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Abstract
A previous study by our research group showed that sirtuin5 (SIRT5), a member of the class III NAD -
dependent deacetylase family, is highly expressed in colorectal cancer (CRC). The present study showed
that deletion of SIRT5 induced cell cycle arrest and apoptosis as a result of continuous and irreparable
DNA damage in CRC cells, a consequence of the impaired production of ribose-5-phosphate (R5P) which
is essential for nucleotide synthesis. Consistently, the cell cycle arrest and apoptosis induced by SIRT5
silencing could be reversed by supplementation with four nucleotides. Moreover, metabolic pro�ling
revealed that silencing of SIRT5 could inhibit the non-oxidative pentose phosphate pathway (PPP), which
produces R5P, required for base ribosylation. Notably, SIRT5 activates transketolase (TKT), the key
enzyme in the cellular non-oxidative PPP, by mediating its lysine demalonylation through the interaction
between SIRT5 and TKT. Furthermore, the results demonstrated that TKT is essential for the SIRT5-
induced malignant phenotypes of CRC, both in vivo and in vitro. These results therefore revealed that the
increased lysine malonylation levels of TKT caused by silencing SIRT5 suppresses non-oxidative pentose
phosphate metabolism, leading to a low-nucleotide pool. This in turn induces DNA damage in tumor cells
and inhibits proliferation, suggesting that SIRT5 may serve as a potential anticancer target.

Introduction
Colorectal cancer (CRC) is a serious health problem in developed countries, with the second highest
mortality rates worldwide1.Cancer cells exhibit several malignant features and metabolic reprogramming
is among the most important. During the development and progression of cancer, a series of metabolic
enzymes are regulated by numerous post-translational modi�cations (PTM), including methylation,
acetylation, succinylation, malonylation, glutarylation and glycosylation2,3. SIRT5 belongs to the family of
nicotinamide adenine dinucleotide (NAD+)-dependent class III histone deacetylase enzymes. It is located
in both the mitochondria and cytosol and regulates a variety of metabolic pathways4,5. Additionally,
SIRT5 was initially regarded as a deacetylase 6, although it was recently reported to have potent lysine
demalonylase4,7, desuccinylase8,9 and deglutarylase10,11 activity. Accumulating evidence also suggests
that these non-canonical PTMs are involved in the regulation of cancer metabolic adaptations.
Importantly, dysfunction of SIRT5 can cause a variety of diseases including cancer12. For example, a
previous study showed that demalonylation and inactivation of SDHA by SIRT5 lead to the accumulation
succinate, which activates thioredoxin reductase 2 (TrxR2) and confers resistance to chemotherapy13.
Moreover, SIRT5 was shown to protect glutaminase (GLS) from ubiquitin-mediated degradation in a
desuccinylation-dependent manner and leads to an increase in carbon and/or nitrogen, thus supporting
the development of breast tumors14. Given that SIRT5 promotes the survival and proliferation of cancer
cells in a context-speci�c manner14–16, its role in metabolic reprogramming and tumor needs to be
explored in detail.

Recent research demonstrated that an altered metabolism may affect genome stability by palying a role
in DNA damage 17. As it is known, integrity of the DNA structure is the basis for the viability of all living
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cells and organisms, given that it is the main carrier of genetic information. Existing literature suggests
that genomes may suffer from a variety of endogenous and exogenous DNA damaging factors, including
replication errors, harmful chemical substances and various forms of ionizing radiation18. In the absence
of prompt and correct DNA repair, cell senescence, cycle arrest and apoptosis may occur19. Tumor cells
can adapt to changes in their microenvironment through metabolic reprogramming to refuel the pool of
precursor molecules for lipid, nucleic acid and amino-acid synthesis20.Among these, the pentose
phosphate pathway (PPP) is an important source of R5P and nicotinamide adenine dinucleotide
phosphate (NADPH) in the rapidly proliferating tumor cells. And R5P and NADPH are important
precursors and hydrogen donors for DNA and RNA biosynthesis, respectively21. Furthermore, the PPP is
composed of two branches, namely: an oxidation process, which can generate R5P, NADPH and CO2 from
glucose-6-phosphate and a non-oxidative process, which mainly converts the intermediate products of
glycolysis, such as fructose-6-phosphate (F6P) and glyceraldehyde-3-phosphate (G3P), to R5P. Although
R5P can be generated from the oxidative phase, more than 80% of R5P required for nucleotide synthesis
in tumor cells is provided by the non-oxidative PPP22. To date, the transcriptional regulation of PPP
mainly focuses on oncogenic mutations or alterations, such as the RAS, mTOR and NRF223–25. However,
the role of PTMs of the key enzymes in the non-oxidative PPP is limited. A previous study by our research
group showed that SIRT5 was overexpressed in colorectal carcinoma tissues. Additionally, knockdown of
SIRT5 in CRC cells could cause cell cycle arrest and apoptosis by regulating glutaminolysis as a result of
suppressing GLUD1 activity in a glutarylation-dependent manner26. Nonetheless, little is currently known
about the other mechanisms of action of SIRT5 at the cellular level.

In the present study, silencing SIRT5 was shown to induce DNA damage and activated the DNA damage
response system in human CRC cells. In addition, knockdown of SIRT5 reduced the production of R5P by
inhibiting the activity of the TKT enzyme through the non-oxidative PPP. Supplementation with four
nucleotides could inhibit DNA damage. This therefore reversed the cell cycle arrest and apoptosis as well
as inhibition of colony formation induced by silencing SIRT5. Mechanistically, the study demonstrated
that SIRT5 enhances the activity of TKT by reducing its malonylation levels. This novel mechanism
therefore provides new insights for the treatment of CRC.

Results
Silencing SIRT5 induced DNA damage in human CRC cells. A previous study by our research group
showed that silencing SIRT5 induced cell cycle arrest and apoptosis in CRC cells26. In addition, stress-
induced DNA damage was shown to cause cell cycle arrest and apoptosis27. Therefore, the present study
examined whether silencing SIRT5 could induce DNA damage. The results revealed that γH2AX(Ser139),
a marker of DNA damage, was up-regulated in the HCT116 and LoVo cells after treatment with two short
interfering RNAs (siRNAs) targeting SIRT5, for 24, 36, 48 and 72h (Fig. 1a). Exposure of both cells lines to
50 µm of etoposide for 24 h was used as a positive control. Moreover, there was an increase in the γH2AX
(Ser139) nuclear foci in both cell lines following de�ciency of SIRT5 (Fig. 1b, c).The alkaline comet assay
was then used to directly observe the effect of silencing SIRT5 on DNA damage. Consistently, there was a
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signi�cant increase in the tail moments after SIRT5 siRNAs transfection for 48h (Fig. 1d, e). Furthermore,
eukaryotic cells usually activate ATM-Chk2 and/or ATR-Chk1 in response to stress-induced DNA damage,
to arrest the cell cycle and initiate DNA repair28. Herein, there was an increase in the expression of p-ATM,
p-ATR, p-CHK1 and p-CHK2 in the SIRT5 siRNA-treated HCT116 and LoVo cells, indicating that the DNA
damage response (DDR) was simultaneously activated (Fig. 1f). In general, these results clearly showed
that silencing SIRT5 could induce DNA damage and activate the DDR in human CRC cells. 

