
the SASPs, including Damage-Associated Molecular Patterns
(DAMPs), promote inflammation (Rea IM, et al., 2018; Roh JS
and Sohn DH, 2018). Senescent cells themselves stop dividing
and undergo morphological changes (Hernandez-Segura A, et al.,
2018). Therefore, the constant presence of DNA damage in ag-
ing cells causes the prolonged presence of both inflammation and
senescent cells, resulting in degeneration of the organ structure
and function (Wei W and Ji S, 2018). The removal of senescent
cells using senolytic therapeutics is one approach to rejuvenating
aging organs (Tchkonia T, et al., 2015; Kirkland JL and Tchkonia
T, 2020; van Deursen JM, 2019). However, this approach cannot
stop genomic instability, which continues the aging process. Pre-
venting DNA damage is a theoretical approach that may yield
more sustainable good clinical outcomes.

LITERATURE REVIEW

Recently, we reported novel findings regarding the mechanisms
underlying DNA durability and the cellular rejuvenation of HM-
GB1-produced DNA gaps, which could allow us to develop a
new testing approach and treatment strategy for biological aging
(Yasom S, et al., 2022). Furthermore, these discoveries also pro-
vided an unprecedented potential pharmacological intervention
to cure age- and/or DNA damage-associated diseases. I wrote this
review to persuade worldwide research groups to translate our
discoveries’ new knowledge to benefit humankind.

Vol 14, Issue 3 Feb Mar, 2023



Patarat R: Box A of HMGB1 Producing DNA Gaps: A Remedy for the DNA Protection and Rejuvenation
Effects in Age- and DNA Damage-Associated Diseases

The crucial question we successfully answered was how the elderly ac-
cumulate more DNA damage than the young. We also presented a new
DNA protection role of a widely known protein-i.e., HMGB1. Many find-
ings have been made regarding the roles of secretory HMGBI in inducing
inflammation (Yang H, et al., 2020; Andersson U and Tracey K], 2011).
Although some studies found that intranuclear HMGBI can prevent DNA
damage, the mechanism of action has remained a puzzle (Giavara S, et al.,
2005; Han G, et al., 2021; Funayama A, et al., 2013). Our recent report
proved that HMGBI created a DNA gap that can protect the DNA strand
from damage by increasing the DNA flexibility in moving to relieve torsion
force from twist waves resulting from DNA activity (Yasom S, et al., 2022).
These gaps are similar to tiny spaces in a railway track that maintain their
stability by releasing the heat and stress generated between two rails.

Thus, our recent finding is the first report of a naturally occurring DNA
protection process preventing aging (Figure I).

Our findings provide the opportunity to develop a novel concept for ag-
ing DNA treatment. We first reported the presence of DNA gaps in 2008
(Pornthanakasem W, et al., 2008). Gaps were detectable in all phases of the
cell cycle, so we named them the gap, Replication-Independent Endogen-
ous DNA Double-Strand Breaks (RIND-EDSBs) (Kongruttanachok N, et
al., 2010). After several follow-up studies, we concluded that the DNA gaps
are not DNA damage. In contrast, these gaps are evolutionarily conserved,
essential DNA modifications in all eukaryotic cells (Pongpanich M, et al.,
2014). Therefore, we revised the name to physiological RIND-EDSBs.
Our previous report showed a reduction in the DNA gaps in aging yeast
that consequently caused spontaneous DNA shearing (Thongsroy J, et al.,
2018). Therefore, based on this function, we finalized the name of the gaps
as “Youth-associated genome-stabilizing DNA gaps (Youth-DNA-gaps)”
(Mutirangura A, 2019).

DISCUSSION

Previously, we reported four phenomena in the aging prevention role of
Youth-DNA-gaps in mammals, spanning from cellular study to bedside

Youth cell

Aging Process

approaches. The four phenomena included Youth-DNA-gap reduction in
aging cells, Youth-DNA-gap production and maintenance, DNA damage
prevention by Youth-DNA-gaps, and finally, rejuvenation actions of Box
A of HMGBI, which is the Youth-DNA-gaps-producing molecule. Here,
we discuss candidate diseases and conditions that may be treated by Box
A because DNA damage and senescence play roles in their pathogenesis.

Youth-DNA-gap

We detected a reduction in Youth-DNA-gaps in the elderly, naturally aging
rats, D-galactose (D-gal)-induced aging rats, and senescent cells caused by
different chemicals. The results showed that Youth-DNA-gap reduction is
a DNA change found in eukaryotic cells in a wide range of species (e.g.,
yeast, rat, and human). This reduction can result from many senescence
causes, including chemical induction and natural aging.

We proved that the Youth-DNA-gap complex comprises HMGB1-pro-
duced DNA gap, SIRT1 deacetylated histone and AGO4 methylated DNA
(Yasom S, et al., 2022; Watcharanurak P and Mutirangura A, 2022).

