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Sirtuins are a highly conserved family of NAD*-dependent deacetylases involved
in regulating critical biological processes such as cell survival, antioxidation, gene
transcription, proliferation, differentiation, DNA repair, and mitochondrial
function. Recent studies have revealed that altered expression of sirtuin family
genes in mammals is closely linked to the development of various diseases,
including metabolic disorders, ageing, and cancer. In colorectal cancer (CRC),
sirtuins play dual regulatory roles, modulating tumour cell proliferation,
migration, invasion, and apoptosis while also activating pro-oncogenic
signalling pathways or suppressing tumour progression, depending on context.
This review systematically summarizes the research progress on sirtuin family
genes in CRC, highlighting their dual roles (pro-tumorigenic and tumour-
suppressive) and molecular mechanisms. These findings underscore the
potential of sirtuins as therapeutic targets in CRC. The development of
selective activators or inhibitors, combined with metabolic interventions or
immunotherapy, may provide novel strategies for precision CRC treatment.

KEYWORDS

sirtuin family, colorectal cancer, metabolic reprogramming, epigenetic regulation,
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1 Introduction

Colorectal cancer (CRC) is the third most common malignant tumour worldwide and a
major global health threat, accounting for 10% of cancer-related deaths in high-income
countries. Survival rates range from 50-93%, depending on the tumour stage (1). Patients
with early-stage CRC often lack obvious symptoms such as bleeding, abdominal pain, or
weight loss, leading to a diagnostic delay of approximately 7-10 years or even decades. The
5-year survival rate is significantly lower in patients with advanced CRC than in those
diagnosed at an early stage (1, 2). Most patients with CRC are diagnosed at advanced stages
when metastasis has already occurred (3). Therefore, early colonoscopy screening is critical.
Globally, epidemiological factors such as age, obesity, smoking, and alcohol consumption
increase the risk of CRC development (4). The development of CRC involves complex
genetic mutations and dysregulation of pathways. During the progression from normal
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mucosa to adenoma and then to adenocarcinoma, mutations in core
driver genes and dysregulation of pathways accumulate
progressively. Among these, alterations in the APC/B-catenin
pathway represent the earliest critical event initiating adenoma
formation (5). Inactivation of the APC gene impairs the
degradation of B-catenin, leading to its nuclear translocation and
persistent activation of the Wnt pathway, thereby promoting
tumorigenesis (5). Familial adenomatous polyposis (FAP)
exemplifies this mechanism and is primarily caused by germline
mutations in the APC gene (6). Studies in Chinese populations
indicate that approximately 60% of FAP patients carry APC
missense mutations, without intervention, their risk of cancer
transformation by age 40 is extremely high (7).

Beyond APC mutations, CRC progression involves mutations in
other key genes such as KRAS, BRAF, TP53 and PIK3CA (8, 9).
Microsatellite instability (MSI) is also a significant molecular feature.
MSI arises from deficient DNA mismatch repair (MMR) function,
leading to the accumulation of uncorrected errors in microsatellite
sequences during DNA replication. MMR deficiency is typically
caused by pathogenic mutations in MLH1, MSH2, MSH6, PMS2,
or EPCAM genes (10-12). Based on the degree of instability, MSI is
classified into three categories: high instability (MSI-H), low
instability (MSI-L), and stable (MSS) (11). A large UK cohort study
further indicated that MMR gene mutations contribute to up to
10.9% of familial CRC cases. Additionally, mutations in genes such as
POLE/POLD1, STK11, and MUTYH have also been confirmed to
increase CRC risk (13). Beyond these classic pathways and gene
mutations, gene-gene interactions have also been found to contribute
to CRC risk. For example, genome-wide association studies revealed a
significant interaction between the missense variant rs138649767 in
TCF7L2 and the regulatory variant rs6983267 in the MYC enhancer
region (14). Furthermore, abnormal epigenetic regulation plays a
crucial role in CRC. Mutations in ARID1A, an important epigenetic
regulator, have been found to be associated with acquired resistance
to cetuximab treatment (15). Tumour metabolic reprogramming and
epigenetic modifications, through the coordinated action of key genes
and epigenetic regulators, modulate signalling pathways and gene
expression to collectively drive the malignant progression of CRC
(16). The development of CRC is a multifactorial, multi-step complex
process driven by the coordinated action of multi-layered
molecular events.

Sirtuins are NAD"-dependent enzymes with multifaceted
catalytic capabilities, encompassing desuccinylation,
demalonylation, deglutarylation, deformylation, and
depalmitoylation activities (17, 18), the histones and non to
acetylation of histone lysine residues and NAD" hydrolysis
combined with, and NAD"-dependent deacetylases that regulate
histone proteins at specific lysine residues, promoting
posttranslational modifications that result in chromatin silencing
and transcriptional repression (19-21). Sirtuin family genes relate
sirtuin activity to energy metabolism by relying on the cell-level
coenzyme NADY, which is produced through two different
biological pathways. The hydride receptor NAD™ is produced
from scratch by the ingestion of essential amino acids in the diet
(22). NAD" is a precursor of NADP"/NADPH, which is necessary
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for cell biosynthesis pathways to protect cells from reactive oxygen
species (ROS) (22). Therefore, NAD" plays key roles in the
regulation of redox status and energy metabolism, and sirtuin
family genes regulate energy metabolism by binding NAD™ to
deacetylate key lysine residues of metabolic proteins.

In mammals, seven sirtuin family genes (SIRT1-7) are
expressed and constitute an evolutionarily conserved family of
enzymes involved in different but related physiological processes
(20). In brief, SIRT1-7 target different acetylated protein substrates
and are located in different subcellular compartments. SIRT1 is
located mainly in the nucleus, but has also been detected in the
cytoplasm (23). SIRT2 was originally described as a cytosolic
protein; however, recent data show that SIRT2 is also expressed
in the nucleus, where it functions to modulate cell cycle control
(24). SIRT3, SIRT4 and SIRTS5 are localized in mitochondria and are
involved in ATP production, metabolism, apoptosis and the
regulation of cell signalling pathways (25, 26). SIRT6 and SIRT7
are present in the nucleus, where they function to deacetylate
histones, thereby influencing gene expression epigenetically (27).

