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The mammalian sirtuin family, consisting of SIRT1-SIRT7, plays a vital role in various bio-
logical processes, including cancer, diabetes, neurodegeneration, cardiovascular disease,
cellular metabolism, and cellular homeostasis maintenance. Due to their involvement in
these biological processes, modulating sirtuin activity seems promising to impact immune-
and aging-related diseases, as well as cancer pathways. However, more understanding is
required regarding the safety and efficacy of sirtuin-targeted therapies due to the complex
regulatory mechanisms that govern their activity, particularly in the context of multiple
targets. In this study, the interaction landscape of the sirtuin family was analyzed using a
systems biology approach. A sirtuin protein-protein interaction network was built using the
Cytoscape platform and analyzed using the NetworkAnalyzer and stringApp plugins. The
result revealed the sirtuin family's association with numerous proteins that play diverse
roles, suggesting a complex interplay between sirtuins and other proteins. Based on net-
work topological and functional analysis, SIRTT was identified as the most prominent
among sirtuin family members, demonstrating that 25 of its protein partners are involved
in cancer, 22 in innate immune response, and 29 in aging, with some being linked to a
combination of two or more pathways. This study lays the foundation for the development
of novel therapies that can target sirtuins with precision and efficacy. By illustrating the
various interactions among the proteins in the sirtuin family, we have revealed the multi-
faceted roles of SIRT1 and provided a framework for their possible roles to be precisely un-
derstood, manipulated, and translated into therapeutics in the future.
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Introduction

Sirtuins are a highly conserved family of proteins that play critical roles in various biologi-
cal processes, including immunity, aging, and cancer. In the 1990s, the discovery of the si-
lent information regulator 2 (Sir2) gene in yeast, which was found to be required for lifes-
pan extension in response to calorie restriction, sparked interest in sirtuins and their po-
tential impact on human health [1]. Sirtuins are NAD+-dependent deacetylases that
modulate chromatin structure and protein function through their deacetylase activity,
leading to changes in gene expression and cellular behavior [2]. In humans, seven sirtuin
members were identified: SIRT1, SIRT?2, SIRT3, SIRT4, SIRTS, SIRT6, and SIRT7 [3],
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each with unique functions and subcellular localizations [4]. For
example, SIRT1 is predominantly located in the nucleus and regu-
lates gene expression through deacetylation of histones and tran-
scription factors, whereas SIRT3 is primarily found in the mito-
chondria and controls metabolic processes through deacetylation
of metabolic enzymes [5,6].

SIRT1 has been shown to play a critical role in the differentiation
and function of regulatory T cells, which are key immune cells that
help maintain immune tolerance and prevent autoimmune diseases
[7]. Moreover, it has been demonstrated to play a vital role in ex-
tending lifespan in various model organisms, including yeast, flies,
and mice [8-11], and has been implicated in regulating age-related
diseases, such as neurodegenerative disorders, metabolic disorders,
and cardiovascular disease [12]. In the context of cancer, the role of
SIRT1 is significant, but its specific function is still a subject of de-
bate as its effect can vary depending on the cellular environment,
target proteins in specific signaling pathways, or cancer types, and
can either act as a tumor suppressor or promoter [ 13]. While SIRT1
has been the most extensively studied member of the family, other
members such as SIRT3, SIRT6, and SIRT7 have also been found to
play important roles in immunity; aging, and cancer [ 14-16].

Due to their involvement in these biological processes, modulat-
ing sirtuin activity has the potential to impact the pathways related
to immune- and aging-related diseases, as well as cancer [17].
However, despite the promise shown in preclinical studies, much
remains unknown about the safety and efficacy of sirtuin-targeted
therapies [18]. Although progress has been made in understand-
ing the roles of sirtuins in disease pathogenesis, there is still much
to learn about the complex regulatory mechanisms that govern
their activity, particularly in the context of multiple targets and sys-
tems. Therefore, in this study, we take a systems biology approach
to examine the intricate and multifaceted roles of sirtuins in mod-
ulating immunity, aging, and cancer. Specifically, we use a pro-
tein-protein interaction (PPI) network analysis to gain insights
into the sirtuins’ interaction landscape and the topological promi-
nence of SIRT'1, the most extensively studied sirtuins, and its in-
teractions with other key proteins in these biological processes. We
aim to provide a comprehensive understanding of the mechanisms
by which SIRT1 influences immune response, aging, and cancer
development. The systems-level analysis also seeks to shed light
on the functional diversity of sirtuins and their potential as thera-
peutic targets for immune- and aging-related diseases as well as
cancer. By revealing the intricate and complex interplay between
sirtuins and other proteins in these processes, our study provides a
foundation for the development of novel therapies that can target
sirtuins with precision and efficacy.
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Methods

Data retrieval and network construction

Sirtuins PPI network was constructed using Cytoscape ver3.6.0
[19] and the UniProt accession numbers of all sirtuins as queries.
The sirtuins direct interaction partners were extracted from exper-
imentally derived protein interaction databases IntAct, MINT, and
IMEx consortium [20-22] using the Cytoscape plugin PSIC-
QUIC web service client [23]. To obtain a reliable network, all
nodes in the integrated PPI network were filtered to only include
Homo sapiens species, and redundant nodes and edges, as well as
self-interactions were removed. Interconnectivity among proteins
in the sirtuins PPI network was identified by submitting the list of
proteins as queries on stringApp plugin [24] with the confidence
score cutoff set at 0.7 and the maximum number of additional in-

teractors set at zero.