SIRT5 sustained the nucleotide pool by enhancing the synthesis of R5P to maintain DNA stability. A
decrease in the pool of nucleotides can lead to stalling in the replication fork of cancer cells and induce
double-strand breaks29. In addition, it was previously reported that cancer cells utilized the
reprogramming of PPP to replenish the pool of ribose-5-phosphate, which is the precursor for the
biosynthesis of all types of nucleotides21. In order to examine whether SIRT5 had an effect on the
reprogramming of metabolism in CRC, the study re-analyzed the previous GC-MS data of HCT116 cells
treated with SIRT5 siRNA30. The metabolite set enrichment analysis showed that silencing SIRT5 caused
signi�cant changes in the PPP (Supplementary Fig. 1a), with a marked decrease in the levels of R5P and
Ru5P (Fig. 2a and Supplementary Fig. 1b). Moreover, the downregulation of SIRT5 led to a decrease in the
levels of purine nucleotides such as inosine monophosphate (IMP), adenosine monophosphate (AMP)
and guanosine monophosphate (GMP). However, there was a negligible change in the levels of adenine
and guanine, the basic components of purine nucleotides (Supplementary Fig. 1b), suggesting that the
de�ciency of purine nucleotides was mainly caused by the decrease in R5P. The results also revealed a
decrease in the levels of pyrimidine nucleotides including uridine monophosphate (UMP) and cytidine
monophosphate (CMP), in SIRT5-de�cient HCT116 cells (Supplementary Fig. 1b). Interestingly, there was
a 2-fold increase in the levels of carbamyl-aspartic acid (Supplementary Fig. 1b), indicating that the
conversion of carbamyl aspartic acid to uridine monophosphate was blocked due to the de�ciency of
R5P. This in turn led to abnormalities in UMP and CMP synthesis in cells where SIRT5 was silenced.
Furthermore, targeted metabolomic analysis for nucleotides con�rmed that the nucleotide pool decreased
when SIRT5 was downregulated (Fig. 2b). These results therefore suggested that inhibition of SIRT5
suppressed the PPP, thus impairing the production of R5P, needed for nucleotide synthesis.

Cancer cells lack enough nucleotides to maintain normal DNA replication and this leads to DNA damage.
However, exogenous supplementation with nucleotides was shown to reduce DNA damage31.
Conequently, the present study examined the effect of exogenous-nucleotide supplementation on DNA
damage in the SIRT5 siRNA transfected CRC cells. As expected, exogenous supplementation with four
nucleotides (A, U, C, G) reversed the DNA damage induced by the depletion of SIRT5, in a dose-dependent
manner (Fig. 2c). Similarly, the supplementation of exogenous nucleotides led to a decrease in the
number of γH2AX nuclear foci in both the HCT116 and LoVo cells where SIRT5 was knocked down
(Fig. 2d, e). In addition, oxidative stress was reported to be one of the most common endogenous sources
of DNA damage. Although the results showed that SIRT5 de�ciency was accompanied by increased
levels of reactive oxygen species (ROS), there was no change in the levels of 8-hydroxy-20-
deoxyguanosine which is a marker of DNA oxidative damage (Supplementary Fig. 2). The results



Page 6/31

therefore suggested that insu�cient nucleotide synthesis rather than ROS, was the main cause of DNA
damage induced by silencing SIRT5.

Additionally, cancer cells require an expansion of the nucleotide pool during the progression of the S-
phase. The results showed that inhibition of SIRT5 expression reduced the levels of R5P which
contributes to nucleotide metabolism and supplies precursors for DNA and RNA biosynthesis. We
therefore speculated that suppression of SIRT5 might have a signi�cant impact on DNA synthesis in
tumor cells. Consequently, the 5-ethynyl-20-deoxyuridine (EdU) assay was performed on CRC cells after
silencing SIRT5 to test this hypothesis. The �ndings showed that actively dividing CRC cells in the control
group displayed bright and robust EdU �uorescence although depletion of SIRT5 led to a signi�cant
dimming of the EdU signal (Fig. 2f, g), suggesting the presence of impaired DNA synthesis following
SIRT5 knockdown. Similar to immuno�uorescence, �ow cytometry analysis showed that silencing SIRT5
decreased the mean �uorescence intensity of the EdU+ population (Fig. 2h, i). Moreover, the inhibition of
DNA synthesis induced by SIRT5 knockdown was partially reversed by exogenously supplied nucleotides
(Supplementary Fig. 1c).

Generally, these results indicated that the DNA damage and reduced DNA synthesis induced by
suppression of SIRT5 in CRC cells was at least partially due to a low nucleotide pool.

Knockdown of SIRT5 induced cell cycle arrest and apoptosis in CRC cells by reducing the nucleotide pool.
The study then examined whether the nucleotide pool might in�uence cell growth in human CRC cells. As
a result, transfection of two short interfering RNAs in both cell lines signi�cantly enhanced the proportion
of cells in the G2/M and S phase as well as the level of apoptotic cells. However, supplementation with
four exogenous nucleotides decreased the cell cycle arrest (Fig. 3a, b) and apoptosis (Fig. 3c, d) induced
by DNA damage. Consistently, western blot analysis revealed that the expression of cyclin D1 and cyclin
D3, two G1 phase regulators, was downregulated while the levels of cyclin E1 and cyclin A2 were
upregulated in the HCT116 and LoVo cells transfected with SIRT5 siRNA. However, these effects were
reversed after adding four nucleotides (Fig. 3e). In addition, the effects of suppressing SIRT5 and
supplementing with four nucleotides, on apoptosis, were evidenced by the western blot analysis (Fig. 3e).
Following this, the study performed soft agar colony formation assays and found that supplementation
with four exogenous nucleotides signi�cantly promoted anchorage-independent growth of HCT116 and
LoVo cells (Fig. 3f, g). In general, these results suggested that the DNA damage induced by silencing
SIRT5, might have resulted from an insu�cient pool of nucleotides required to support the extensive
proliferation of cancer cells.

SIRT5 promoted PPP by activating TKT in a deacylation-dependent manner. Glycolytic intermediates
metabolize to R5P through the PPP, subsequently supporting base ribosylation and maintaining the
nucleotide pool, which are required for DNA replication and cell growth. Given that PPP follows two
metabolic pathways for the production of R5P, the study further used [1,2-13C2]-glucose as the tracer for
isotopologue spectral analysis (ISA), to monitor which pathway mainly produced R5P in LoVo cells after
SIRT5 knockdown. Figure 4a shows that R5P (M + 1) was produced by oxidative decarboxylation through
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the oxidative PPP while R5P (M + 2) was generated through the non-oxidative route. In addition, there
were increased levels of the R5P [M + 1] isotopologue derived from [1,2-13C2]-glucose and a signi�cant
reduction in �ow through the non-oxidative PPP occurred in the cells where SIRT5 was depleted (Fig. 4b,
c). These results therefore suggested that [1,2-13C2]-glucose was predominantly metabolized to R5P [M + 
1] through the oxidative arm of the PPP due to blockage of the non-oxidative arm after SIRT5 knockdown.