HMGBI Box A is molecular scissors producing Youth-DNA-gaps, while
SIRT1 causes chromatin compaction to prevent gaps in the DNA double-
strand break response. To avoid the random generation of DNA gaps,
AGO4, possessing a small RNA sequence to bind to Intersperse Repetitive
Sequences (IRSs), interacts with SIRT1 to locate Youth-DNA-gap com-
plexes within methylated IRSs (Chalertpet K, et al., 2019). Understanding
how cells produce Youth-DNA-gap allowed us to invent a DNA technol-
ogy that can generate these cellular gaps to study their roles. Cell lines over-
expressing Box A showed low endogenous DNA damage, high resistance
to DNA breaks by radiation and low levels of the DNA Damage Response
(DDR) signaling pathway. The report presented an unprecedented bio-
logical process and the first-ever technology for increasing DNA durability
through this unique mechanism of action. We speculate that the DNA gap
allows DNA movement to relieve torsion force from the twist wave created
by DNA activity. As a result, chemical bonds of DNA possessing DNA gaps
are not weakened by the torsion force from the DNA twist wave (Figure 2).

Aged cell

T

DNA Gaps

MOOOO{ MDDDPA

High DNA gaps
Low DNA damages

Low DNA gaps
High DNA damages

Box A of HMGB1
4

Rejuvenation

Figure 1: Aged DNA has a larger amount of DNA damage but a smaller number of naturally occurring DNA gaps called youth-DNA-gap than
youth DNA. HMGB1 Box A is molecular scissors producing youth-DNA-gaps. Strengthening DNA by introducing new DNA gaps prevents DNA
damage and drives rejuvenation
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Figure 2: HMGB1 cuts DNA to produce youth-DNA-gaps. AGO4 binds with SIRT1 and methylates DNA. SIRT1 deacetylates histone to form het-
erochromatin. Compacted chromatin protects the DNA gap from the DSB response, y-H2AX. Young DNA possessing youth-DNA-gaps allows the
DNA to move around to relieve tension and stress from twist waves generated by DNA denaturation. Box A of HMGB1 acts as molecular scissors

to produce youth-DNA-gaps and rejuvenate the DNA

Importance of DNA gaps and cellular senescence

Our previous report found an inverse correlation between the number of
Youth-DNA-gaps and both chronological aging and the number of sen-
escence cells. When we increased DNA gaps by Box A part of HMGB1
expression plasmids, senescence cells were rejuvenated. Therefore, senes-
cence cells in the elderly are caused by Youth-DNA-gap reduction, promo-
ting DNA damage.

Rejuvenation by Box A-produced DNA gaps

DNA damage can trigger cellular aging. In contrast, reducing DNA dam-
age by Box A-produced DNA gaps revitalized cells. Our most exciting
findings indicated that introducing DNA gaps by Box A could effectively
improve aging features in the senescent cells and restore two rat models,
natural aging and D-gal-induced aging rats, to be closer to young rats. We
could ultimately rejuvenate learning and memory functions, improve liv-
er function, reduce visceral fat and lower the senescent cells of aging rats.
This treatment can also cure liver fibrosis. These results demonstrated the
potential impact of Box A benefits for treating aging-associated diseases
through improving DNA stability.

Knowledge and techniques from the Box A-produced DNA gap study pro-
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vide an endless opportunity for biomedical research, including molecular
pathogenesis of diseases and biomarkers and treatment of genomic instab-
ility-related conditions.

How does Box A expression plasmid reverse the once thought
irreversible senescence process?

The Youth-DNA-gap reduction mechanism may be the reason why cellular
senescence is a progressive process. While most HMGBI is in the nucleus,
one of the early events of senescence is HMGBI translocation to the cyto-
plasm and its release into the extracellular space (Davalos AR, et al., 2013;
Chaichalotornkul S, et al., 2015). The movement of HMGBI limits intran-
uclear HMGBI and results in Youth-DNA-gap reduction (Thongsroy J, et
al., 2013). Persistent reduction of Youth-DNA-gaps continuously promotes
endogenous DNA damage and DDR that drives cellular senescence; there-
fore, the senescence process is naturally irreversible due to the lack of the
Youth-DNA-gap producer. To increase the number of DNA gaps, we used
a Box A-expressing plasmid to produce these gaps to stabilize the DNA
strand, subsequently reducing endogenous DNA damage and DDR and,
in turn, causing rejuvenation (Figure 3).
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Figure 3: The one-direction rolling of molecular events of the irreversible senescence process can be stopped by Box A of the HMGB1 expression
plasmid. While entering senescence, HMGBI1 leaves the nucleus. Lacking intranuclear HMGB1, a youth-DNA-gap producer, reduces the number
of youth-DNA-gaps. Youth-DNA-gap reduction promotes spontaneous DNA damage, resulting in persistent expression of DDR. Constant DDR
signaling drives the cellular senescence process. Box A of the HMGB1 expression plasmid compensates for the lacking intranuclear HMGB1, stops
spontaneous DNA damage, and breaks the rolling of the aging process