Sirtuin family genes also regulate the lifespans of yeast,
nematodes, fruit flies and mice (28, 29). Changes in sirtuin
expression are associated with a variety of diseases and have
become relevant factors for metabolic regulation, including
metabolism, diabetes, cardiovascular disease, cancer and ageing
(30). In recent years, several studies have shown that seven sirtuin
family genes are involved in CRC development. In this review, we
focus on the biological functions of various sirtuin family genes and
their roles in CRC pathophysiology (Table 1, Figures 1-3).

2 SIRT1
2.1 SIRT1 in colorectal physiology

SIRT1 is an NAD"-dependent deacetylase protein that is mainly
monomeric, is composed of 747 amino acids, and is a member of
the histone deacetylase (HDAC) III family (31). It is involved
mainly in the deacetylation of histone lysines (31), which
consume NAD"-mediated H3 lysine 9 (H3K9) and indirectly
promote the production of trimethyl H3K9 (32). SIRT1 is located
mainly in the nucleus, and studies have shown that SIRT1 is
transferred from the cytoplasm to the nucleus (23). It is involved
in inflammation, apoptosis, cell metabolism, DNA repair and stress
resistance through interactions with histones H3 and H4, p53, NF-
kB, PPAR-y coactivator lo. (PGAL-1o) and FOXO family
transcription factors (33, 34). SIRT1 in the colorectal mucosa
plays an important role in physiological processes.

2.2 Behavioural changes in SIRT1 in CRC
and potential regulatory mechanisms

SIRT1, a protein whose expression is elevated in cancers such as

hepatocellular carcinoma (35), oral squamous cell carcinoma (36),
gastric cancer (37) and primary colon cancer (38), plays a
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TABLE 1 Basic characteristics of the sirtuin family genes and its role and molecular mechanism in CRC.

Sirtuins

Localization

Chromosomal /aa

Enzymatic

activity

Role and molecular mechanism
in CRC

Reference

Regulates proliferation, invasion and

39, 44
metastasis of CRC. ( )
SIRT1 Nucleus las 47 b ati Activates the role of SIRT1- miR-1185-1- @5)
ucleus, cytoplasm aa eacetylation CD24 axis in CRC.
Through NF-kB, P53 and Wnt/B-catenin (6, 53)
signaling induce CRC. ’
SIRT?2 regulates blood glucose levels through (66)
PKB/AKT signaling.
h 19, D lation, IRT2 is involved i liferation, migrati
SIRT2 Nucleus, cytoplasm C ror.rl(?some 9 eacet}.l ation, S ' is 1'nv0 ved in proliferation, migration (©9)
containing 18 exons Demyristoylase and invasion.
Through Wnt/B-catenin and RAS/RAF/MEK/ 74)
ERK signaling induce CRC.
Regulates proliferation, invasion, metastasis (83)
and apoptosis of CRC.
SIRT3 via AKT/PTEN, PINKI1/Parkin/LC3B
SIRT3 Mitochondria 257 aa Deacetylation axis, PPAR-0, PPAR-y and
PPAR-3 mediates metabolic reprogramming (88, 89)
regulating CRC. ’
SIRT3 is involved in CRC resistance. (93)
SIRT4 regulates glutamine metabolism (96, 100)
through mitochondrial metabolism. ’
CREB2 regulates SIRT4 transcription in a 6)
ADP-ribosyltransferase mTORCI1 dependent manner.
SIRT4 Mitochondria 418 aa Deacetvlati ’
eacetylation SIRT4 regulates e-cadherin expression and (101
inhibits glutamine metabolism.
SIRT4 inhibits CRC through the AKT/GSK- (102)
3B/CyclinD1 pathway.
SIRT5 inhibits tumor growth by blocking (116)
serine catabolism.
SIRT5isol Desuccinylation,
SIRT5 Mitochondria (310 aa), Demalonylation, SIRT5 plays a role in metabolic (115)
SIRT5is02 (299 aa) Deglutarylation reprogramming in CRC.
SIRTS5 interacts with LDHB to regulate CRC. (117)
SIRT6 interacts with FoxO3a to initiate
SIRT6 transcriptional expression, (131)
demonstrating the role of AKT/FoxO3a/
SIRT6 Nucleus Chromosome 19, encoded = Deacetylation, SIRT6 axis in promoting CRC.
by 8 and 7 exons. ADP-ribosyltransferase SIRT6 regulates PTEN/AKT, JAK2/STAT3
signaling pathway inhibits cell proliferation, (133, 137)
invasion and migration, and promotes ’
apoptosis.
SIRT7 promotes the migration, invasion and
. (142, 143)
metastasis of CRC.
SIRT7 Nucleus Chromosome 17q25.3 Deacetylation SIRT7 promotes cell proliferation and
metastasis through the MEK/ERK/MAPK, (142, 144)

SIRT7/PCAF/MDM?2 axis and EMT.

multifaceted role in CRC progression. It is implicated in CRC
proliferation, migration, invasion and distant metastasis and is
correlated with poor patient prognosis (39-44). Mechanistically,
SIRT1 drives CRC progression through interactions with miRNAs
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(e.g., miR-1185-1, miR-141, and miR-15b-5p) and immune evasion
pathways. For example, miR-34a deficiency in mice activates the
SIRT1/NF-xB/B7-H3/TNF-0. axis, facilitating cancer immune
evasion (42, 45, 46).
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FIGURE 1