Annotating aging-, immune-, and cancer-associated genes
on sirtuins PPI network

In order to identify proteins associated with immune response, ag-
ing and cancer from the sirtuin PPI network, a list of genes related
to each condition along with their detailed annotations was ob-
tained from InnateDB, HAGR’s GeneAge and COSMIC Cancer
Gene Census database ver90 [25-27]. The list was then imported
into the node data column of sirtuin PPI network from a tabular

file.

Network analysis

The network's hub and bottleneck nodes were identified by ana-
lyzing the degree and betweenness centrality (BC) value of each
node using NetworkAnalyzer [28]. Network clustering and func-
tional enrichment analysis were performed using the stringApp
plugin. For clustering, stringApp used the clusterMaker2 algo-
rithm to run Markov clustering (MCL) [29,30] with a granularity
parameter value set at 4 and functional enrichment analysis was
carried out with a false discovery rate (FDR) threshold of 5%.

Results and Discussion

Each sirtuin targets a specific set of protein

Sirtuin members SIRT 1, SIRT2, SIRT3, SIRT4, SIRTS, SIRTS,
and SIRT7 have been implicated in various physiological and
pathological processes such as genomic stability, gene expression,
reprogramming, obesity, neurodegeneration, diabetes, and cancer
[31]. To gain a better understanding of the interaction landscape
of sirtuins and their targets, we set out to construct a PPI network

https://doi.org/10.5808/gi.23003


https://doi.org/10.5808/gi.23003

Genomics & Informatics 2023;21(2):€23

Genomics & INFORMATICS

of the sirtuin family using three resources: IntAct, MINT, and
IMEx. Following network construction, data from InnateDB, Ge-
neAge, and COSMIC were integrated into the network, resulting
in a completely informed PPI network with 385 nodes and 395
edges (Fig. 1A). SIRT1 has the most interaction partners with 135
edges, followed by SIRT4, SIRT6, SIRT3, SIRT2, and the fewest,
SIRTS and SIRT7 with six and five edges, respectively. The net-
work clearly demonstrates that each sirtuin is linked to a distinct
set of proteins and rarely shares interaction partners. With the ex-
ception of SIRT7, the remaining sirtuins are nevertheless still
linked indirectly through a variety of intermediate proteins.

The target specificity portrayed by each sirtuin is justified as
each sirtuin serves a distinct function and takes part in a different
biological and pathological event. For instance, SIRT1 is involved
in metabolism and inflammation, whereas SIRT? is involved in

cell cycle and tumorigenesis. Like SIRT'1, SIRT3 is also involved
in metabolism while SIRT4 is involved in insulin secretion, SIRTS
in ammonia detoxification, SIRT6 in DNA repair, metabolism,
and TNF secretion and lastly SIRT7 in rRNA transcription [32-
35].

Sirtuins' diverse localization at different subcellular sites is a re-
sult of evolutionary divergence dating back to Archaea and con-
tributes to the differences in their roles. These days, SIRT1, SIRTS,
and SIRT7 are mostly found in the nucleus, while SIRT3, SIRT4,
and SIRT'S are mostly found in the mitochondria, whereas SIRT2
is found mainly in the cytoplasm [36]. The target specificity and
distinct localization of sirtuins are explained by variations in the
sequence and length of their N- and C-terminal domains, which
cause variations in their 3D structure, affecting their binding inter-

faces and, as a result, influencing their binding partners [32].

66

i
-

Fig. 1. (A) Sirtuins protein-protein interaction network shows each sirtuin has an almost unique set of interaction partners. Grey nodes
indicate that the genes are associated with immunity, aging and/or cancer. (B) Interconnectivity among proteins in (A): Nodes are colored
according to the number of interactors, ranging from 1 (green) to 66 (red). The node size represents the value of BP; the bigger the node, the

higher the value. BP, biological process.
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Topological significance of SIRT1 in sirtuins PPI network
Next, the STRING database was used to analyze the interconnec-
tivity of sirtuins PPI network, yielding 338 nodes and 1,038 edges.
Topological network analysis suggested that SIRT1 is significantly
important based on the node’s degree and BC measurement. As il-
lustrated in Fig. 1B, the color scale from green to yellow to orange
to red denotes the number of connections for each node (range, 1
to 66); thus, the more reddish nodes indicate the highest connec-
tivity and are considered hub nodes. TP53 is the most connected
node in the network, followed by SIRT 1. Meanwhile, identifica-
tion of bottleneck nodes using measurement of BC is indicated by
node size increment; the larger the node, the higher the BC value.
SIRT1 size is observed to be on the large side, trailing behind
TP5$3, TUEM, HSPA9, HSP90OAA1, ATPSAL, and HSPAS.