In our recent study, a Box A-expressing plasmid reversed organ dysfunc-
tion and fibrosis (Yasom S, et al., 2022). When cells become senescent, cell
growth is arrested, and their structure and function are altered. Senescent
cells secrete SASP proteins, promoting inflammation and enforcing sen-
escence in both autocrine and paracrine manners (Wei W and Ji S, 2018).
This phenomenon drives the aging process, resulting in a loss of cellular
function. Additionally, inflammation can alter the extracellular environ-
ment and, in turn, deteriorate organ structure and function. Box A-ex-
pressing plasmid rejuvenates cells and tissues and consequently recovers
organ function. Although the fibrosis depletion mechanisms have not yet
proved, this finding is exciting due to the promising possibility of Box A
in removing abnormal macromolecules in Non-Communicable Diseases
(NCDs), such as amyloid plaques in Alzheimer’s Disease (AD) or sclerotic
plaques of the aging artery.

Biomedical research implications

DNA damage and cellular senescence are associated with a large number
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of NCDs and clinical conditions, such as degenerative diseases, cancers,
Diabetes Mellitus (DM), DNA damage due to environmental insults, and
hereditary DNA repair defects (Ruthsatz M and Candeias V, 2020; Campisi
], 2013; Herranz N and Gil J, 2018; Palmer AK, et al., 2019; Centner AM,
et al., 2020; Saenen ND, et al., 2019; Knoch J, et al., 2012; Basu AK, 2018;
Wiodarczyk M and Nowicka G, 2019; Shimizu [, et al., 2014; Valavanidis
A, et al., 2013). Due to the association with DNA damage and cellular sen-
escence, similar to the cellular aging process described in Figure 3, the dep-
rivation of intranuclear HMGBI causing Youth-DNA-gap reduction may
play an important role, and a Box A-expressing plasmid may modify the
pathogenesis processes of the diseases and conditions.

SASP can promote secondary senescence in infiltrating White Blood Cells
(WBCs) (Admasu TD, et al., 2021). Therefore, we should observe epigen-
etic changes in WBCs of patients with senescent cell accumulation in in-
ternal organs. Epigenetic changes in WBCs have been observed in NCDs
associated with aging. For example, genome-wide hypomethylation has
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been found in circulating WBCs of age-associated NCDs, even in some
local diseases, such as osteoporosis (Jintaridth P, et al., 2013). Youth-DNA-
gaps are highly located within the hypermethylated genome in healthy
conditions; however, DNA methylation is limited in the WBCs of patho-
logical conditions, including many NCD patients (Pornthanakasem W,
et al., 2008; Thongsroy ] and Mutirangura A, 2022). The degree of gen-
ome-wide methylation is negatively correlated with the severity of NCDs
(Jintaridth P, ef al., 2013; Thongsroy ] and Mutirangura A, 2022). A recent
study demonstrated that the senescence of immune cells could facilitate
the whole body’s aging process (Yousefzadeh MJ, et al., 2021). Therefore,
Youth-DNA-gap reduction in WBCs may affect the deterioration of dis-
ease target organs. Box A treatment may be an essential research tool to
determine whether immune senescence is involved in disease or condition
pathogenesis, and immune cell rejuvenation will revitalize the entire body
of the elderly.

In an animal study, Box A treatment of aging rats showed a decrease in sen-
escent cells and liver fibrosis. This suggests good potential for Box A to heal
the degeneration of internal organs in NCDs. Pathologic changes in NCDs
are reported both in cells and in the extracellular space. The aggregation of
senescent cells has been reported in various organs of NCDs, such as the
brain in neurodegenerative diseases (Gillispie GJ, et al., 2021; Han X, et al.,
2020), the heart in cardiac diseases including Heart Failure (Shimizu I and
Minamino T, 2019), the lung in Chronic Obstructive Pulmonary Disease
or COPD (Barnes PJ, 2017), fatty liver and cirrhosis (Papatheodoridi AM,
et al., 2020; Huda N, et al, 2019), and kidney failure (Docherty MH, et
al.,, 2019). The other common pathological lesions of NCDs include the
deposition of fat cells, loss of ground substance and the accumulation of
abnormal macromolecules, such as fatty liver, increased visceral fat, loss
of bone mass in osteoporosis, amyloid in AD, lung fibrosis, liver cirrhosis,
and sclerotic plaques of arteries. The accumulation of senescent cells, fat
cells, fibrosis, and abnormal macromolecules results in NCD organ deteri-
oration. Senescent cells stop dividing and have an altered metabolism and
cytoskeleton arrangement. Therefore, increased senescent cells in internal
organs cause cellular dysfunction and loss of cell/tissue mass. These aged
cells release SASP, which subsequently induces and promotes inflamma-
tion. This prolonged inflammation can consequently cause fatty changes
and the accumulation of abnormal macromolecules. Box A can rejuvenate
aged cells by reversing the morphology and limiting the signaling proteins
of senescence cells, promoting cell division in the cell cycle, and resetting
aging cells back to normal function. Consequently, chronic inflammation
and pathological features could be halted, and these pathological mol-
ecules may be removed by functional phagocytosis of rejuvenated WBCs.