Molecular mechanisms of SIRT1 and SIRT2 in CRC pathogenesis. (A) NCAPD2 inhibits SIRT1, promoting apoptosis and cell cycle arrest.
Downregulation of miR-34a upregulates SIRT1, which suppresses the NF-kB/B7-H3/TNF-a axis to facilitate immune evasion. The IncRNAs SNHG15
and SUNZ2 interact with SIRT1 to promote CRC proliferation, migration, and invasion while inhibiting apoptosis. (B) SIRT2 promotes angiogenesis and
glucose metabolism via STAT3 and AKT signalling. Downregulation of SIRT2 inhibits the NF-xB and MEK/ERK pathways, suppressing proliferation,
migration, and chemoresistance. Legend: Red upwards arrows: Target upregulation or activation; Red downwards arrows: Target downregulation or

inhibition; Black arrows: Promotion or activation; Red blunt ends: Inhibition.

SIRT1 interacts with SAD1/UNC84 domain protein-2 (SUN2),
activating the BDNF/TrkB pathway to increase MeCP2 acetylation,
which promotes BDNF promoter binding and colon cancer
metastasis (47). Additionally, SIRT1 contributes to the malignant
transformation of IBD to CRC via p62- or p65-mediated signalling
(48, 49). It also activates the Wnt/B-catenin pathway to accelerate
CRC progression (50, 51). However, the SIRT1 inhibitor MHY2251
induces CRC apoptosis through the JNK/p53 pathway (52).
NAMPT, which is overexpressed in CRC, modulates SIRT1/p53
signalling to induce GO/G1 cell cycle arrest, upregulates p21, and
downregulates cyclins (D1, El, and E2), highlighting a negative
regulatory interplay between SIRT1 and p53 (53-56). Metabolically,
SIRT1 suppresses glycolysis by relocating deacetylated [-catenin
from the nucleus to the cytoplasm while promoting fatty acid
oxidation (FAQO) (57). Vitamin D enhances SIRT1 activity via
K610 deacetylation in colon cancer cells (58). Furthermore,
NCAPD?2 inhibits autophagy via the Ca**/CAMKK/AMPK/
mTORC1 pathway and the PARP-1/SIRT1 axis, driving CRC
development (59). Immune regulation studies have revealed that
natural killer (NK) and Treg cells modulate SIRT1 expression to
mediate CRC immune evasion (34, 60). Overall, SIRT1 orchestrates
CRC proliferation, migration, invasion and metastasis through
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diverse molecular pathways, underscoring its potential as a
therapeutic target (Table 1; Figure 1A).

3 SIRT2
3.1 The physiological function of SIRT2

SIRT2 is a member of the sirtuin family of genes, located on
human chromosome 19, and contains 18 exons. SIRT2 is expressed
in 179 species and produces physiologically active transcripts 1 and
2 by different alternative splicing (61, 62). It is a class IIl HDAC that
is predominantly localized to the cytoplasm, and studies have
shown that SIRT2 plays important roles in tumour stem cells,
ageing, energy metabolism, gene transcription, avoidance of
immune destruction, regulation of the cell cycle and cell
differentiation (62, 63). SIRT2 is involved in the regulation of
intestinal cell proliferation and differentiation, lipid synthesis and
fatty acid oxidation and mainly regulates insulin through the PI3K/
protein kinase B (PKB/AKT) signalling pathway to maintain blood
glucose levels (64-66). SIRT2 plays important roles in multiple
life processes.
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FIGURE 2

The critical roles of SIRT3/4/5 in CRC metabolism, apoptosis, and therapeutic resistance highlight their potential as therapeutic targets. (A) SIRT3
reduces CRC cell proliferation and tumour growth by deacetylating SHMT2 at the K95 site. VB downregulates SIRT3, induces mitophagy, and
triggers apoptosis via the PINK1/Parkin/LC3B axis. SIRT3 regulates metabolic reprogramming via PPAR-o, PPAR-v, and PPAR-3. (B) mTORC1
regulates glutamine metabolism by inhibiting SIRT4 to control GDH activity. SIRT4-dependent glutaminase suppresses proliferation, migration, and
invasion through the AKT/GSK3B/CyclinD1 pathway. SIRT4 inhibition increases the sensitivity of CRC cells to the chemotherapeutic drug 5-FU by
arresting the cell cycle. (C) SIRTS5 directly interacts with GLUD1, leading to its deglutarylation and activation, thereby promoting proliferation. SIRT5
induces LDHB deacetylation at the K329 site, increasing LDHB enzyme activity to regulate autophagy, apoptosis, and proliferation in CRC cells. SIRT5
demalonylates and inactivates SDHA, causing the accumulation of the oncometabolite succinate. Succinate binds to and activates the reactive
oxygen species (ROS)-scavenging enzyme TrxR2, conferring resistance to chemotherapy. Legend: Red upwards arrows: Upregulation or activation
of the target. Red downwards arrows: Downregulation or inhibition of the target. Black arrows: Promotion or activation. Red blunt ends: Inhibition.
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FIGURE 3

SIRT6 and SIRT7 are involved in the molecular mechanisms of CRC occurrence and development. (A) AKT is inhibited, leading to FoxO3a
dephosphorylation and its binding to the SIRT6 promoter, contributing to drug resistance and survival. SIRT6 suppresses proliferation, migration, and
invasion via the JAK2/STAT3 and AKT/mTOR pathways while promoting apoptosis. The selective SIRT6 activator MDL-811 activates SIRT6-mediated
deacetylation of histone H3 (H3K9Ac, H3K18Ac, H3K56Ac) in vitro, targeting the downstream gene CYP24A1. SIRT6 induces GO/G1 phase arrest and
binds to the CDC25A promoter, reducing histone H3 lysine 9 acetylation to inhibit proliferation and clonogenicity. (B) SIRT7 promotes cell migration
and metastasis through the MEK/ERK/MAPK signalling pathway and EMT. GRIM-19 inhibits CRC cell proliferation and induces apoptosis in a p53-
dependent manner via the SIRT7/PCAF/MDM2 axis. Upon 5-FU treatment, TBP1 targets SIRT7 through a ubiquitin-independent and proteasome-
dependent pathway, leading to chemoresistance. Legend: Red upwards arrows: Upregulation or activation of the target. Red downwards arrows:
Downregulation or inhibition of the target. Black arrows: Promotion or activation. Red blunt ends: Inhibition.