Ribose-5-phosphate isomerase (RPI), ribulose-5-phosphate epimerase (RPE), transketolase (TKT) and
transaldolase (TALDO) are four critical enzymes that regulate the production of R5P through the non-
oxidative PPP (Fig. 4d). Therefore, in order to further explore the mechanism through which SIRT5 drives
the non-oxidized PPP to produce R5P, the study explored these enzymes involved in non-oxidative PPP
metabolism. Intriguingly, the western blot analysis revealed no signi�cant changes in the protein levels of
RPI, RPE, TKT and TALDO (Fig. 4e). Notably, SIRT5 was reported to be the post-translational modi�cation
enzyme that regulates the activities of metabolizing enzymes12. Therefore, the study speculated that
SRIT5 might affect the activity of these enzymes then regulate metabolism in the non-oxidative PPP. To
test this hypothesis, the localization of SIRT5 and the four enzyme was �rst studied using
immuno�uorescence. The results showed a strong co-localization between SIRT5 and TKT (Fig. 4f, g) but
not with RPI, RPE and TALDO (Supplementary Fig. 3). Thereafter, the activity of TKT was assessed and
the �ndings showed that knockdown of SIRT5 in HCT116 and LoVo cells resulted to marked inhibition of
TKT activity, by 30% and 50%, respectively (Fig. 4h, i). Following this, the study constructed a control
vector, an SIRT5 wild type (SIRT5 WT) and the H158Y mutant plasmid (SIRT5H158Y, a deacetylase
inactive mutant without the lysine deacylation activity) and reintroduced the plasmids into the CRC cells.
The results revealed a signi�cant increased in TKT activity in cell lines overexpressing WT SIRT5
although there was no signi�cant change in cells overexpressing the mutant and control plasmid vectors
(Fig. 4j). These further con�rmed that SIRT5 could activate TKT and this effect depended on its
deacylation activity.

Thereafter the study used targeted metabolomics to assess the dNTP levels in the stable cell lines
expressing the control vector, SIRT5 WT and the H158Y mutant plasmid. This was done to ascertain
whether SIRT5 had an effect on the nucleotide pool owing to its catalytic activity. The results showed that
the cells overexpressing SIRT5 WT had signi�cantly increased dNTP levels (Fig. 4l), compared to the
vector and SIRT5 H158Y transfected cells. Next, the different plasmid transfected cells were treated with
a vehicle and 1µM Camptothecin (CPT), a DNA-damaging agent, for 2 h, respectively. They were then
refreshed with a drug-free medium and incubated for an additional 6 h. As expected, there was a
signi�cant decrease in the levels of γH2AX in the SIRT5 WT cells, 6 h after the withdrawal of CPT.
However, there was no signi�cant change in the cells expressing the catalytic mutant of SIRT5 and the
control vector (Fig. 4m). These results therefore suggested that ectopic expression of SIRT5 was
favorable for the repair of double-strand breaks by regulating the dNTP pool in CRC cells, in a
deacylation-dependent manner.
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TKT played a role in the occurrence of an insu�cient nucleotide pool and DNA damage induced by SIRT5
knockdown in CRC Cells. TKT, as a key enzyme in the non-oxidative PPP, provides more R5P to facilitate
tumor proliferation and metastasis. Herein, the study tested whether TKT contributed to the production of
precursors for nucleotide biosynthesis, mediated by SIRT5. The results showed that knockdown of TKT
reversed the SIRT5-induced increase in the levels of dNTPs and NTPs in both HCT116 (Fig. 5a). Given
that SIRT5 could regulate the activity of TKT and that inhibition of TKT activity reduced the production of
dNTPs, the study further explored whether TKT played a role in the effect of SIRT5 on DNA synthesis.
Consequently, ectopically expressed wild-type TKT and vector controls were transfected into the HCT116
and LoVo cells, followed by SIRT5 knockdown. The EdU assay showed that the decrease in DNA
synthesis caused by SIRT5 knockdown was partially reversed by the overexpression of TKT (Fig. 5b, c).
Moreover, the SIRT5-dependent inhibition of DNA damage induced by CPT was reversed following
treatment with TKT siRNA (Fig. 5d). Similar results were observed in the cells treated with OT, which is an
inhibitor of TKT activity (Fig. 5e). Furthermore, �ow cytometry was conducted to determine whether TKT
was required for the pro-proliferative effect of SIRT5. The �ndings showed that ectopic expression of TKT
reversed the effects caused by the suppression of SIRT5 (Fig. 5f-i). In addition, the western blot analysis
validated that the upregulation of apoptosis indicators, including cleaved caspase 3, cleaved caspase 8,
cleaved caspase 9, cleaved PARP and the marker of DNA damage, γH2AX, after SIRT5 knockdown, was
reversed following the ectopic expression of TKT (Fig. 5j). Therefore, these results suggested that SIRT5
knockdown resulted to an insu�cient dNTP pool by regulating the activity of TKT then induced DNA
damage, leading to inhibition of the proliferation of CRC cells.

SIRT5 activated TKT by mediating its demalonylation.

Given that a strong co-localization between SIRT5 and TKT was observed in the HCT116 and LoVo cells
(Fig. 4f, g), the study explored whether the deacetylation activity of SIRT5 had an impact on their
localization. As in Fig. 6a, b, the endogenously expressed TKT and FLAG-SIRT5 showed extensive co-
localization and this localization was independent of the catalytic activity of SIRT5 because the SIRT5
mutant did not show impaired binding with TKT. The interaction between SIRT5 and TKT was further
detected using the co-immunoprecipitation assay (Fig. 6c, d).
Since SIRT5 activated TKT dependent on its deacylation activity, it was hypothesized that the direct
interaction between TKT and SIRT5 was favorable for the induction of the lysine deacylation of TKT. In a
recent proteomic study4, mouse TKT was detectably demalonylated by SIRT5 at 6 lysine residues.
Therefore, the study �rst assessed the lysine malonylation levels of TKT upon SIRT5 treatment. The
results revealed a signi�cant decrease in the lysine malonylation levels of TKT in cells overexpressing the
WT SIRT5 but not in CRC cells expressing the domain-negative (Fig. 6e). On the contrary, there was an
increase in the malonylation levels of TKT in SIRT5-silenced HCT116 and LoVo cells (Fig. 6f). These
�ndings therefore indicated that SIRT5 could affect the lysine malonylation levels of TKT. However, it was
not clear whether TKT malonylation affected its enzyme activity. Since acyl-CoA could serve as the donor
molecule for the lysine acylation modi�cation10, immunoprecipitated Hemagglutinin (HA)-tagged TKT
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was incubated with malonyl-CoA. The results revealed a signi�cant decrease in TKT activity, suggesting
an inhibition of enzyme activity resulting from the malonylation of TKT (Fig. 6g-h).