Alzheimer’s disease

AD is a neurodegenerative disease common in the aging population. The
pathogenesis of AD is related to DNA damage and cellular senescence
(Zhang P, et al., 2019); hence, Youth-DNA-gap may play a crucial role in
AD pathogenesis prevention (Figure 4). The prevalence of AD increases
with age, suggesting that AD is connected with the aging process. The
pathology of the brain in AD includes cortical atrophy, enlarged sulci,
atrophied gyri, decreased brain volume (mostly white matter), atrophied
amygdala and hippocampus, granulovacuolar degeneration, Hirano bod-
ies, amyloid plaques, and Neurofibrillary Tangles (NFTs) (Deture MA and
Dickson DW, 2019). All of these changes can be explained by the aging
process and cellular senescence. The senescence process involved in the
neuron microenvironment is multifactor. Many pro-senescence causes
might be the root of developing AD, such as oxidative stress from neurons’
high metabolic demands, telomere shortening from epigenetic, mutagenic,
or oncogenic substances, ionizing radiation, proto-oncogenes from her-
editary disease, deposition of amyloid or tau protein, and defective DNA
damage repair (Manoharan S, et al., 2016; Saez-Atienzar S, Masliah E,
2020; Brion JP, et al., 2001; Musi N, et al., 2018; Bevelacqua JJ, Mortazavi
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SMJ, 2018; Cai Z, et al., 2013; Gouras GK, et al., 2015). Most of these causes
lead to or involve DNA damage, which activates the DDR and plays a sig-
nificant role in cellular senescence.

DNA breaks signal phosphorylation of histone H2AX (yH2AX), which
leads to the activation of p53. Activated p53 leads to cell growth arrest.
This process protects the integrity of the genome and allows for complete
DNA repair (Mijit M, et al., 2020). If the cell can clear all of the damage,
then growth arrest will stop and the cell will return to normal. However, if
the cell cannot remove all of the damage, then the cell will enter a senes-
cence state. Alterations accompany this state of the cell in terms of protein
expression, such as the release of SASPs (Birch J and Gil J, 2020). These
SASPs cause inflammation and increase oxidative damage to neurons via
the activation of pro-inflammatory cytokine release and often worsen the
condition of the brain parenchyma. Furthermore, damaged cells also re-
lease DAMPs, which propagate inflammation in the surrounding tissue.
DAMPs will be continuously released until the inflammation resolves or
no damaged cells remain.

HMGBI is an intranuclear protein that is also a DAMP molecule. HMGB1
translocate out of the cell nucleus, and induces neurite degeneration via
TLR4-MARCKS (Fujita K, et al., 2016). Once the stress subsides, the
HMGBI protein will relocate back to the nucleus and resume its duty.
However, in chronic inflammation, the HMGBI protein is continuously
released, resulting in an overall decrease in intranuclear HMGB1 and con-
sequently should result in Youth-DNA-gap reduction.

Amyloid-beta (AP) peptide production and plaque formation are related
to senescence of neurons or astrocytes in Ap protein clearance and catab-
olism (Paroni G, et al., 2019). This peptide is also found in the healthy ag-
ing brain, but when it passes a certain threshold (hereditary AD<sporadic
AD), the plaque will express its ‘neurotoxicity’ property. The mechanism
underlying the neurotoxicity of AP plaques is hypothesized to involve an
oligomer of AP, which has been shown to reduce neuron potentiation and
decrease synaptic activity (Murphy MP and LeVine H I11, 2010; Forest KH
and Nichols RA, 2019; Allsop D and Mayes J, 2014). Moreover, AP plaques
are associated with astrocyte dysfunction (Acosta C, et al., 2017). Defect-
ive astrocytes impair synaptic plasticity, dysregulate neuronal metabolism,
and increase neuroinflammation.

Neurofibrillary Tangles (NFT) are formed by tau protein. The normal
function of the tau protein is to control and stabilize microtubules (Guo T,
etal.,2017).In AD, the tau protein is misfolded or mismodified post-trans-
lationally due to dysfunction or dysregulation of the genes associated with
it (Mi K and Johnson GV, 2006). This leads to the formation of NFTs in AD
patients. Dysfunctional tau protein leads to a decrease in synaptic function
and axonal transport of the neuron (Chong FP, et al., 2018). Accumulation
of the tau protein also triggers the NF-kB cascade and upregulates SASP
genes, leading to inflammation and senescence. Furthermore, a report
suggests that NFT and SASP lead to oligodendrocyte and cerebrovascu-
lar senescence, which results in decreased cerebral blood flow, causing the
brain to become atrophied (Bryant AG, et al., 2020; Cai Z and Xiao M,
2016) (Figure 4).