shown that tumour angiogenesis is the key to tumour proliferation

3.2 SIRT2 regulates the biological

behaviour of CRC

SIRT2 regulates the tumour microenvironment and liver, gastric
and colon cancers (62). According to immunohistochemistry, the
expression of SIRT2 in CRC tissues is upregulated relative to that in
adjacent tissues, and SIRT2 is located mainly in the cytoplasm of
colon epithelial cells (67, 68). Moreover, increased expression of
SIRT2 is associated with the clinicopathological characteristics and
poor prognosis of patients with colon cancer (67, 69). Silencing SIRT2
inhibits cell proliferation and metastasis in vitro (67, 68). Studies have
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and metastasis (69). SIRT2 increases mammalian cell division cycle
42 (CDC42) acetylation, decreases K153 acetylation, and increases
the migration and invasion abilities of colon cancer cells (70).
Paradoxically, during CRC progression and liver metastasis, SIRT2
deacetylates IDH1 at lysine 224 (K224), significantly suppressing the
malignant behaviour of CRC cells both in vitro and in vivo (71, 72).
This highlights the dual functional role of SIRT2 in CRC
pathogenesis; while SIRT2 generally promotes CRC malignancy, it
can also inhibit malignant behaviours via nonhistone acetylation
modifications. SIRT?2 is upregulated in CRC and is associated with

frontiersin.org


https://doi.org/10.3389/fonc.2025.1570030
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Liu et al.

poor prognosis; however, the mechanism affecting CRC remains
unclear and needs further investigation.

3.3 The mechanism of SIRT2 in CRC

SIRT2 depends on the STAT3/VEGFA signalling pathway to
participate in blood vessel formation. In different CRC cell lines,
silencing SIRT2 downregulates STAT3 phosphorylation and inhibits
the secretion of VEGFA, weakening the interaction between JAK2
and STAT3 and thereby affecting the STAT3 signalling pathway. In
addition, in vitro angiogenesis experiments demonstrated that
VEGFA stimulation reverses the effect of SIRT2 knockout on CRC
angiogenesis (69). In HCT116 cells, the addition of the inhibitor AK-
1 downregulates SIRT2 activity and inhibits the NF-kB/CSN2
pathway, and the decreased snail levels lead to the upregulation of
p21 (a cyclin-dependent kinase inhibitor), which inhibits the cell G1
phase, inhibiting in proliferation and migration (73). Inhibition of the
Wnt/B-catenin signalling pathway increases SIRT2 promoter activity
and mRNA and protein expression, whereas activation of the Wnt/p-
catenin signalling pathway decreases SIRT2 promoter activity and
expression. B-catenin is recruited to the promoter of SIRT2 and
transcriptionally regulates SIRT2 expression. Inhibition of Wnt/B-
catenin increases mitochondrial oxidative phosphorylation
(OXPHOS) and CRC cell differentiation. In addition, inhibition of
OXPHOS attenuates Wnt/B-catenin-induced CRC cell
differentiation. Similarly, the inhibition or knockout of SIRT2
attenuates Wnt/B-catenin suppression-induced differentiation (68).
A study on drug resistance revealed that the absence of SIRT2
activates MEK and ERK to promote CRC cell proliferation, leading
to drug resistance via the tyrosine kinase receptor RAS/RAF/MEK/
ERK pathway, and impairs the response to the upstream inhibition of
EGFR or BRAF (74). Finally, SIRT2 upregulates the antitumour
activity of natural killer cells in mice with colorectal mesenteric
lymph node failure during immune regulation (75, 76). These
results demonstrate that SIRT2 is a novel target gene in colon
cancer that is associated with the regulation of multiple signalling
pathways, potentially offering new directions for targeted drug
therapy in CRC (Table 1, Figure 1B).

4 SIRT3

4.1 Tissue and subcellular distribution of
SIRT3

SIRT3 is an important mitochondrial protein deacetylase
responsible for the deacetylation of serine hydroxymethyl
transferase 2 (SHMT2). Containing a conserved enzyme core, two
domains responsible for mitochondrial localization at the N-
terminus of 25 amino acid residues, SIRT3 activates CREB to
stimulate peroxisome proliferator-activated receptor ¢ (PPARc)
coactivator-1o(PGC-10.) expression, and PGC-lo activates
oestrogen-associated receptor-o. (ERRa) to stimulate SIRT3
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expression at the mRNA and protein levels (77). SIRT3
expression levels are highest in the kidney, brain, heart, liver,
lung, ovary, spleen and thymus (78). In mouse studies, SIRT3 is
located in the mitochondria and consists of proteins of 257 amino
acids, which is consistent with the COOH-terminal portion of
human SIRT3 (residues 143-399) (79, 80). SIRT3 is located
mainly in the nucleus and migrates from the nucleus to the
mitochondria during cellular stress (81). SIRT3 plays an
important role in the metabolic process and inhibits proteins in
the anabolic process by deacetylating catabolism, increasing energy
storage and maintaining cell energy homeostasis (80). Defects in the
SIRT3 regulatory pathway lead to various metabolic disorders and
are expected to become new drug targets for the diagnosis and
treatment of diseases in the future.