Highly networked, as evidenced by a node with a large number
of interactors, implying that it regulates a wide range of cellular
functions via its target. Meanwhile, a high BC value indicates that
this protein serves as a bridge between network clusters more fre-
quently than others. If each network cluster represents a distinct
functional unit, SIRT'1 is very likely to be involved in the crosstalk
of several distinct pathways. This observation is critical when con-
sidering SIRT1 as a therapeutic target because such topological
position in a network suggests that perturbing SIRT 1 for one path-
way may have unintended consequences for other pathways. Inter-
estingly, while SIRT1 exhibited very prominent topological char-
acteristics, other sirtuins, in contrast, did not.

The topological importance of SIRT1 in our PPI network
should be taken with a grain of salt, as it may be the result of stud-
ies that focused on SIRT1 in the past. The PPI network was built
using reported interactions from the database, which raises the
possibility that other sirtuins' interactions are still not well-charac-
terized. However, there is a strong possibility that our PPI network
is reliable because studies have shown that SIRT'1 has more disor-
dered segments in its N- and C-terminal regions, implying that it is
capable of forming broad and specific interactions with multiple
proteins [33,37]. To obtain a fair analysis from a system biology
standpoint, an equivalent amount of research on the remaining sir-

tuins must be conducted.

Gene ontology terms and Kyoto Encyclopedia of Genes
and Genomes pathways analysis

The stringApp cluster analysis extracted at least 27 clusters with at
least three nodes. Cluster 1 is made up of SIRT1, SIRT2, SIRTS,
SIRT6, and 40 other proteins, whereas SIRT3, SIRT4, and SIRT7
are not part of any cluster. Functional enrichment analysis was
then performed to characterize Cluster 1, which consisted of
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SIRT1, SIRT2 SIRTS, and SIRT6 among the gene set, yielding a
list of 159 statistically significant terms spanning four categories:
gene ontology (GO) biological process (BP), GO molecular func-
tion (MF), GO cellular component (CC) and Kyoto Encyclope-
dia of Genes and Genomes pathways. Of these, the five most sig-
nificant terms were nucleoplasm (CC) with FDR value 2.78 x 10
* chromatin binding (MF) (FDR = 6.8 x 10™"*), transcription fac-
tor binding (MF) (FDR = 6.4 x 10"*), nuclear chromatin (CC)
(FDR =2.16 x 10"°) and cellular response to oxygen (BP) (FDR
=3.35 x 10"%), which covered 42, 20, 18, 19 and 11 out of the 44
proteins in the cluster, respectively. Split donut charts were drawn
around the nodes to show which proteins are annotated with
which of these terms (Fig. 2).

SIRT1 and SIRT6 are primarily localized in the nucleus, where
they play a role in regulating gene expression through their deacety-
lase activity on histones and transcription factors. This includes the
regulation of chromatin structure and gene transcription in re-
sponse to various stimuli such as oxidative stress, DNA damage,
and nutrient availability, which are all related to the cellular re-
sponse to oxygen. SIRT2, although mainly localized in the cyto-
plasm, can transiently enter the nucleus during mitosis [38]. Hy-
poxia is a well-established cellular response to low oxygen levels,
which can trigger a range of physiological responses, including al-
terations in gene expression and chromatin structure. SIRT1 is a
well-known regulator of HIF1a and HIF2a that either enhances or
reduces HIF-dependent genes depending on the type of cell there-
by influencing the cell’s hypoxic response [39]. SIRT2 also partici-
pates in the hypoxia-induced stress response by repressing the pro-
tective response and enhancing the toxicity caused by hypoxia [40].

SIRT1 association with aging-, cancer-, and immune-associated
genes
Going back to Fig. 1A, the integration of the network with aging,
cancer, and immunity data revealed that 45 out of 385 nodes are
aging-, cancer- and immune-associated genes, with 44 of them be-
ing SIRT1 interaction partners. In Fig. 3, the network demon-
strates that while some modes are involved in one of the pathways,
others act as multifaceted modulators, as indicated by color com-
bination in each node. There are 29, 22, and 26 genes that are ei-
ther exclusively or promiscuously associated with aging, immune,
and cancer, respectively. Among these, nine are involved solely in
cancer, five are immune-related and six are linked to aging. Where-
by, 1S genes are observed to modulate two pathways, and nine
genes are associated with all three pathways.

The network demonstrated an association of SIRT1 with can-
cer, innate immune response, and aging through eight different
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Legends:

G0:0005654 Nucleoplasm
I GO:0003682 Chromatin binding
G0:0008134 Transcription factor binding
I G0:0000790 Nuclear chromatin
G0:0071453 Cellular responses to oxygen level

Fig. 2. StringApp cluster analysis with clusters fewer than two nodes are omitted. Cluster 1 functional enrichment analysis revealed the top

five gene ontology that are overrepresented in Cluster 1.

nodes, namely TP33, PIK3R1, PPARy, FOXO3, mTOR, AKT1,
CTNNBI, and HS9OAALI. Cancer, immune response, and aging
are biological processes that are inextricably linked. Firstly, the im-
mune system plays a crucial role in recognizing and eliminating
cancer cells. Immune cells such as T cells, B cells, and natural killer
cells are responsible for identifying and attacking cancer cells.
However, aging causes the immune system's function to decline,
making it less effective at this particular task, which is one of the
reasons why cancer incidence increases with age [41]. Secondly,
chronic inflammation, which is a hallmark of aging, can contribute
to the development of cancer. Inflammatory cells produce reactive
oxygen species and other damaging molecules that can damage
DNA and other cellular components, leading to mutations and ul-
timately cancer. Thirdly, as we observed in our study, many of the
same genes and pathways that regulate aging and immune re-
sponse also play a role in cancer development.