Heart Failure (HF)

Both DNA damage and senescence play a crucial role in the pathogenesis
of Heart Failure (HF) (Figure 5). Therefore, HF may be driven by Youth-
DNA-gap reduction and could be treatable by Box A. The characteristics
of Heart Failure are cardiac signs and symptoms (breathlessness, systemic
swelling, pulmonary cracking, engorged neck vein, etc.) caused by a struc-
tural and/or functional cardiac abnormality. Heart Failure is a common
long-term illness affecting the elderly worldwide. The incidence of Heart
Failure increases with patient age, which suggests that the aging process
is one of the causes of Heart Failure (Malik A, et al., 2022; Savarese G and
Lund LH, 2017).
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of the heart, which will ultimately cause HF
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HE impaired myocardial perfusion, is mainly caused by acute or chronic
myocardial ischemia (Tanai E and Frantz S, 2018). Acute myocardial in-
farction is caused by either thrombi or emboli obstructing the coronary
artery, but chronic myocardial ischemia is related to inflammation and
cellular senescence. The pathology of Heart Failure patients’ cardiac tis-
sue includes left ventricular wall thickening, cardiomyocyte enlargement,
decreased heart muscle cell numbers, increased collagen deposits, aggre-
gation of fibrous material, etc (Shinmura K, 2016). These features resemble
other organs’ chronic inflammation changes, suggesting a link between the
aging heart and chronic inflammation (Figure 5).

Chronic inflammation of cardiomyocytes is mainly proposed to come
from oxidative stress (Chen MS, et al., 2022). These oxidative stresses
usually come from cellular metabolism, but stress, substance use, glycemic
status, lipidemia status, and arteriosclerotic status also cause oxidative
stress to change. Oxidative stress reduces Youth-DNA-gaps (Yasom S, et
al., 2022). As a result, the pathogenesis of HF may be similar to the sen-
escence process described in Figure 3. When cardiomyocytes become
senescent, they stop dividing to replace dead cells and instead synthesize
fibrous tissue to replace them. This fibrosis causes structural changes in
the cardiac parenchyma, which affects heart pumping function. When the
heart’s capacity has fallen to a particular level, the body will compensate for
the cardiac function in multiple ways (Jackson G, et al., 2000; Francis GS,
Cohn JN, 1990). Nevertheless, these compensatory mechanisms are lim-
ited. Once the body cannot cope with the cardiac dysfunction, the patient
will develop HF (Figure 5).

Moreover, senescent cells are accompanied by the secretion of SASPs.
These molecules are generally pro-inflammatory cytokines that will affect
the nearby cells and the organ at large if enough SASPs accumulate. The
SASPs involved in HF are Interleukin-6 (IL-6), Interleukin-15 (IL-15),
Tumor Necrosis Factor-alpha (TNF-a), Chemokine (C-C motif) ligand
4 (CCL4), Growth Differentiation Factor 15 (GDF15), and Osteopontin
(OPN) (Malaquin N, et al., 2019; Schafer MJ, et al., 2020). These molecules
alter the balance between the synthesis and destruction of cardiomyocytes.

They will decrease the synthesis and increase the breakdown of the cardiac
tissue, which further causes the deterioration of the cardiac structure and
will ultimately result in a decline in heart-pumping function (Figure 5).

Additionally, some studies have reported the role of the HMGBI protein
as the protective factor against cardiac hypertrophy (Takahashi T, et al.,
2019). The studies reported that the intranuclear HMGBI protein quantity
is crucial to the DNA protection of the cardiomyocyte. The decreased in
the intranuclear HMGBI level will result in the increase of hypertrophic
cardiomyocytes, fibrosis, serum Brain Natriuretic Peptide (BNP) levels.
This suggests the involvement of Youth-DNA-gaps as the main mechan-
ism for inhibiting cardiac hypertrophy by protecting DNA from damages.

Diabetes Mellitus (DM)

Type 2 DM is a group of metabolic diseases characterized by chronic
hyperglycemia resulting from reduced peripheral glucose utilization and
impaired beta-cell function (American Diabetes Association, 2013). It is
caused by defects in insulin action and insulin secretion (Galicia-Gar-
cia U, et al., 2020). The role of the insulin hormone is to control the bal-
ance between endogenous glucose production and tissue glucose uptake
(Wilcox G, 2005). An increased plasma glucose concentration stimulates
insulin release from pancreatic beta cells to stimulate glucose uptake by
the peripheral tissue, primarily skeletal muscle, and suppress endogenous
glucose production (deFronzo RA, et al., 1985; Petersen KF and Shulman
GI, 2002). However, long-term sugar-heavy meals or calorie imbalances
increase blood glucose levels, and insulin stimulates the storage of trigly-
cerides in adipose tissue (hypertrophy and/or hyperplasia of white adipose
tissue). Moreover, excess fat accumulation promotes the release of free
fatty acids into the circulation from adipocytes. It induces mitochondrial
dysfunction to release reactive oxygen species, which may be a critical
factor in modulating DNA damage accumulation in response to insulin
resistance and tissue damage to develop type 2 DM (Kim JY, et al., 2007;
Graciano ME et al., 2011). DM patients have Alu hypomethylation, and
Youth-DNA-gaps are localized within the hypermethylated genome, so
DNA damage may be due to Youth-DNA-gap reduction (Figure 6).