4.2 Role of SIRT3 in CRC

SIRT3 is responsible for the deacetylation of SHMT2, which is
acetylated at K95 in CRC cells. SHMT2-K95-Ac destroys its
functional tetramer structure and inhibits its enzyme activity, and
SHMT2-K95-Ac reduces CRC cell proliferation and tumour growth
in vivo by reducing serine consumption and NADPH levels (82).
The SIRT3 expression level is significantly correlated with lymph
node metastasis and tumour stage, and high SIRT3 expression is
associated with poor prognosis in patients with colon cancer (83,
84). Moreover, biological behaviour experiments have shown that
downregulation of the SIRT3 gene inhibits the proliferation,
invasion and migration of colon cancer cells and increases cell
apoptosis (83, 85). Silencing SIRT3 led to mitochondrial
dysfunction and decreased cell viability (86). In addition, SIRT3-
mediated deacetylation at K352 reduces the activity of
mitochondrial malic enzyme 2 (ME2) and disrupts redox
homeostasis, and the ME2 K352R mutation suppresses tumour
growth (87). SIRT3 plays important roles in the proliferation,
invasion, migration and mucosal barrier of CRC.

4.3 SIRT3 regulates the molecular
mechanisms of CRC

In autophagy research, §-valerobetaine (§VB) promotes
mitochondrial dysfunction, induces mitochondrial autophagy, and
promotes death in SW480 and SW620 colon cancer cells.
Mitochondrial dysfunction induced by dVB is related to the
dysregulation of SIRT3. 8VB downregulates mitochondrial SIRT3
in a time-dependent manner, and autophagy induced by VB
triggers cell apoptosis mediated by the PINKI1/Parkin/LC3B axis
(88). SIRT3 mediates metabolic reprogramming by regulating
PPAR-0, PPAR-y and PPAR-3. A recent study revealed that
whey-induced growth inhibition and apoptosis were associated
with the downregulation of PPAR-o. and the positive regulation
of PPAR-y. SIRT3 silencing had the opposite effect on PPAR-y,
PPAR-o. and LDHA. These results indicate that SIRT3 directly/
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indirectly mediates the regulation of mitochondrial dysfunction and
metabolism (89). In recent years, SIRT3 has been shown to promote
CRC metastasis through JNK-mediated autophagy, and noncoding
RNAs have been shown to upregulate H3K27 in the ETS1 promoter
to induce SIRT3 expression (90, 91). However, there are few studies
on the molecular mechanism by which SIRT3 regulates the
occurrence and development of CRC, and further exploration
is needed.

4.4 SIRT3 is involved in CRC chemotherapy
resistance

Recently, a study on the involvement of SIRT3 in CRC cell
tolerance revealed that high SIRT3 protein levels were associated
with a significant reduction in cancer-specific survival with low
SIRT3 protein levels. SIRT3 knockdown increases mtROS levels and
cell sensitivity to anticancer drugs. The downregulation of SIRT3
decreases the expression and activity of SOD2, and the
downregulation of SOD2 also increases the sensitivity to
anticancer drugs (92). In addition, SIRT3 is recruited with PGC-
1o, under oxidative stress, and SIRT3 downregulation can reduce
PGC-lo expression and mitochondrial function. Inhibition of
PGC-lo can decrease mitochondrial activity and increase
apoptosis in cells treated with antitumour drugs (92). Silencing
SIRT3 in colon cancer cells increases ROS levels and ROS
production and reduces manganese superoxide dismutase
(MnSOD) protein levels and activity, the expression of
antioxidant enzyme-encoding genes is significantly reduced,
reducing the antioxidant capacity of cells, and oxaliplatin
combined with silencing SIRT3 increases ROS production and
cell apoptosis (84). Regarding the drug resistance mechanism,
MTHFD2 maintains the activity of the MTHFD2 enzyme and the
production of NADPH in tumour cells. Moreover, cisplatin inhibits
the expression of SIRT3 and upregulates the acetylation level of
MTHFD2. Therefore, cisplatin-induced acetylation of MTHFD2
leads to decreases in enzyme activity and NADPH and breaks redox
homeostasis in mitochondria (93). These findings indicate that
SIRT3 is involved in the progression of CRC through different
signalling pathways (Table 1, Figure 2A).

5 SIRT4
5.1 Structure and role of SIRT4

SIRT4, a member of the sirtuin family, is located in the
mitochondria (94). Mahlknecht et al. isolated and identified the
mouse SIRT4 genome sequence, which is encoded by six exons. The
1648 bp mouse Sirt4 transcript encodes a 418-amino-acid protein
with a predicted molecular weight of 47.3 kDa (95). SIRT4 lacks
nicotinamide adenine dinucleotide-dependent deacetylase activity
but has ADP-ribosyltransferase activity on histones (95). SIRT4
plays important roles in cell metabolism, nutrient metabolism, the
stress response and longevity (96, 97).
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5.2 Role of SIRT4 in CRC

In vivo and in vitro experiments revealed that the
overexpression of SIRT4 inhibits the proliferation, cell number
and tumour formation of CRC cells; reduces the metabolic
capacity of glutamine; and synergizes with glycolysis inhibitors to
induce cell death. SIRT4 also increases the sensitivity of CRC cells to
the chemotherapy drug 5-fluorouracil (5-FU) by inhibiting the cell
cycle (98, 99). Recent studies have shown that SIRT4 acts as a
tumour suppressor gene by regulating glutamine metabolism
through mitochondrial metabolism (96, 100).