The best-known cancer-related protein is p53, and its gene is

https://doi.org/10.5808/gi.23003

thought to be the most frequently mutated gene in cancer. Several
downstream targets, including p21, MDM2, GADDA45, cyclin G,
and Bax, which induce cell cycle arrest, are transcriptionally activat-
ed by pS3, making it the cellular gatekeeper for cell growth and di-
vision [42]. The pS3 status in cancer cells significantly impacts the
immune response. Cells with p53 loss or mutation can affect the
activity and recruitment of myeloid and T cells, allowing immune
evasion and accelerating cancer growth [43]. There is also strong
evidence of pS3 associations in aging. According to Feng et al.
(2007) [44], pS3 response to y-irradiation declines significantly in
various tissues of aging mice due to a decrease in its protein stabili-
zation after the stress. Furthermore, pS3 also regulates AMPKf1,
TSC2, and PTEN that interact with the IGF-1-AKT-mTOR sig-
naling pathway, which is involved in regulating cell growth and pro-
liferation. pS3 is reported to play a tissue-specific role in regulating
these genes, and the loss of pS3 function with age can contribute to
the development of age-related diseases such as cancer [45].
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Legends:

[ Ageing-associated gene
@ I Cancer-associated gene

Immune-associated gene

Fig. 3. SIRT1 protein interaction partner: A, Proteins that are associated with neither aging, cancer nor immunity pathway; B, Gene involved
in either aging, cancer, or immunity pathway; C, Genes involved in combination of the two pathways; D, Genes involved in all three

pathways.

PI3K/AKT pathway is one of the kinases that can activate pS3,
and PIK3R1 is a regulatory subunit of this pathway. Two import-
ant cellular processes regulated by PI3K/AKT are proliferation
and apoptosis [46]. In this pathway, the phosphorylated PTK2
provides a binding site for the SH2 domain of the regulatory sub-
unit (PIK3R1) of PIK3CA. Subsequent production of P13,4,5-P3
provides a binding site for the PH domain of both PDK1 and
AKT. After its activation by PDK1, AKT phosphorylates a large
number of proteins that directly or indirectly regulate cell death,
such as p53 and FOXO3. mTOR is also regulated by the PI3K/
AKT pathway and is a downstream effector of AKT1. Dysregula-
tion of the PI3K/AKT pathway can lead to immune dysfunction,
such as autoimmunity and immunodeficiency, and contribute to
the development of various diseases, including cancer [47].

PPARy and SIRT1 can interact and modulate each other’s activ-
ity. PPARy induces the expression of SIRT1, which in turn can
deacetylate and activate PPARy. Additionally, SIRT1 has been
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shown to inhibit the activity of PPARY coactivator-1 alpha, which
is involved in the regulation of mitochondrial biogenesis and ener-
gy metabolism [48]. The interaction between PPARy and SIRT1
has been implicated in various physiological and pathological pro-
cesses, including adipocyte differentiation, insulin sensitivity, lipid
metabolism, inflammation, and cancer [49]. When cancer devel-
ops, cells' metabolisms must be reprogrammed to cope with a de-
pleted supply of oxygen and nutrients to support their rapid prolif-
eration and biomass production. A progressive rise of oxidative
stress and related inflammatory reaction appears to be the hall-
marks of the aging process and many age-related diseases [50].
Meanwhile, mutations in the CTNNBI gene, which encodes
[-catenin, a crucial component of the Wnt signaling pathway, have
been associated with early events in carcinogenesis as well as a
scarcity of immune cells in the tumor microenvironment and a
poor clinical response to immunotherapy [51,52]. Additionally,
restoring Wnt/B-catenin signaling has shown promise as a thera-
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peutic strategy for age-related diseases such as Alzheimer's disease
by promoting enhanced synaptic plasticity, neuronal survival, and
neurogenesis [53].

In a nutshell, the finding that p53, PIK3R1, PPARy, FOXO3,
mTOR, AKT1, and p-catenin interact with SIRT1 and are associ-
ated with cancer, aging, and immune response suggests that target-
ing one of these proteins could have effects on the others. Targeted
therapy directed at a specific protein can have both beneficial and
harmful effects, as it can disrupt the normal functions of these
genes and their interactions in different pathways. For example,
targeting pS3 for cancer therapy may also inhibit the immune re-
sponse, leading to increased risk of infections or other immune-re-
lated disorders. Therefore, the design of targeted therapy should
consider the complex interplay between these genes and their roles
in multiple cellular pathways. Further research is needed to fully
understand the potential risks and benefits of targeted therapy for
these proteins in cancer, aging, and immune-related diseases.