Among the 6 malonylated sites on TKT, the malonylation level of lysine 281 was shown to change
markedly in the absence of SIRT54.Lysine 281 is conserved in TKT orthologs from humans to Gallus
gallus, indicating that this residue may be critical to some evolutionarily conserved function of TKT
(Fig. 6i). As previously noted32, malonylation shifts a lysine’s charge by changing the positive charge of
its ε-amino group to a negatively charged carboxylic acid. Therefore, in order to test whether modi�cation
of lysine 281 was su�cient to affect the enzymatic activity TKT, the study generated three mutated
plasmids, substituting lysine (K) 281, K282, K283 with arginine (R) 281, R282, R283, respectively, where
the latter retained a positive charge. Then HCT116 cells ectopically expressing wild-type TKT, the K281R,
K282R, and K283R mutants, were treated with SIRT5 siRNAs. The malonylation level of TKT was then
analyzed through western blotting. The �ndings showed that the K281R mutation resulted to a signi�cant
reduction in malonylation as shown in Fig. 6j. Moreover, suppression of SIRT5 increased the malonylation
levels of wild-type TKT as well as the K282R and K283R mutants but not those of the K281R mutant,
suggesting that TKT was malonylated in an SIRT5-lysine281-dependent manner (Fig. 6j). Consistently,
the K281R TKT mutant did not respond to the SIRT5-mediated regulation of enzyme activity (Fig. 6k),
indicating that lysine 281 in TKT is a major malonylation site of SIRT5. In general, these results
suggested that ectopic expression of SIRT5 reduced the malonylation of TKT, subsequently leading to its
activation.

The impact of TKT on SIRT5 mediated tumorigenesis in vivo

In order to ascertain the oncogenic role of TKT in SIRT5-mediated tumorigenesis in vivo, the study
established a xenograft tumor model in nude mice with HCT116 cells, under different experimental
conditions. The results showed that silencing SIRT5 resulted to a signi�cant in decrease tumor volume
and weight although these changes were blocked in cells stably expressing TKT in vivo (Fig. 7a-d).
Expectedly, knockdown of SIRT5 dramatically increased the levels of γ-H2AX in xenograft tumors hence
con�rming the effect of SIRT5 on DNA damage. Nonetheless, this effect was reversed following the
overexpression of TKT in the xenograft tumor tissues (Fig. 7E). Furthermore, the TUNEL assay revealed
that there was an increase in tumor cell apoptosis following the knockdown of SIRT5 and overexpression
of TKT was able to reverse this effect (Fig. 7f). Additionally, targeted metabolomic analysis of tumor
lysates revealed that silencing SIRT5 resulted in a signi�cant downregulation of Ru5P, R5P, dAMP and
dUMP although overexpression of TKT reversed these changes (Fig. 7g). However, the amount of dNTPs
was undectable since the intensity of the signal was not strong enough. Therefore, these results strongly
supported the hypothesis that SIRT5 played an important role in CRC tumorigenesis by demalonylating
and activating TKT, thus generating a su�cient nucleotide pool, required to support the proliferation of
CRC cells.

Correlation between SIRT5 expression and γ-H2A.X expression in human CRC tissues
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In order to further address the signi�cance of DNA damage in SIRT5-mediated tumorigenesis at the
clinical level, the study tested the correlation between the SIRT5 and γ-H2AX expression levels in 60
human CRC specimens. Immunohistochemistry of SIRT5 and γ-H2A.X revealed that high-expression of
SIRT5 was signi�cantly associated with low levels of γ-H2AX (p < 0.001) as shown in Fig. 7h. The results
therefore demonstrated that the expression levels of SIRT5 were negatively correlated with the levels of γ-
H2AX (Fig. 7i).

Discussion
Previous studies showed that SIRT5 was overexpressed in various types of cancer including CRC26,
hepatocellular carcinoma33 as well as ovarian cancer16 and was involved in the regulation of tumor cell
survival and proliferation. The present study highlighted that silencing SIRT5 increased the lysine
malonylation levels of TKT and this suppressed non-oxidative pentose phosphate metabolism, leading to
insu�cient supply of R5P for nucleotide synthesis. This in turn contributed to DNA damage in tumor cells
and inhibited their growth (Fig. 8).

According to recent research, sirtuins including SIRT134,35, SIRT236, SIRT337, SIRT438, SIRT639,40 and
SIRT741,42 maintain genomic integrity by directly deacetylating components of the DNA repair machinery
or indirectly decreasing the production of ROS through metabolic reprogramming. However, the role of
SIRT5 in regulating DNA damage remains largely unclear. Nonetheless, the present study provided
evidence that knockdown of SIRT5 can cause DNA damage in CRC cells, tumor tissues from xenograft
mouse models and human CRC specimens. It is widely known that DDR is a complex and orderly
mechanism in cells that occurs in response to DNA damage43. Although the DDR systems including the
ATM-CHK2 and ATR-CHK1 pathways were activated following the depletion of SIRT5, DNA damage
persisted over time, indicating that harmful factors were still present.

Compelling evidence suggests that nucleotide de�ciency can cause DNA damage due to stalling of the
replication fork and production of mismatched DNA31,44. Given that SIRT5 regulates multiple cellular
processes through metabolic reprogramming, the study speculated that SIRT5 might affect DNA damage
by regulating the supply of nucleotides. The results showed that knockdown of SIRT5 could reduce the
levels of R5P and the nucleotide pool in CRC cells. However, the DNA damage induced by silencing SIRT5
could be reversed by supplementation with four exogenous nucleotides (A, U, C, G). It was previously
reported that unrepaired DNA damage induces cell apoptosis through the caspase-dependent apoptosis
pathway45. In this study, the �ndings revealed that supplementation with exogenous nucleotides could
inhibit the caspase activation induced by silencing SIRT5. Moreover, an abnormal pool of dNTP was
shown to halt DNA replication during the S-phase46. Similarly, the present study revealed that addition of
four nucleotides could reverse the cell cycle arrest induced by shortage of dNTPs, corroborating with
previous studies which showed that the levels of dNTPs regulated the cell cycle by activating the DNA
checkpoint47,48. Therefore, this study demonstrated that the role of SIRT5 in DNA damage, which was
mainly exerted by maintaining the intracellular dNTP pool, �nally affected the cell cycle and apoptosis.
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In order to meet the high demand for nucleotides in tumor cells, the PPP becomes abnormally active,
resulting to high levels of R5P49. A previous study revealed that approximately 80% of the R5P required
for nucleotide synthesis is provided by the non-oxidative PPP in cancer cells22, while normal cells
generate R5P through the oxidative PPP. The �ndings from this study similarly revealed that silencing
SIRT5 speci�cally inhibited the non-oxidative PPP, which is a metabolic characteristic of tumor cells,
suggesting that it might be a potential therapeutic target. Moreover, TKT is the key enzyme in the non-
oxidative PPP and controls the conversions between glycolysis and PPP. In rapidly proliferating tumor
cells, TKT can covert the intermediate metabolites of glycolysis, including F6P and G3P, into R5P, for
nucleotide synthesis. Furthermore, the expression of TKT can be increased at the transcriptional level to
activate the non-oxidative PPP25. It is likely that this is not the only mechanism upregulating or activating
TKT. Herein, the results showed that the activity of TKT was regulated by SIRT5 with post-translational
modi�cation. The results also showed that TKT was crucial for the SIRT5-mediated process of
carcinogenesis, both in vivo and in vitro. In addition, it was reported that TKT was able to counteract
oxidative stress by supplementing NADPH and this was bene�cial to cancer growth50. This may partly
explain why silencing SIRT5 increased the levels of ROS in CRC cells.