Hypertrophy

o OB
M/f_\ High blood glucose

&

Long-term calorie
imbalance

%

DNA damage accumulation

AT
W Pancreatic B cell failure

tokmes

M
\j/
JNKIIKK

Insulin signaling

Reactive oxygen

> and/or hyperplasia of
white adipose tissue

free fatty acid

species

Youth-DNA-GAPs reduction ?

PARP
\ smums
PGC 1 FOXO {.»
V
= Glucose metabolism

Figure 6: Pathogenesis of type 2 diabetes may be driven by youth-DNA-gap reduction and the DNA damage accumulation cascade

Note: Long-term calorie imbalance increases blood glucose levels, and insulin stimulates the storage of triglycerides in adipose tissue. Excessive
fat accumulation or hypertrophy promotes the release of free fatty acids and reactive oxygen species. Subsequently, the youth-DNA-gap reduction
cycle and DNA damage promote the underlying mechanisms of type 2 diabetes. DNA damage activates p53, which directly or indirectly inhibits
insulin signaling and induces beta-cell failure, resulting in impaired insulin secretion. ATM, PARP, and sirtuins have dual roles in metabolism
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Patients with DM type 2 have a poor healing process, body degeneration,
Alu hypomethylation, increased production of reactive oxygen species,
significant DNA damage, and DDR. DNA damage also provokes insulin
resistance, limiting muscle, fat, and liver responses to insulin, preventing
glucose utilization, and causing metabolic syndrome, cardiovascular dis-
ease, stroke, kidney disease, eye problems, cancer, and AD. DNA damage
has been proposed to promote insulin resistance by activating p53, re-
sulting in JNK/IKK inhibiting insulin signaling. This process alters B cell
function to limit insulin secretion. P53 also modulates the coordination of
metabolic regulators and DNA repairs, such as PGC-1, ATM, PARP, and
sirtuins. The signal transduction pathway deregulates the expression of
glucose transporters and influences glucose homeostasis. Moreover, DDR
causes senescence, inflammation, a decrease in regeneration, impairment
of cellular metabolism, and suppression of endocrine function (Yasom S,
et al., 2022). Therefore, the disturbed systemic metabolic homeostasis of
DM patients may be driven by Youth-DNA-gap reduction and the DNA
damage accumulation cascade (Figure 6).

Environmental insults

Burns, radiation, smoke, and alcohol can promote HMGBI release and
consequently limit the production of Youth-DNA-gaps (Heijink IH, ef al.,
2015; Johnson KE, et al., 2013; He SJ, et al., 2017; Wang X, et al., 2015).
Youth-DNA-gap reduction can be caused by global DSB repair and/or
HMGBI release. These two mechanisms allow us to predict that environ-
mental insults can cause a reduction in Youth-DNA-gaps. These results
show that many kinds of ecological insults can reduce Youth-DNA-gaps.
Our recent paper demonstrated that D-gal promoted extensive liver fibro-
sis, while Box A in D-gal-induced animals effectively treated liver fibrosis.
Moreover, Box A producing DNA gap is the only known technology that

can increase DNA durability and prevent radiation induced DNA breaks.
This result indicates that Box A plasmid transfection may be an efficient
approach to cure pathologic lesions derived from toxic environmental in-
sults.

Chronic Obstructive Pulmonary Disease (COPD)

Chronic Obstructive Pulmonary Disease (COPD) is a chronic pulmon-
ary disease characterized by deteriorative changes of the lung, resulting in
decreased lung capacity. Smokers have a very high probability of devel-
oping COPD, so smoking is one of COPD’s most critical causative factors
(Laniado-Laborin R, 2009). Statistics show that most COPD patients are
mid-adult and elderly, and disease severity also progresses with the pa-
tient’s age (Orvoen-Frija E, et al., 2010; Devine JE 2008). This suggests that
smoke and the aging process are involved in the development of COPD.

The pathology of a COPD patient’s lung resembles the repetitive destruc-
tion and repair of the lung tissue. The key features of COPD pathology are
airway remodeling, airway narrowing, hypersecretion of mucus, recruit-
ment of inflammatory cells, decreased normal alveoli, accumulation of
fibrous tissue (O’Reilly S, 2016).