ORCID

Nur Diyana Zulkifli: https://orcid.org/0000-0002-1307-6819
Nurulisa Zulkifle: https://orcid.org/0000-0003-3235-8691

Authors' Contribution

Conceptualization: NZ. Data curation: NDZ, NZ. Formal analysis:
NDZ, NZ. Funding acquisition: NZ. Methodology: NDZ, NZ.
Writing — original draft: NDZ. Writing — review & editing: NZ.

Conflicts of Interest

No potential conflict of interest relevant to this article was report-
ed.

Acknowledgments

This work was supported by Ministry of Higher Education
(MOHE), Malaysia through Fundamental Research Grant Scheme
(FRGS/1/2019/SKK08/USM/02/17).

References

1. Gottlieb S, Esposito RE. A new role for a yeast transcriptional si-
lencer gene, SIR2, in regulation of recombination in ribosomal
DNA. Cell 1989;56:771-776.

2. Frye RA. Phylogenetic classification of prokaryotic and eukary-

https://doi.org/10.5808/gi.23003

otic Sir2-like proteins. Biochem Biophys Res Commun
2000;273:793-798.

3. Tanny JC, Dowd GJ, Huang J, Hilz H, Moazed D. An enzymatic
activity in the yeast Sir2 protein that is essential for gene silencing.
Cell 1999;99:735-745.

4. Haigis MC, Sinclair DA. Mammalian sirtuins: biological insights
and disease relevance. Annu Rev Pathol 2010;5:253-295.

5. Frye RA. Characterization of five human cDNAs with homology
to the yeast SIR2 gene: Sir2-like proteins (sirtuins) metabolize
NAD and may have protein ADP-ribosyltransferase activity. Bio-
chem Biophys Res Commun 1999;260:273-279.

6. Onyango P, Celic I, McCaffery JM, Boeke JD, Feinberg AP.
SIRT3, a human SIR2 homologue, is an NAD-dependent
deacetylase localized to mitochondria. Proc Natl Acad Sci U S A
2002;99:13653-13658.

7.Beier UH, Wang L, Bhatti TR, Liu Y, Han R, Ge G, et al. Sirtuin-1
targeting promotes Foxp3+ T-regulatory cell function and pro-
longs allograft survival. Mol Cell Biol 2011;31:1022-1029.

8. Kaeberlein M, McVey M, Guarente L. The SIR2/3/4 complex
and SIR2 alone promote longevity in Saccharomyces cerevisiae by
two different mechanisms. Genes Dev 1999;13:2570-2580.

9. Rogina B, Helfand SL. Sir2 mediates longevity in the fly through
a pathway related to calorie restriction. Proc Natl Acad Sci U S A
2004;101:15998-16003.

10. Herranz D, Munoz-Martin M, Canamero M, Mulero F, Marti-
nez-Pastor B, Fernandez-Capetillo O, et al. Sirt1 improves healthy
ageing and protects from metabolic syndrome-associated cancer.
Nat Commun 2010;1:3.

11. Satoh A, Brace CS, Rensing N, Cliften P, Wozniak DF, Herzog
ED, et al. Sirt1 extends life span and delays aging in mice through
the regulation of Nk2 homeobox 1 in the DMH and LH. Cell
Metab 2013;18:416-430.

12. Zhao L, Cao J, Hu K, He X, Yun D, Tong T, et al. Sirtuins and
their biological relevance in aging and age-related diseases. Aging
Dis 2020;11:927-945.

13. Lin Z, Fang D. The roles of SIRT1 in cancer. Genes Cancer
2013;4:97-104.

14. Chalkiadaki A, Guarente L. The multifaceted functions of sirtuins
in cancer. Nat Rev Cancer 2015;15:608-624.

15. Guarente L. Sirtuins in aging and disease. Cold Spring Harb Symp
Quant Biol 2007;72:483-488.

16. Fortuny L, Sebastian C. Sirtuins as metabolic regulators of im-
mune cells phenotype and function. Genes (Basel) 2021;12:
1698.

17. Carafa V; Rotili D, Forgione M, Cuomo F, Serretiello E, Hailu GS,
et al. Sirtuin functions and modulation: from chemistry to the