5.3 SIRT4 reqgulates the molecular
mechanisms of CRC

In metabolic research, Csibi A et al. identified a new mTORC1
regulatory pathway that controls glutamine-dependent energy
generation, mTORCI1 regulates glutamine metabolism through
GDH and inhibits SIRT4 to control GDH activity, CREB2
regulates SIRT4 transcription in an mTORCI1-dependent manner
and regulates CREB2 stability (96). mTORCI activation promotes
the binding of CREB2 to BTrCP and regulates CREB2
ubiquitination, whereas SIRT4 inhibits cell proliferation and
tumour development (96). These studies revealed the important
effects of SIRT4 on glutamine mutation and tumour cell
metabolism, providing important clues for SIRT-mediated
metabolism. SIRT4 regulation of E-cadherin expression negatively
regulates CRC cell progression by inhibiting glutamine metabolism,
0-KG eliminates the SIRT4-induced expression of E-cadherin, and
SIRT4 inhibits EMT by inactivating GDH and reducing the
intracellular o-KG level. In addition, SIRT4 expression decreases
with increasing CRC invasion and metastasis. Like E-cadherin,
SIRT4 plays a role in the inhibition of the CRC malignant
phenotype, which may partly come from its regulation of E-
cadherin (101). Reduced SIRT4 expression is associated with a
malignant phenotype in vivo and in vitro, and SIRT4 inhibits the
activation of glutaminase, thereby initiating AKT activation. SIRT4-
dependent glutaminase inhibits proliferation, migration and
invasion through the AKT/GSK3B/CyclinD1 pathway (102).
Sodium butyrate inhibits the growth of CRC by inhibiting SIRT4/
HIF-1lo-mediated aerobic glycolysis (103). However, miR-15a-5p
enhances the malignant progression of CRC cells through the
STAT3/TWIST1 and PTEN/AKT signalling pathways by
targeting SIRT4 (104). In summary, we found that SIRT4 is
involved primarily in the metabolic pathways of CRC
(Table 1, Figure 2B).

6 SIRTS5
6.1 The function of SIRT5

SIRT5 is a member of the NAD*-dependent sirtuin family and
belongs to the class IIT sirtuin family. The human SIRT5 gene
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encodes two main subtypes, SIRT5 (isol) and SIRT5 (is02) (105),
which include posttranslational modifications of desuccinylation,
demalonylation and deglutarylation to regulate metabolic enzymes
and control the TCA cycle and glycolysis (106, 107); the urea cycle
(108); fatty acid oxidation (109, 110); and other metabolic pathways
(111, 112). SIRT5 is widely distributed in the brain, heart, liver,
kidney, muscle and testicles (113). Some studies have shown that
SIRTS5 expression is regulated by PGC-lo. and AMP-activated
protein kinase (AMPK) (114). Therefore, SIRT5 plays a role in
maintaining metabolism and cellular homeostasis by regulating
various metabolic activities.

6.2 SIRTS is involved in the development of
CRC

SIRTS5 expression is upregulated in colorectal tissues and is
related to tumour size, lymph node metastasis and tumour stage
(115). SIRTS5 expression is associated with poor prognosis and poor
overall survival in patients with CRC (115). Inactivation of SIRT5
leads to downregulation of the SHMT?2 enzyme, attenuates SHMT2
desuccinylation, reduces serine catabolism, and thereby suppresses
tumour growth (116). Mechanistically, SIRT5 plays a metabolic
reprogramming role in CRC. Direct interaction between SIRT5 and
glutamate dehydrogenase 1 (GLUD1) leads to deglutarylation and
functional activation of GLUDI. K545 in GLUDI is the main
glutarylation target of SIRT5, which is upregulated to activate
GLUDL1 in a glutarylation-dependent manner to promote
glutamine metabolism and is associated with CRC cell
proliferation, survival and xenograft tumour growth (115). SIRT5
interacts with LDHB and promotes LDHB deacetylation at the
K329 site, increasing LDHB enzyme activity and promoting
lysosomal acidification and autophagy, resulting in increased
autophagy and reduced apoptotic cell death. Therefore, SIRT5
interacts with LDHB to regulate the autophagy, apoptosis and
proliferation of CRC cells (117). In addition, SIRT5 protects CRC
from DNA damage and promotes the malignant progression of
CRC (118). SIRT5 interacts with citrate synthase (CS), succinylates
CS on the evolutionarily conserved residues K393 and K395, and
inhibits the proliferation and migration of colon cancer cells (119).
SIRT5 promotes the proliferation and metabolism of CRC cells via
glutamate metabolism (Table 1, Figure 2C).

In studies of chemotherapy resistance, SIRT5-positive wild-type
Kras CRC cells were resistant to both chemotherapeutic agents and
cetuximab. SIRT5 demalonylates and inactivates succinate
dehydrogenase complex subunit A (SDHA), leading to the
accumulation of the oncometabolite succinate. Succinate binds to
and activates the reactive oxygen species-scavenging enzyme
thioredoxin reductase 2 (TrxR2), thereby conferring resistance to
chemotherapy (120). Another study revealed that 5-FU significantly
downregulates the protein expression of SIRT5 and FOXO3a in a
p53-independent manner, providing a rationale for combination
therapy in CRC (121).
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7 SIRT6
7.1 The function of SIRT6

SIRT6 is a member of the evolutionarily conserved sirtuin
family of histone deacetylases with deacetylase and ADP-
ribosyltransferase activities. SIRT6 is located on human
chromosome 19 and has two isomers encoded by exons 8 and 7
(122, 123). It is expressed mainly in the brain, kidney and heart
(122, 124, 125). SIRT6 requires the cellular metabolite NAD" to be
involved in telomere stabilization (123), DNA repair and
transcriptional regulation and is associated with cell senescence,
as well as the transcriptional silencing of segmental telomere and
subtelomere regions (123, 126). Moreover, it plays important roles
in biological processes such as metabolism, ageing, DNA
stabilization and repair, proliferation and differentiation (127-131).