Moreover, reversible malonylation of lysines is involved in numerous metabolic processes, including
glycolysis, gluconeogenesis, the urea cycle and fatty acid β-oxidation4. However, it is still unclear how
lysine demalonylation affects PPP. The results obtained in this study revealed an interaction between
SIRT5 and TKT, leading to the demalonylation of K281, subsequently activating TKT in CRC. A previous
study also showed that TKT phosphorylation affects its enzyme activity in human cervical cancer cells
51. However, malonylation is likely to have a more profound effect on protein structure and function
compared to other modi�cations due to its negatively charged nature and the large size of
modi�cation4,52. Collectively, these �ndings provide more insights on the role of malonylation in the
regulation of PPP which is critical for cellular DNA integrity and survival. Nonetheless, further studies are
needed to elucidate the speci�c mechanisms.

In conclusion, the present study showed that SIRT5 regulates non-oxidative PPP by activating TKT in a
demalonylation-dependent manner, thereby increasing the generation of R5P required for nucleotide
synthesis. This in turn affects DNA damage and cell proliferation in CRC. Additionally, this study provides
a better understanding of the close interaction between SIRT5, cell metabolism and DNA damage. More
importantly, the results identify SIRT5 as a potential target for CRC treatment.

Methods
Cell culture. The human CRC cell lines HCT116 and LoVo were obtained from the ATCC (the American
Type Culture Collection, Manassas, VA, USA) and maintained at 37°C in a humidi�ed incubator containing
5% CO2, in McCoy’s 5A (Gibco BRL, Grand Island, NY, USA) supplemented with 10% Fetal Bovine Serum
(FBS; Gibco BRL) and a Penicillin-Streptomycin Solution. The cell lines were free of Mycoplasma. The
following chemicals were also added into the culture media used in this study: Campathecin(catalog
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#CSN16581) and the TKT inhibitor, Oxythiamine (catalog #136-16-3) were purchased from CSNpharm
(Chicago, USA) while Adenosine (catalog # 58-61-7); Guanosine (catalog #118-00-3); Cytidine (catalog
#65-46-3) and Uridine (catalog #58-96-8) were bought from Sangon Biotech (Shanghai, China).

SiRNA transfection. The siRNAs speci�cally targeting SIRT5 has been described previously. The SIRT5
siRNAs comprised of the following sequences: siRNA-1, 5′- GCUGGAGGUUAUUGGAGAATT − 3′, siRNA-2,
5′- GUGGCUGAGAAUUACAAGATT − 3′. In addition, the siRNA speci�cally targeting TKT was purchased
from GenePharma (Shanghai, China). The TKT siRNA included: 1) 5′- CCAGCCAACAGCCAUCAUUTT − 3′,
2) 5′- CCGGCAAAUACUUCGACAATT − 3′.

These siRNAs were transfected into subcon�uent cells using the Dharma FECT 1 transfection reagent
(Dharmacon, Lafayette, CO, USA) according to the manufacturer’s instructions.
Each transfection was conducted in six-well plates where 30% con�uent CRC cells were transfected with
1µg of small interfering RNA (siRNA) and 5µL of Dharma FECT 1 in 100 µL of the Opti-MEM medium
(Invitrogen). The negative control was a nonspeci�c siRNA (NC-siRNA).

Western blotting. Cells or tissues were collected and lysed using the Radioimmunoprecipitation Assay
(RIPA) lysis buffer supplemented with a protease inhibitor cocktail (Kangcheng, Shanghai, China).
Proteins were then separated through SDS-polyacrylamide Gel Electrophoresis (SDS-PAGE) before being
immunoblotted. The following primary antibodies were used: anti-SIRT5 (catalog #HPA022002, 1:2000,
Sigma-Aldrich), anti-γ-H2A.X (catalog #9718, 1:1000), anti-p-ATM (catalog #5883, 1:1000), anti-p-ATR
(catalog #2853, 1:1000), anti-p-CHK1 (catalog #2348, 1:1000), anti-p-CHK2 (catalog #2197, 1:1000), anti-
cleaved caspase 3 (catalog #9664, 1:1000), anti-cleaved caspase 8 (catalog #9496, 1:1000), anti-cleaved
caspase 9 (catalog #7237, 1:1000), anti-cleaved PARP (catalog #5625, 1:1000), anti-cyclin D1 (catalog
#2978, 1:1000), anti-cyclin D3 (catalog #2936, 1:1000), anti-cyclin A2 (catalog #4656, 1:1000), anti-cyclin
E1 (catalog #20808, 1:1000) and anti-α-tublin (catalog #2148, 1:2000) were purchased from Cell
Signaling Technology (Danvers, MA, USA); anti-ATM (catalog #70103, 1:1000), anti-ATR (catalog #70109,
1:1000), anti-TKT (catalog #101477, 1:1000) and anti-TALDO1 (catalog# 102076, 1:1000), which were
purchased from GeneTex (California, TX, USA). On the other hand, anti-CHK1 (catalog #8048, 1:1000),
anti-CHK2 (catalog #5278, 1:1000) anti-RPI (catalog #515328, 1:1000) and anti-RPE (catalog #393655,
1:1000) were purchased from Santa Cruz Biotechnology, (Santa Cruz, CA, USA) while anti-FLAG (catalog
#F1804, 1:1000, Sigma-Aldrich); anti-HA (catalog #MMS-101P, 1:1000, Convance, Princeton, NJ, USA);
anti-pan succinylation (catalog #PTM-401,1:1000), anti-pan glutarylation (catalog #PTM-1151, 1:2000)
and anti-pan malonylation (catalog #PTM-901, 1:1000) were obtained from PTM Biolabs (HangZhou,
China). The secondary antibodies included; the Anti-beta Actin antibody (catalog #KC-5A08, 1:2000, Kang
Cheng, China), Peroxidase-conjugated anti-rabbit antibody and anti-mouse antibodies (1:5000,
Kangcheng). Thereafter, the western blot bands were detected using an ECL western blotting substrate
(Thermo Scienti�c, Waltham, MA, USA) and the analysis was repeated at least three times.