7/9


https://doi.org/10.1016/0092-8674(89)90681-8
https://doi.org/10.1016/0092-8674(89)90681-8
https://doi.org/10.1016/0092-8674(89)90681-8
https://doi.org/10.1006/bbrc.2000.3000
https://doi.org/10.1006/bbrc.2000.3000
https://doi.org/10.1006/bbrc.2000.3000
https://doi.org/10.1016/s0092-8674(00)81671-2
https://doi.org/10.1016/s0092-8674(00)81671-2
https://doi.org/10.1016/s0092-8674(00)81671-2
https://doi.org/10.1146/annurev.pathol.4.110807.092250
https://doi.org/10.1146/annurev.pathol.4.110807.092250
https://doi.org/10.1006/bbrc.1999.0897
https://doi.org/10.1006/bbrc.1999.0897
https://doi.org/10.1006/bbrc.1999.0897
https://doi.org/10.1006/bbrc.1999.0897
https://doi.org/10.1073/pnas.222538099
https://doi.org/10.1073/pnas.222538099
https://doi.org/10.1073/pnas.222538099
https://doi.org/10.1073/pnas.222538099
https://doi.org/10.1128/mcb.01206-10
https://doi.org/10.1128/mcb.01206-10
https://doi.org/10.1128/mcb.01206-10
https://doi.org/10.1101/gad.13.19.2570
https://doi.org/10.1101/gad.13.19.2570
https://doi.org/10.1101/gad.13.19.2570
https://doi.org/10.1073/pnas.0404184101
https://doi.org/10.1073/pnas.0404184101
https://doi.org/10.1073/pnas.0404184101
https://doi.org/10.1038/ncomms1001
https://doi.org/10.1038/ncomms1001
https://doi.org/10.1038/ncomms1001
https://doi.org/10.1038/ncomms1001
https://doi.org/10.1016/j.cmet.2013.07.013
https://doi.org/10.1016/j.cmet.2013.07.013
https://doi.org/10.1016/j.cmet.2013.07.013
https://doi.org/10.1016/j.cmet.2013.07.013
https://doi.org/10.14336/ad.2019.0820
https://doi.org/10.14336/ad.2019.0820
https://doi.org/10.14336/ad.2019.0820
https://doi.org/10.1177/1947601912475079
https://doi.org/10.1177/1947601912475079
https://doi.org/10.1038/nrc3985
https://doi.org/10.1038/nrc3985
https://doi.org/10.1101/sqb.2007.72.024
https://doi.org/10.1101/sqb.2007.72.024
https://doi.org/10.3390/genes12111698
https://doi.org/10.3390/genes12111698
https://doi.org/10.3390/genes12111698
https://doi.org/10.1186/s13148-016-0224-3
https://doi.org/10.1186/s13148-016-0224-3
https://doi.org/10.5808/gi.23003

Zulkifli ND and Zulkifle N ® SIRT1 prominence in sirtuins' PPl network

Genomics & INFORMATICS

clinic. Clin Epigenetics 2016;8:61.

18. Dai H, Sinclair DA, Ellis JL, Steegborn C. Sirtuin activators and
inhibitors: promises, achievements, and challenges. Pharmacol
Ther 2018;188:140-154.

19. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D,
etal. Cytoscape: a software environment for integrated models of
biomolecular interaction networks. Genome Res 2003;13:2498-
2504.

20. Kerrien S, Alam-Faruque Y, Aranda B, Bancarz I, Bridge A, Derow
C, et al. IntAct: open source resource for molecular interaction
data. Nucleic Acids Res 2007;35:D561-DS6S.

21. Chatr-aryamontri A, Ceol A, Palazzi LM, Nardelli G, Schneider
MYV, Castagnoli L, et al. MINT: the Molecular INTeraction data-
base. Nucleic Acids Res 2007;35:D572-D574.

22. Orchard S, Kerrien S, Abbani S, Aranda B, Bhate J, Bidwell S, et al.
Protein interaction data curation: the International Molecular Ex-
change (IMEx) consortium. Nat Methods 2012;9:345-350.

23. Millan PP. Visualization and analysis of biological networks.
Methods Mol Biol 2013;1021:63-88.

24. Doncheva NT, Morris JH, Gorodkin J, Jensen L]. Cytoscape St-
ringApp: network analysis and visualization of proteomics data. J
Proteome Res 2019;18:623-632.

28S. Breuer K, Foroushani AK, Laird MR, Chen C, Sribnaia A, Lo R,
et al. InnateDB: systems biology of innate immunity and be-
yond--recent updates and continuing curation. Nucleic Acids Res
2013;41:D1228-D1233.

26. Tacutu R, Thornton D, Johnson E, Budovsky A, Barardo D, Craig
T, et al. Human Ageing Genomic Resources: new and updated
databases. Nucleic Acids Res 2018;46:D1083-D1090.

27.Sondka Z, Bamford S, Cole CG, Ward SA, Dunham I, Forbes SA.
The COSMIC Cancer Gene Census: describing genetic dysfunc-
tion across all human cancers. Nat Rev Cancer 2018;18:696-705.

28. Assenov Y, Ramirez F, Schelhorn SE, Lengauer T, Albrecht M.
Computing topological parameters of biological networks. Bioin-
formatics 2008;24:282-284.

29. Morris JH, Apeltsin L, Newman AM, Baumbach J, Wittkop T, Su
G, et al. clusterMaker: a multi-algorithm clustering plugin for Cy-
toscape. BMC Bioinformatics 2011;12:436.

30. Enright AJ, Van Dongen S, Ouzounis CA. An efficient algorithm
for large-scale detection of protein families. Nucleic Acids Res
2002;30:1575-1584.

31. McGuinness D, McGuinness DH, McCaul JA, Shiels PG. Sirtu-
ins, bioageing, and cancer. ] Aging Res 2011;2011:235754.

32. Carafa V, Nebbioso A, Altucci L. Sirtuins and disease: the road
ahead. Front Pharmacol 2012;3:4.

33. Costantini S, Sharma A, Raucci R, Costantini M, Autiero I, Col-

8/9

onna G. Genealogy of an ancient protein family: the sirtuins, a
family of disordered members. BMC Evol Biol 2013;13:60.