The repetitive destruction of the lung mainly comes from exposure to toxic
substances, especially cigarettes and occupational hazards. Once these
poisonous substances are inhaled, they damage the airway and lung par-
enchymal cells. Impaired/dead cells release DAMP molecules and cause
inflammatory cell recruitment to the damaged site (Seong SY and Matz-
inger P, 2004). Prolonged exposure leads to prolonged inflammation in the
lung tissue, which generates oxidative stress and replicative stress in the
pulmonary cells. These stresses produce changes through DNA damage
and cellular senescence, such as Youth-DNA-gap reduction (Figure 7).
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Figure 7: The pathogenesis of COPD involves DNA damage and cellular senescence and perhaps youth-DNA-gap reduction

Note: Airways are assaulted by oxidative stress or toxic substances (e.g., tobacco). This causes inflammation of the airway tissue. If the exposure
continues, then the airway will become chronically inflamed. This chronic inflammation results in severe narrowing of the airway, mucus hyper-
secretion, and fibrous substance accumulation. All of these effects lead to the development of COPD
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Toxic substances in smoke cause damage to the cell membrane, organelles,
and DNA (Ames BN, et al., 1993). DNA damage is usually checked by the
DNA repair process (Scott TL, et al., 2014). However, after chronic inflam-
mation and repetitive assault by toxic substances, the repair process cannot
keep up, resulting in COPD pathogenesis (Figure 7).

Senescent cells will further aggravate the situation of the lung. Senescence
cells are often accompanied by the release of multiple SASP molecules,
including IL-1, IL-6, IL-7, IL-8, IL-13, IL-15, etc (Coppé JP, et al., 2010).
These SASP molecules are mostly pro-inflammatory and further promote
the inflammation of the lung, resulting in more oxidative stress to the lung
parenchyma (Figure 7).

To summarize, the pathogenesis of COPD is a chronic inflammation of the
lung causing repetitive DNA damage and cellular senescence, which alters
the airways and lung’s cell function and then results in structural changes
and a decreased gas-exchange function of the lung (Figure 7).

Congenital DNA repair defects

There is a specific group of patients in whom Box A expression plasmids
may help reduce both morbidity and mortality. Individuals with DNA
repair defects accumulate endogenous DNA damage due to poor DNA
repair function, and DNA damage causes premature aging characteristics
and early death (Foo MX, et al., 2019). Thus, increased DNA durability
by Box A-produced DNA gaps may limit DNA lesions and, in turn, slow
down the premature aging process.

Cancer implications

Cancer cells possess fewer DNA gaps than other cells. Therefore, a re-
duction in Youth-DNA-gap may be the underlying mechanism driving
genomic instability in cancer. A possible future application is using Box A
to prevent cancer. However, many possible outcomes from using Box A are
possible because cancer may alter the composition of Youth-DNA-gap for-
mation molecules and cellular responses to DDR signaling. For example,
some cancers have depleted intranuclear SIRT1 (Alves-Fernandes DK and
Jasiulionis MG, 2019). Therefore, instead of producing Youth-DNA-gaps,
HMGBI in cancers should cause H2AX-associated pathologic EDSBs.
Therefore, Box A may act as a cancer cell-specific H2AX-associated DSB
induction therapy and selectively kill cancer patients’ cancer cells while re-
juvenating normal cells. Moreover, most cancers have corrupted DDRs,
such as p53 mutations (Olivier M, et al., 2010). In these cases, Youth-DNA-
gaps can be formed properly. Box A may reduce DNA damage and con-
sequently the corrupted DDR. As a result, cancer cell growth will be affect-
ed. However, if the Youth-DNA-gap formation molecules and DDR of the
cancer cells have not been changed, Box A may promote cancer growth
similar to that of normal cells. Alternatively, many reports have demon-
strated that immune cells in cancer patients are senescent and efficiently
depleted, unable to fight cancer. Therefore, it may be possible to use Box A
to rejuvenate and improve the function of immune cells for cancer treat-
ment.