7.2 Role of SIRT6 in CRC

SIRT6 is expressed at low levels in colon cancer samples, which
is correlated with poor prognosis and reduced overall survival (131,
132). SIRT6 plays a dual role in CRC, and some studies have shown
that SIRT6 promotes CRC cell proliferation, suppresses apoptosis,
and enhances invasion (132, 133). FoxO3a is associated with SIRT6
promoter activity, mRNA levels and protein expression stimulated
by dephosphorylation, which blocks BKM120 (131). However,
other studies have reported reduced SIRT6 expression in CRC
stem cells (CSCs), where it inhibits the proliferation and colony
formation of colorectal CSCs and induces GO/G1 phase arrest.
SIRT6 binds to the cell division cycle 25A (CDC25A) promoter
and reduces the acetylation level of lysine 9 of histone H3.
Therefore, SIRT6 inhibits CRC stem cell proliferation by targeting
CDC25A (134). Therefore, SIRT6 plays either protumourigenic or
tumour-suppressive roles under different conditions. The selective
SIRT6 activator MDL-811 has been shown to activate SIRT6-
mediated deacetylation of histone H3 (H3K9Ac, H3K18Ac,
H3K56Ac) in vitro, with the identification of its downstream
target gene cytochrome P450 family 24 subfamily A member 1
(CYP24A1). The combined application of MDL-811 synergistically
enhances the anti-CRC effects of vitamin D3, as validated in both in
vitro and in vivo studies (135). SIRT6 inhibits the tumour killing
activity of NK cells in CRC mice, and downregulated SIRT6
strongly infiltrates NK cells to inhibit the progression of CRC in
mice (136). These results demonstrate that SIRT6 regulates stem
cell and tumour immunity in CRC.

7.3 SIRT6 participates in the regulation of
the CRC signalling pathway

The binding site on the SIRT6 promoter directly interacts with
activated FoxO3a, and AKT is inhibited. FoxO3a is
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dephosphorylated, which results in the translocation of FoxO3a
from the cytoplasm to the nucleus, where it binds to the SIRT6
promoter, resulting in the transcription of SIRT6 (131). Therefore,
SIRT6 is a new transcriptional target of FoxO3a, and the role of the
AKT/FoxO3a/SIRT6 axis in promoting apoptosis and colon cancer
treatment with BKM120 in vitro and in vivo has been demonstrated
(131). SIRT6 overexpression inhibits cell proliferation, invasion and
migration by regulating the PTEN/AKT signalling pathway and
promotes cell apoptosis (137). SIRT6 inhibits colon cancer cell
proliferation and induces apoptosis through the JAK2/STAT3
signalling pathway (133). In the study of resistance mechanisms,
cisplatin and BKM120 interact to simultaneously express SIRT6 in a
p53-dependent and p53-independent manner. Regorafenib induces
FoxO3a-dependent SIRT6 expression by inactivating ERK, and the
loss of SIRT6 leads to the development of resistance to BKM120 and
combination therapy in colon cancer (131). SIRT6 plays dual roles
in CRC progression by regulating signalling pathways
(Table 1, Figure 3A).

8 SIRT7
8.1 The function of SIRT7

SIRT7, a member of the sirtuin family of genes, is located
mainly in the nucleus on chromosome 17q25.3 and binds to
ribosomal RNA (rRNA) genes to participate in postmitotic rDNA
transcription and control rRNA expression (138-140). SIRT7
maintains the oncogenic transformation of human cancer cells by
deacetylating the lysine of histone H3 (141). The expression of
SIRT7 is upregulated in CRC tissues (142, 143), and in CRC tissues,
high expression of SIRT7 is correlated with tumour size; tumour,
lymph node, and metastatic stages; and distant metastasis (143).
According to functional experiments, SIRT7 promotes the
formation, migration, invasion and metastasis of CRC cell
colonies (142, 143).

8.2 Molecular mechanism of SIRT7 in CRC

Mechanistic research revealed that in CRC cells, SIRT7
overexpression increases MEK1/2 phosphorylation and RAF-1
levels, SIRT7 overexpression promotes liver and lung metastasis of
CRC cells, and the addition of the ERK inhibitor PD98059 inhibits
SIRT7-induced CRC cell migration. SIRT7 promotes cell proliferation
and metastasis through the MEK/ERK/MAPK signalling pathway and
EMT (142). GRIM-19 activates SIRT7, triggers PCAF-mediated
MDM2 ubiquitination, stabilizes the p53 protein, and enhances the
efficacy of oxaliplatin in CRC. Therefore, GRIM-19 inhibits CRC cell
proliferation and induces apoptosis in a p53-dependent manner
through the SIRT7/PCAF/MDM?2 axis (144). In studies on the
mechanism of drug resistance, SIRT7 downregulation is mediated
by the Tat-binding protein 1 (TBP1) proteasome-dependent pathway.
When 5-FU is added to a coculture of CRC cells, TBP1 is
dephosphorylated at tyrosine 381, enhancing its interaction with
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SIRT7. TBP1 targets SIRT7 through ubiquitin-independent and
proteasome-dependent pathways, resulting in radiosensitivity and
cell death (145). Therefore, SIRT7 is involved in the malignant
progression of CRC in multiple ways (Table 1, Figure 3B).