34. Vassilopoulos A, Fritz KS, Petersen DR, Gius D. The human sir-
tuin family: evolutionary divergences and functions. Hum Ge-
nomics 2011;5:485-496.

3S. Yamamoto H, Schoonjans K, Auwerx J. Sirtuin functions in
health and disease. Mol Endocrinol 2007;21:1745-1753.

36. Greiss S, Gartner A. Sirtuin/Sir2 phylogeny, evolutionary consid-
erations and structural conservation. Mol Cells 2009;28:407-
415.

37.Pan M, Yuan H, Brent M, Ding EC, Marmorstein R. SIRT1 con-
tains N- and C-terminal regions that potentiate deacetylase activ-
ity. ] Biol Chem 2012;287:2468-2476.

38. North BJ, Verdin E. Interphase nucleo-cytoplasmic shuttling and
localization of SIRT? during mitosis. PLoS One 2007;2:¢784.

39. Yoon H, Shin SH, Shin DH, Chun YS, Park JW. Differential roles
of Sirtl in HIF-1alpha and HIF-2alpha mediated hypoxic re-
sponses. Biochem Biophys Res Commun 2014;444:36-43.

40. Donmez G, Outeiro TE. SIRT1 and SIRT?2: emerging targets in
neurodegeneration. EMBO Mol Med 2013;5:344-352.

41. White MC, Holman DM, Boehm JE, Peipins LA, Grossman M,
Henley SJ. Age and cancer risk: a potentially modifiable relation-
ship. Am J Prev Med 2014;46:S7-S1S.

42. Levine AJ. pS3, the cellular gatekeeper for growth and division.
Cell 1997;88:323-331.

43. Blagih J, Buck MD, Vousden KH. p53, cancer and the immune re-
sponse. ] Cell Sci 2020;133:jcs237453.

44. Feng Z, Hu W, Teresky AK, Hernando E, Cordon-Cardo C,
Levine AJ. Declining p53 function in the aging process: a possible
mechanism for the increased tumor incidence in older popula-
tions. Proc Natl Acad Sci U S A 2007;104:16633-16638.

4S. Feng Z, Hu' W, de Stanchina E, Teresky AK, Jin S, Lowe S, et al.
The regulation of AMPK betal, TSC2, and PTEN expression by
pS3: stress, cell and tissue specificity, and the role of these gene
products in modulating the IGF-1-AKT-mTOR pathways. Can-
cer Res 2007;67:3043-3053.

46. Oskouian B, Saba JD. Cancer treatment strategies targeting sphin-
golipid metabolism. Adv Exp Med Biol 2010;688:185-205.

47.Zhang Y, Wang X, Yang H, Liu H, Lu Y, Han L, et al. Kinase AKT
controls innate immune cell development and function. Immu-
nology 2013;140:143-152.

48. Canto C, Auwerx J. PGC-1alpha, SIRT1 and AMPK, an energy
sensing network that controls energy expenditure. Curr Opin
Lipidol 2009;20:98-105.

49. Kosgei VJ, Coelho D, Gueant-Rodriguez RM, Gueant JL. Sirt1-
PPARS cross-talk in complex metabolic diseases and inherited