Assessment of the cell cycle and apoptosis. Progression of the cell cycle and apoptosis were analyzed
through �ow cytometry. Brie�y, the HCT116 and LoVo cells were cultured under the speci�ed conditions.
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In the cell cycle assay, cells were stained with 50 µg/mL of propidium iodide containing 20 µg/mL RNase
(DNase-free) after which they were analyzed using �ow cytometry according to the manufacturer’s
instructions. The G1, S (DNA synthesis phase), G2 and M (mitosis) phases were then identi�ed based on
the content of DNA and the study obtained the percentage of cells in the distinct phases. All the
experiments were performed at least three times. Analysis was also conducted using an FITC Annexin V
�uorescein isothiocyanate (FITC)/propidium iodide (PI) double stain assay (BD Pharmingen, San Diego,
CA, USA). The stained cells were then analyzed through �ow cytometry.

EdU Uptake.

Half of the medium was replaced with a fresh medium containing 20 µM of EdU for 2 h followed by
�xation in 3.7% formaldehyde in PBS then a 0.5% TritonX-100 permeabilization step.
500 µL of the Click-iT reaction cocktail was used per coverslip, according to the manufacturer’s protocol
(Click-iT EdU Iamge kits, Life Technologies, catalog no. C10338). Thereafter, the hoechst 33342 dye was
bound to DNA and the average �uorescence intensity was quanti�ed using the Zeiss digital image
processing software, ZEN® (blue edition). In the EdU Flow Cytometry Assay, EdU was detected using
Paci�c Blue™ azide at an excitation of 405 nm in a violet emission �lter (Click-iT EdU Flow Cytometry
Assay Kits, Life Technologies, catalog no. C10418). The percentage of EdU+ cells was then analyzed
using the FlowJo software.

The Soft Agar Colony Formation Assay. The soft agar colony formation assay was conducted 48 h after
transfection with the SIRT5 siRNA. The cells were counted and seeded in six-well plates at 104 cells in a
layer of 0.7% agar/complete growth medium over a layer of 1.2% agar/complete growth medium in the
wells of a 6-well plate. Then, a cell medium containing the indicated concentration of four nucleotides (A,
U, C, G) was replenished every 3 days. Cultures were grown in a humidi�ed incubator at 37℃. 21 days
after seeding, the cells were incubated with 4% paraformaldehyde for 10 min and 0.5% crystal violet was
used to stain the colonies. Thereafter, megascopic colonies were quanti�ed under a light microscope.
Colonies, whose diameter was larger than 50 µm were counted and analyzed.

Measurements of enzyme activity. The cells were homogenized with ice-cold 0.1 M Tris-HCl buffer (pH
7.6) and centrifuged at 12000 rpm for 15 min after which the supernatant was collected. The protein
concentration was then determined using the BCA Protein Assay Kit and recorded as C (g/L). Then, TKT
activity was measured as previously described by Bayoumi and Rosalki, with minor modi�cations. Brie�y,
the supernatant (50 µL) was mixed with a 200 µL reaction mixture containing 14.4 mmol/L ribose-5-
phosphate, 190 µM/L NADH, 380 µM/L TPP, > 250 U/L glycerol-3-phosphate dehydrogenase and > 6500
U/L triose phosphate isomerase. The Optical Density (OD) of TKT was then measured immediately at
340 nm, then once every 5 min for 1h. Moreover, TKT activity was deduced from the difference in
absorbance measured at 15 and 45 min. The enzyme activity assay was repeated three times for each
group. The TKT activities (%) of the treated group were then normalized to those of the control category
(100%).
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Immuno�uorescence. The HCT116 or LoVo cells were plated in 4-well chamber slides and transfected
with siRNA or plasmids as indicated. Forty-eight hours after transfection, cells were �xed with 4%
formaldehyde, permeabilized with 0.2% Triton X-100 and blocked in 1% BSA in PBS for 1 h at room
temperature. The cells were then stained using rabbit polyclonal anti-γH2A.X (1:400), rabbit polyclonal
anti-TKT (1:100), rabbit polyclonal anti-TALDO1 (1:100), mouse monoclonal anti-RPI (1:100), mouse
monoclonal anti-RPE (1:100), mouse monoclonal anti-FLAG (1:1200), rabbit polyclonal anti-SIRT5(1:100,
Sigma) and mouse polyclonal anti-SIRT5(1:100, Santa Cruz) antibodies followed by secondary
antibodies (donkey anti-mouse Dylight 488 and donkey anti-rabbit Dylight 594), respectively. Thereafter,
�uorescence was analyzed using a confocal laser scanning microscope (Carl Zeiss, AG, Germany). After
staining with DAPI (1:10,000), the media chamber was removed from the glass slide, which was treated
using the Prolong Gold antifade reagent (P7481) and sealed with a coverslip. 24 h later, the average
�uorescence intensity was quanti�ed using the Zeiss digital image processing software, ZEN® (blue
edition). Finally, co-localization analysis was performed using the “colocalization” module of the ImageJ
program.

The Comet Assay. The HCT116 and LoVo cells were transfected with SIRT5 or negative control siRNA.
DNA damage was then measured using the comet assay (single-cell gel electrophoresis) 48 h after
transfection, where the comet assay kit (Cell Biolab, San Diego, CA, USA) was used according to the
manufacturer’s instructions. Bie�y, the cells (1 x 105 cells/mL ) were re-suspended in ice-cold PBS
(without Mg2+ and Ca2+). Thereafter, the cell samples were mixed with Comet Agarose at a ratio of 1:10
(v/v), homogenized by pipetting then the mixture (75 µL/well) was transferred immediately onto the
OxiSelect™ Comet Slide. The slide was maintained horizontally and carefully transferred from the alkaline
solution to a horizontal electrophoresis chamber. Electrophoresis was then run in an alkaline buffer.
Notably, the assay was performed under low/dim light conditions to avoid damage to the cell samples by
ultraviolet light. Following this, the slides were viewed through epi�uorescence microscopy using a FITC
�lter. In addition, measurement was done using a public domain PC-image analysis programme CASP
software, version 1.2.2 (CASPLab, University of Wroclaw, Wroclaw, Poland). The comet assay was
repeated at least three times and the tail moment was calculated.

Immunohistochemistry (IHC). Tumors dissected from nude mouse xenograft models of CRC were
subjected to IHC to detect γH2AX and SIRT5. Sections (3 mm-thick) were incubated with the antibodies
against γH2AX (1:400; CST) and SIRT5 (1:400, Sigma). HRP-conjugated secondary antibodies were used
and subsequently mounted with Diaminobenzidine (DAB). Pathological evaluation was then conducted in
a blinded manner. Moreover, apoptosis was detected using the Terminal Deoxynulceotidyl Transferase
Nick-end-labeling (TUNEL) staining Kit (Keygen Biotech, Nanjing, China) according to the manufacturer’s
instructions.