9 Development and application
prospects for sirtuin-targeting drugs

In recent years, the development of drugs targeting sirtuins has
become a research hotspot, with application prospects spanning
cancer therapy, metabolic diseases, neurodegenerative disorders,
and antiaging. The novel SIRT1 inhibitor MHY2251 induces
apoptosis in CRC cells via the JNK/p53 pathway (52). The sirtuin
inhibitor MHY2245 induces cell cycle arrest, triggers apoptosis
through caspase activation, causes DNA damage responses, and
exerts related anticancer effects (146). Evodiamine (EVO) inhibits
the migration and invasion of CRC cells by suppressing SIRT1-
mediated acetylation of NF-xB p65 (147). Aspirin exerts anticancer
effects by inducing senescence in human CRC cells through the
SIRT1-AMPK pathway (148). Novel lysine-based thioureas act as
SIRT2 inhibitors with anticancer activity in mouse models of CRC
(149). Glycyrrhizic acid exerts potent anticancer activity by inhibiting
SIRT3, reducing cell viability, colony formation, invasion, and
migration (150). Metformin increases ROS levels and SIRT3
activity to induce cell death and enhance cytotoxicity (151). The
combination of SIRTS5 inhibitors, chemotherapeutic agents and/or
cetuximab represents a critical therapeutic strategy for wild-type Kras
CRC (120). Oleanolic acid induces colon cancer cell death through
the p38/FOX03a/SIRT6 pathway (152). The SIRT7 inhibitor YZL-
5IN induces DNA damage repair in CRC cells and exhibits
synergistic anticancer effects when combined with etoposide (153).
These studies provide a theoretical foundation for targeting sirtuins in
drug development. Notably, sirtuins may play dual tumour-
suppressive or oncogenic roles depending on the tissue or disease
stage, necessitating the development of tissue-specific or
conditionally regulated drugs. The development of sirtuin-targeted
drugs has shifted from simple activation/inhibition to precise
regulation, integrating metabolic reprogramming, epigenetic
modifications, and immune microenvironment modulation,

highlighting their broad application potential.

10 Conclusions and future
perspectives

SIRT1 has dual effects, as it can promote and inhibit cancer. In
protumour mechanisms, SIRT1 is highly expressed in CRC and
promotes tumour proliferation, metastasis, and chemotherapy
resistance by activating the Wnt/B-catenin pathway, regulating
miRNAs (e.g., miR-34a deficiency facilitates immune evasion), and
suppressing p53 function. Regarding its antitumour potential, SIRT1
inhibits glycolysis via the deacetylation of B-catenin and suppresses
tumour metabolism through fatty acid oxidation (FAO). Vitamin D
enhances the antitumour effects of SIRT1 by activating its K610
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deacetylation. SIRT2 is typically upregulated in CRC tissues,
promoting angiogenesis via the STAT3/VEGFA pathway and
influencing differentiation through interactions with Wnt/B-catenin.
Paradoxically, SIRT2 suppresses CRC liver metastasis by deacetylating
IDH1. In chemoresistance, SIRT2 activates TrxR2 via SDHA
succinylation to scavenge ROS, leading to multidrug resistance.
SIRT3 promotes CRC proliferation by deacetylating SHMT2 to
regulate serine metabolism. Knockdown of SIRT3 increases
mitochondrial ROS and enhances sensitivity to oxaliplatin.
Additionally, SIRT3 modulates metabolic reprogramming via the
PPAR pathway, impacting the tumour microenvironment. SIRT5
activates glutamine metabolism by deglutarylating GLUDI, driving
CRC cell proliferation. It also enhances lysosomal acidification and
autophagy via LDHB deacetylation, inhibiting apoptosis. In wild-type
KRAS CRC, SIRT5 accumulates succinate to activate TrxR2,
conferring chemotherapy resistance. SIRT6 is generally
downregulated in CRC and is linked to poor prognosis but
suppresses cancer stem cell (CSC) proliferation. The selective
activator MDL-811 enhances vitamin D3’s anti-CRC effects by
deacetylating histone H3, with dual roles attributed to AKT/
FoxO3a/SIRT6 axis regulation. SIRT7 overexpression is correlated
with CRC metastasis, promoting EMT and liver/lung metastasis via
the MEK/ERK pathway. GRIM-19 stabilizes p53 through the SIRT7/
PCAF/MDM?2 axis, improving oxaliplatin efficacy.

Future research directions and therapeutic strategies will
involve the development of targeted therapies for sirtuins and
inhibitors/activators. Specific agents should be designed based on
the pro- or antitumour roles of sirtuins (e.g., SIRT5 inhibitors to
block glutamine dependency, and SIRT6 activators such as MDL-
811 enhance immunotherapy). Natural compounds such as
anthocyanins in berries inhibit CRC progression by activating
SIRT6, suggesting the use of polyphenols as adjuvant therapies.
Metabolic interventions and combination therapies can target
sirtuin-mediated metabolic reprogramming (e.g., glutamine or
pentose phosphate pathways). Inhibiting SIRT5 may disrupt
nucleotide synthesis and improve chemosensitivity. Immune
checkpoint inhibitors (e.g., PD-L1) combined with metabolic
modulators (e.g., sulphur amino acid restriction) can have
synergistic effects. Regarding epigenetic and microenvironment
regulation, the roles of sirtuins in tumour stem cells and immune
modulation via histone modifications should be further explored
(e.g., SIRT6 suppresses CSCs via CDC25A, and SIRT?2 regulates NK
cell activity). Sirtuin-gut microbiota interactions should be
investigated to develop microbiota-metabolism combination
therapies. Personalized treatments and biomarkers can also be
used to develop individualized strategies based on sirtuin
expression profiles (e.g., high SIRT3 predicts chemoresistance).
Dynamic monitoring techniques (e.g., metabolomics or imaging
markers) need to be established to track sirtuin activity.

Despite progress, key challenges remain: 1) Functional
Complexity: Defining the dual roles of some sirtuins (e.g., SIRT2)
across subcellular locations or tumour stages requires further
exploration of dynamic regulatory networks. 2) Drug delivery and
selectivity: The bioavailability of existing agents (e.g., resveratrol)
needs to be improved, and novel small molecules should be
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developed. 3) Clinical Translation: Advanced multicentre clinical
trials should be performed to validate the safety and efficacy of
combination therapies. With advancements in metabolomics and
single-cell sequencing, the multidimensional regulatory
mechanisms of sirtuins in CRC will be further elucidated, paving
the way for targeted therapies and precision medicine.
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