https://doi.org/10.5808/gi.23003


https://doi.org/10.1186/s13148-016-0224-3
https://doi.org/10.1016/j.pharmthera.2018.03.004
https://doi.org/10.1016/j.pharmthera.2018.03.004
https://doi.org/10.1016/j.pharmthera.2018.03.004
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1093/nar/gkl958
https://doi.org/10.1093/nar/gkl958
https://doi.org/10.1093/nar/gkl958
https://doi.org/10.1093/nar/gkl950
https://doi.org/10.1093/nar/gkl950
https://doi.org/10.1093/nar/gkl950
https://doi.org/10.1038/nmeth.1931
https://doi.org/10.1038/nmeth.1931
https://doi.org/10.1038/nmeth.1931
https://www.ncbi.nlm.nih.gov/pubmed/23715980
https://www.ncbi.nlm.nih.gov/pubmed/23715980
https://doi.org/10.1021/acs.jproteome.8b00702
https://doi.org/10.1021/acs.jproteome.8b00702
https://doi.org/10.1021/acs.jproteome.8b00702
https://doi.org/10.1093/nar/gks1147
https://doi.org/10.1093/nar/gks1147
https://doi.org/10.1093/nar/gks1147
https://doi.org/10.1093/nar/gks1147
https://doi.org/10.1093/nar/gkx1042
https://doi.org/10.1093/nar/gkx1042
https://doi.org/10.1093/nar/gkx1042
https://doi.org/10.1038/s41568-018-0060-1
https://doi.org/10.1038/s41568-018-0060-1
https://doi.org/10.1038/s41568-018-0060-1
https://doi.org/10.1093/bioinformatics/btm554
https://doi.org/10.1093/bioinformatics/btm554
https://doi.org/10.1093/bioinformatics/btm554
https://doi.org/10.1186/1471-2105-12-436
https://doi.org/10.1186/1471-2105-12-436
https://doi.org/10.1186/1471-2105-12-436
https://doi.org/10.1093/nar/30.7.1575
https://doi.org/10.1093/nar/30.7.1575
https://doi.org/10.1093/nar/30.7.1575
https://doi.org/10.4061/2011/235754
https://doi.org/10.4061/2011/235754
https://doi.org/10.3389/fphar.2012.00004
https://doi.org/10.3389/fphar.2012.00004
https://doi.org/10.1186/1471-2148-13-60
https://doi.org/10.1186/1471-2148-13-60
https://doi.org/10.1186/1471-2148-13-60
https://doi.org/10.1186/1479-7364-5-5-485
https://doi.org/10.1186/1479-7364-5-5-485
https://doi.org/10.1186/1479-7364-5-5-485
https://doi.org/10.1210/me.2007-0079
https://doi.org/10.1210/me.2007-0079
https://doi.org/10.1007/s10059-009-0169-x
https://doi.org/10.1007/s10059-009-0169-x
https://doi.org/10.1007/s10059-009-0169-x
https://doi.org/10.1074/jbc.m111.285031
https://doi.org/10.1074/jbc.m111.285031
https://doi.org/10.1074/jbc.m111.285031
https://doi.org/10.1371/journal.pone.0000784
https://doi.org/10.1371/journal.pone.0000784
https://www.ncbi.nlm.nih.gov/pubmed/24423936
https://www.ncbi.nlm.nih.gov/pubmed/24423936
https://www.ncbi.nlm.nih.gov/pubmed/24423936
https://doi.org/10.1002/emmm.201302451
https://doi.org/10.1002/emmm.201302451
https://www.ncbi.nlm.nih.gov/pubmed/24512933
https://www.ncbi.nlm.nih.gov/pubmed/24512933
https://www.ncbi.nlm.nih.gov/pubmed/24512933
https://doi.org/10.1016/s0092-8674(00)81871-1
https://doi.org/10.1016/s0092-8674(00)81871-1
https://doi.org/10.1242/jcs.237453
https://doi.org/10.1242/jcs.237453
https://doi.org/10.1073/pnas.0708043104
https://doi.org/10.1073/pnas.0708043104
https://doi.org/10.1073/pnas.0708043104
https://doi.org/10.1073/pnas.0708043104
https://www.ncbi.nlm.nih.gov/pubmed/17409411
https://www.ncbi.nlm.nih.gov/pubmed/17409411
https://www.ncbi.nlm.nih.gov/pubmed/17409411
https://www.ncbi.nlm.nih.gov/pubmed/17409411
https://doi.org/10.1007/978-1-4419-6741-1_13
https://doi.org/10.1007/978-1-4419-6741-1_13
https://doi.org/10.1111/imm.12123
https://doi.org/10.1111/imm.12123
https://doi.org/10.1111/imm.12123
https://www.ncbi.nlm.nih.gov/pubmed/19276888
https://www.ncbi.nlm.nih.gov/pubmed/19276888
https://www.ncbi.nlm.nih.gov/pubmed/19276888
https://doi.org/10.3390/cells9081882
https://doi.org/10.3390/cells9081882
https://doi.org/10.5808/gi.23003

Genomics & Informatics 2023;21(2):e23

Genomics & INFoOrRMATICS

disorders of the one carbon metabolism. Cells 2020;9:1882.

50. Boroughs LK, DeBerardinis RJ. Metabolic pathways promoting
cancer cell survival and growth. Nat Cell Biol 2015;17:351-359.

51. Zhang Y, Wang X. Targeting the Wnt/beta-catenin signaling path-
way in cancer. ] Hematol Oncol 2020;13:165.

52. Ruiz de Galarreta M, Bresnahan E, Molina-Sanchez P, Lindblad

https://doi.org/10.5808/gi.23003

KE, Maier B, Sia D, et al. Beta-catenin activation promotes im-
mune escape and resistance to anti-PD-1 therapy in hepatocellu-
lar carcinoma. Cancer Discov2019;9:1124-1141.

53.Jia L, Pina-Crespo J, Li Y. Restoring Wnt/beta-catenin signaling is
a promising therapeutic strategy for Alzheimer's disease. Mol
Brain 2019;12:104.

9/9


https://doi.org/10.3390/cells9081882
https://doi.org/10.1038/ncb3124
https://doi.org/10.1038/ncb3124
https://www.ncbi.nlm.nih.gov/pubmed/33276800
https://www.ncbi.nlm.nih.gov/pubmed/33276800
https://www.ncbi.nlm.nih.gov/pubmed/31186238
https://www.ncbi.nlm.nih.gov/pubmed/31186238
https://www.ncbi.nlm.nih.gov/pubmed/31186238
https://www.ncbi.nlm.nih.gov/pubmed/31186238
https://www.ncbi.nlm.nih.gov/pubmed/31801553
https://www.ncbi.nlm.nih.gov/pubmed/31801553
https://www.ncbi.nlm.nih.gov/pubmed/31801553
https://doi.org/10.5808/gi.23003