In vivomodels. For the rescue-function experiments, nude mice (nu/nu, male, 5 weeks old) were weighed
and injected subcutaneously with HCT116 cells (2 × 106 cells). Thereafter, the mice were randomly
divided into four groups, including the control vector or TKT WT with or without SIRT5 knockdown. Then,
two adenoviruses targeting the SIRT5 and TKT genes were used every 3 days. Moreover, the diameters of
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the tumors were measured every 3 days using calipers. Additionally, the tumor volumes were calculated
using the formula: (shortest diameter)2 × (longest diameter) × 0.5. The tumors were eventually dissected
and analyzed.

All animal studies were conducted according to the guidelines published by the Animal Ethics Committee
of Renji Hospital, Shanghai Jiao Tong University, School of Medicine.
Measurement of Metabolite Levels.

For stable isotope-tracing analysis, LoVo cells (2 × 106/sample) were grown to 80% con�uence in
complete media. The cells were brie�y rinsed twice with PBS then the medium was replaced with DMEM
(glucose-free) supplemented with 11.11 mM [1,2-13C2]-glucose, 2 mM label-free glutamine in 10%

dialyzed FBS, 100 units mL− 1 Penicillin-Streptomycin and 3.7g/L sodium bicarbonate for 0.5h, 1h, 6h,
12h and 24h. Thereafter, the cell metabolites were extracted by adding pre-cold 80% (vol/vol) methanol
and centrifuged at 15000g for 15 minutes, at 4 ℃. The supernatant was evaporated until it became dry.
The residues were then reconstituted in 100 µL of 50% aqueous acetonitrile (1:1, v/v) prior to UHPLC-
HRMS/MS analysis. Additionally, chromatographic separation was performed on a ThermoFisher
Ultimate 3000 UHPLC system with a Waters BEH Amide column (2.1mm × 100 mm, 1.7 µm). The
injection volume was 2 mL, the �ow rate was 0.4 mL/min and the column temperature was 10℃. The
mobile phases consisted of water (phase A) and acetonitrile/water (90:10, v/v) (phase B), both with
15mM ammonium acetate (pH = 9, modi�ed by ammonium hydroxide). Moreover, a linear gradient elution
was performed using the following program: 0 min, 95% B and held to 2 min; 5 min, 85% B; 7 min, 80% B;
11 min, 75%B; 12 min, 55% B and held to 13.5 min; 14 min, 95% B and held to 18 min. Thereafter, the
eluents were analyzed separately using a ThermoFisher Q Exactive™ Hybrid Quadrupole-Orbitrap™ Mass
Spectrometry (QE) in a Heated Electrospray Ionization Negative (HESI-) mode. For stable isotope-tracing
analysis, the measured distribution of mass isotopomers was corrected for the natural abundance of
isotopes using the IsoCor software.

Finally, the study used Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS) techniques, for
targeted metabolomic analysis. A standard curve for the (d)NTP standard was prepared and used to
determine the concentration of (d)NTPs in each unknown sample.

Statistical analysis. Data are shown as the means ± standard deviation (SD). Comparisons of data
between two groups were performed using Student’s t-test (two-tailed). For multiple comparisons, an
analysis of variance (ANOVA) test was used. The correlation between the expression of SIRT5 and TKT
was analyzed using the χ2-test. P values < 0.05 was accepted as statistically signi�cant.
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Figure 1

Silencing SIRT5 induced DNA damage. a Effect of SIRT5 on the γH2AX (Ser139) levels. Etoposide was
applied as a positive control. Representative western blot images of the negative control or SIRT5 siRNAs-
transfected HCT116 (left) and LoVo (right) cells after 24, 36, 48, or 72h. b, c Knockdown of SIRT5 caused
the formation of γH2AX (Ser139) nuclear foci. Representative images (b) and quanti�cation through
immuno�uorescence staining (c) for γH2AX (Ser139) in HCT116 (left) and LoVo (right) cells for 48h.
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Etoposide was used as a positive control. The percentage of positive cells (>10 foci) out of 100 cells for
each sample was calculated and plotted. The scale bars indicate 20 µm. d, e Effect of SIRT5 on DNA
damage using the comet assay. Representative images of three independent experiments after 48h of
SIRT5 siRNAs transfection in the HCT116 and LoVo cells (d). Scale bars indicate 20 µm. The extent of
DNA damage was determined by measuring the tail moment for 100 individual comets. Data was
quanti�ed and graphed (e). f Representative western blots showing that the DDR pathway was activated
in CRC cells after depletion of SIRT5. β-actin was used as the loading control. Results in C and E were
presented as mean ± SD from three independent samples. ***p 0.001.



Page 22/31

Figure 2

SIRT5 sustained the nucleotide pool by enhancing the synthesis of R5P, to maintain DNA stability. a A
Heat map representing signi�cantly different metabolites in PPP and purine/pyrimidine metabolism after
the deletion of SIRT5 in HCT116 cells. n = 5. b Targeted metabolomic analysis for nucleotides in HCT116
cells after SIRT5 knockdown. Results are presented as the mean ± SD of �ve independent samples (**P <
0.01, ***P < 0.001). c-e Exogenous supplementation with nucleotides decreased the levels of γ-H2AX,
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induced by silencing SIRT5. Cells were transfected with SIRT5 siRNAs for 48h and cultured at the
indicated concentrations with a mixture of four nucleotides for 16h. Immunoblotting (c) and
Immuno�uorescent staining (d) for γ-H2AX. Quantitation of the γ-H2AX �uorescence intensity (e). f-i
Silencing SIRT5 inhibited DNA synthesis in CRC cells. The EdU assay evaluated using Immuno�uorescent
staining (f) and Flow cytometry (h), is presented. Quantitation of the EdU incorporation rate is shown in a
histogram (g, i), representing mean �uorescence intensity of the EdU+ population ± SD of experimental
triplicates. Statistical signi�cance was calculated using the two-tailed unpaired t test, *p<0.05, **p<0.01,
***p<0.001.
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Figure 3

Exogenous supplementation with nucleotides reduced the effects of silencing SIRT5 on the cell cycle,
apoptosis and colony formation in CRC cells. a, b Exogenous supplementation with nucleotides reversed
the SIRT5 silencing-induced arrest of both the G2/M and S phases (a). The data in a is quanti�ed (b). c, d
Exogenous supplementation with nucleotides reversed the SIRT5 knockdown-induced apoptosis (c). Data
in c is quanti�ed (d). e Western blotting analysis showed that exogenous supplementation with
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nucleotides reversed the levels of apoptosis indicators (the cleaved caspase 8, caspase 9, caspase 3 and
PARP) and cell cycle regulators caused by SIRT5-silencing in HCT116 and LoVo cells. f, g Representative
images (f) and quanti�cation (g) of using soft agar colony formation after blockage of SIRT5 with or
without four nucleotides in the indicated concentrations. Each experiment was performed in triplicate.
Scale bar, 50 μm. Data in b, d and g are shown as the mean ± SD. ANOVA with Tukey’s test. *p < 0.05,*p <
0.05, ***p < 0.001.