Cancer-specific T cells are the most effective host defense mechanism to
eradicate growing cancer cells. The cooperation of antigen-presenting
cells and effector T cells is well known to drive cancer-immune responses.
While the immune response is rising, the immune regulatory process is
counterbalanced. As a result, regulatory immune cells overwhelm effector
functions and support developing cancer cells (Wculek SK, et al., 2020).
This is due to cancer and immune cross-talk, which causes the dysfunction
of immune cells (Li CJ, et al., 2017). There is evidence that cancer and stro-
mal cells release chemotaxis or cytokines to exclude T cells and edit T cell
function. The orchestration of immunosuppressive cell composition, in-
cluding cancer stromal cells and myeloid cells, promotes the host immune
editing process. For example, human monocytes can be differentiated
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markedly from various phenotypes, including Tumor-Associated Macro-
phages (TAMs), Myeloid-Derived Suppressor Cells (MDSCs), and regula-
tory dendritic cells (Youn JI, et al., 2008). This depends on external stimuli,
cytokines, and growth factors that mediate epigenetic machinery (Gar-
cia-Gomez A, et al., 2018). A recent study showed methylation alterations
in cancer stromal cells (Bin-Alee E et al., 2020). This epigenetic machinery
also triggers the plasticity of immune cells and causes cancer-associated
T cell dysfunction, including T cell exhaustion and T cell senescence. T
cell exhaustion is triggered by immune checkpoint molecules, while T
cell senescence leads to DNA damage. There is evidence that cancer-as-
sociated regulatory T cells induce T cell senescence by increasing DNA
damage markers. These senescent T cells lose proliferative function and
have altered cytokine secretory function (Liu X, et al., 2018; Pangrazzi L
and Weinberger B, 2020). Normally, T cell senescence is a terminally dif-
ferentiated effector T cell. This is the natural T cell differentiation that is
markedly evident over sixty years of age (Saule B, et al., 2006). However,
the early presence of senescent immune cells is found in cancer. This type
of T cell maintains the expression of pro-inflammatory cytokines, but exo-
cytosis and granzyme production are defective. Protecting DNA damage
in immune cells can be an interesting strategy to maintain immune func-
tion and prevent cancer development. However, T cell senescence usually
occurs in cancer patients. Likewise, a previous study showed a distinctively
high proportion of tumor-infiltrating T cells (Filaci G, et al., 2007). Hence,
T cell rejuvenation is a necessity for cancer immunotherapy. This extrapo-
lates the potential implication of in vitro senescent reversal of tumor-in-
filtrating lymphocytes, which are senescent cancer-specific lymphocytes.

Chemotherapy is one of the cancer treatment backbones. The chemother-
apy mechanism causes damage to dividing cells, such as cell cycle inhib-
ition and DNA damage. Therefore, several chemotherapy-induced cellu-
lar senescence models are commonly used. Some of these agents are cell
cycle-specific inhibitors, such as antimetabolites and topoisomerase inhib-
itors. The others are noncell cycle-specific agents that mainly cause DNA
strand damage. Alkylating agents and platinum-based chemotherapy are
the primary classes of chemotherapy causing DNA damages (Onyema
OO, et al., 2015). The alkylating drugs act by adding an alkyl group to
the guanine base, causing DNA strand breaks or interstrand crosslinks.
These induce replication failure and apoptosis. The commonly used alkyl-
ating agents include cyclophosphamide and mitomycin. Platinum-based
chemotherapy, including cisplatin, carboplatin, and oxaliplatin, is an alkyl-
ating-like agent. These cause DNA adducts and strand breaks. Currently,
these agents are commonly used in cancer patients. Unfortunately, long-
term toxicities also occur in cancer survivors. DNA damage-associated
toxicities include secondary cancer, myelodysplastic syndrome, and neur-
opathy. Moreover, the accumulation of drugs that cause DNA damage in
normal tissue also deteriorates organ function. In addition, the quality of
life is eventually affected. Notably, HMGB1 was found to be a factor re-
sponsible for cisplatin resistance by shielding DNA (Cheung-OngK, et al.,
2013). Conversely, HMGBI could be used to prevent chemotherapy-in-
duced toxicities in normal tissue.

Radiation is also one of the cancer treatment backbones. This modality
directly causes DNA double-strand breaks, which are fatal situations for
dividing cells. In cancer, cell cycle checkpoints are also defective, and DNA
repair mechanisms are not accomplished. Accordingly, the accumulation
of DNA damage with repair defects causes cancer cell death (Huang RX
and Zhou PK, 2020). Although radiation is dependent on therapeut-
ic fields and radiation doses, radiation effects on normal adjacent tissue
are inevitable. In other words, radiation accelerates cellular senescence
(Nguyen HQ, et al., 2018). The rejuvenation of irradiated tissue could
normalize the healing process and reduce long-term toxicities. These tox-
icities cause secondary cancer and tissue fibrosis. Interestingly, the alter-
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ation of intracellular HMGBI is affected by the DNA damage burden. A
study showed that X-ray radiation affected the translocation of HMGB1
and triggered the extracellular release of HMGB1 (Wang L, et al., 2016).
Moreover, one study showed that HMGB1 knockout sensitized cancer cell
lines to radiation effects, while HMGB-1 overexpression and Box A caused
resistance to radiation (Zhu X, et al., 2020). Box A expression could be an
effective model for preventing radiation side effects and normalizing the
post-radiation tissue healing process.

CONCLUSION

Box A-produced DNA gaps have been demonstrated to increase DNA dur-
ability and rejuvenate aging phenotypes. The accumulation of endogenous
DNA damage driving cellular senescence by Youth-DNA-gap reduction
may be the molecular pathogenesis of aging-associated diseases resulting
from DNA damage. This is an excellent opportunity to test whether the
Box A-produced DNA gap can cure these currently incurable common
diseases and conditions.
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