Figure 4
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SIRT5 promoted non-oxidative PPP by activating TKT. a [1,2-13C2]glucose was converted to R5P (M+1)
through oxidative PPP and R5P (M+2) was generated from non-oxidative PPP. b The ratio of R5P (M+1)
to R5P (M+2) from [1,2-13C2]-glucose was determined after SIRT5 knockdown; n = 3. c Quantitative
analysis of the R5P sources at 24 h. Data is presented as mean ± squared error (SEM) and the bar
indicates the mean. Statistical signi�cance was calculated using the two-tailed unpaired t test. d A
schematic model of the key enzymes involved in non-oxidative PPP in cells. e Expression of TKT, RPI, PPE
and TALDO after depletion of SIRT5. f, g Immuno�uorescent staining for SIRT5 (in green) and TKT (in
red) respectively, the yellow in the merged magni�ed images indicates the co-localization (f). Scale bars
indicate 5μm. Fluorescence intensity of SIRT5 (green line) and TKT (red line) traced along the white line in
CRC cells using the line pro�ling function of the ImageJ software (g). h, i TKT enzyme activity was
determined following SIRT5 knockdown in HCT116 and LoVo cells (h).Quanti�cation of TKT activity is
shown in a histogram (i, n = 3). The TKT inhibitor, Oxythiamine (OT; 20 μM) was used as a positive
control. j TKT enzyme activity was determined in HCT116 and LoVo cells stably expressing the control
vector, SIRT5 WT or SIRT5 H158Y. Quanti�cation of TKT activity (n=3). k Targeted metabolomic analysis
for nucleotide levels in HCT116 cells stably expressing the control vector, SIRT5 WT and SIRT5 H158Y. l
Immunoblotting of γ-H2AX in HCT116 and LoVo cells stably expressing the control vector, SIRT5 WT and
SIRT5 H158Y, cultured with or without CPT. Data in i, j and k are shown as the mean ± SD of three
independent samples. ANOVA and the Tukey’s test were used. ns, not signi�cant in the indicated
comparison, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 5

TKT played a role in the SIRT5 knockdown-induced presence of an insu�cient nucleotide pool and
subsequent DNA damage in CRC Cells. a Targeted metabolomic analysis of nucleotide levels in HCT116
cells stably expressing the control vector and SIRT5 WT treated with the TKT-siRNA. b, c The EdU assay of
HCT 116 and LoVo cells showed that overexpression of TKT reversed the decrease in DNA synthesis
induced by silencing SIRT5 (b). Quanti�cation of the EdU incorporation rate in CRC cells (c). d, e
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Immunoblotting of γ-H2AX in HCT116 and LoVo cells stably expressing the control vector and SIRT5 WT
treated with the TKT-siRNA (d) or OT (20 μM, e). 1mm CPT was used as a DNA-damaging agent. f-i Flow
cytometry was used to detect the effect of overexpressing TKT on the cell cycle (f) and apoptosis (h) in
CRC cells where SIRT5 was silenced. The data in f is quanti�ed (g). Data in h is quanti�ed (i). (J) Western
blots showing that overexpression of TKT inhibited the apoptosis induced by SIRT5 knockdown. Data in
c, g and i are shown as the mean ± SD of three independent samples. ANOVA and the Tukey’s test were
used.
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Figure 6

SIRT5 activated TKT by mediating its demalonylation. a, b Immuno�uorescent staining results for FLAG-
SIRT5 WT/H158Y (in green) and TKT (in red). The yellow in the merged magni�ed images indicates the
co-localization. Scale bars indicate 10μm (a). The �uorescence intensity of FLAG-SIRT5 WT/H158Y
(green line) and TKT (red line) traced along the white line in HCT116 and LoVo cells using the line
pro�ling function of the ImageJ software (b). c The interaction between endogenous SIRT5 and TKT in
HCT116 and LoVo cells. d FLAG-SIRT5 WT/H158Y were immunoprecipitated with the anti-FLAG antibody,
followed by western blotting using an anti-TKT antibody in HCT116 and LoVo cells. e The malonylation
(Malk) levels of exogenous TKT in HCT116 and LoVo cells expressing the control vector, SIRT5 WT and
SIRT5 H158Y. f The malonylation (Malk) levels of exogenous TKT in HCT116 and LoVo cells after SIRT5
knockdown. g, h The levels of TKT activity using different concentrations of Malonyl-CoA (0, 1 and 2
mM)  measured at 37 °C for 60 min in HCT116 and LoVo cells overexpressing TKT (g).  HA-tagged TKT
proteins were puri�ed using IP. Quanti�cation of TKT activity (h). i The K281 of TKT is evolutionarily
conserved across different species. These sequences of TKT from humans to Gallus gallus were aligned.
j HA-tagged TKT WT/K281R/K282R/K283R mutants were transfected into HCT116 followed by treatment
with SIRT5 siRNAs. TKT was immunoprecipitated and the levels of MalK determined. k HCT116 cells
expressing TKT WT and K281R mutants, with or without SIRT5 siRNAs. TKT activity was measured and
normalized against the protein levels. The results in (h, k) are the mean ± SD of three independent
experiments. p values were calculated through ANOVA and the Tukey’s test. *p < 0.05, **p < 0.01, ***p <
0.001, ns = not signi�cant in the indicated comparison.
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Figure 7

The function of TKT in SIRT5-mediated tumorigenesis in vivo. a-d Tumors from different groups were
dissected and photographed (a, b), and the volumes and weights of the tumors were measured (c, d).
Data is presented as the mean ± SD. (*p < 0.05, ***p < 0.001). e Immunoblotting of SIRT5, TKT and γ-
H2AX proteins in xenografts tumor tissues under different treatments. f Representative TUNEL and γ-
H2AX stains from xenograft tumors at day 21. Scale bars, 50 μm. g The levels of R5P and nucleotides in
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tumor lysates derived from xenografts. Data is presented as the mean ± SD. (*P < 0.05, **P < 0.01). h
Representative immunohistochemistry images of the SIRT5 (left) and γ-H2AX (right) proteins in CRC
tissues. i Statistical analysis of SIRT5 and γ-H2AX staining in 60 CRC tissues. Statistical signi�cance was
assessed using the Chi-square test. *p < 0.05, **p < 0.01, ***p < 0.001, ns = not signi�cant in the indicated
comparison.

Figure 8

Schematic model showing that SIRT5 promotes the non-oxidative PPP by interacting with TKT, resulting
to the demalonylation and activation of TKT. This maintains the levels of intracellular R5P and dNTPs,
thus supporting the survival of CRC cells.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

supplement�gure20210225.docx

https://assets.researchsquare.com/files/rs-276003/v1/593c78d9d9006d32e5756120.docx

