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DNA damage plays an essential role in the initiation and development of colon cancer.
Histone crotonylation is a newly discovered post-translational modification that is thought
to promote gene expression. Whether histone crotonylation plays a role in DNA damage of
cancer remains unknown, as does the putative underlying molecular mechanism. This
study aimed to investigate the relationship between histone crotonylation and DNA
damage of colon cancer using multiple bioinformatics analysis and western blotting. We
discovered that genes with promoter occupied by histone crotonylation were associated
with the activity of DNA damage in colon cancer patients. Additionally, we uncovered that
the level of crotonylation on Lys27 of histone H3 (H3K27cr) decreased during
camptothecin and etoposide treatment. Interestingly, sirtuin 6 was found to regulate the
cellular level of H3K27cr. Taking these data together, our study provided a new
perspective about histone crotonylation and DNA damage in colon cancer.
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INTRODUCTION

A large number of chemicals, physical stimuli, and biological processes, such as reactive oxygen
species, UV and ionizing radiation, DNA replication, and gene transcription, can generate DNA
lesions and impair genomic integrity. Recent evidence demonstrate that DNA damage causes
genomic mutations and epimutations, suggesting that DNA damage accumulation may trigger
cancer and enhance its development. Colon cancer is the third most common cancer worldwide.
DNA damage and DNA repair play a critical role in the initiation and development of colon cancer.
Colon cancer cells with DNA damage accumulation may trigger cell cycle arrest (1) or apoptosis (2).
The signature based on genes related to DNA damage and DNA repair can serve as a marker of
colon cancer prognosis (3). In addition, DNA damage can also serve as a predictor of prognosis in
colorectal liver metastases (4).

Lysine crotonylation (Kcr) is a newly identified post-translational modification (5). The Kcr of
total protein is found to participate in the proliferation, invasion, and migration of HeLa cells (6).
The Kcr of non-histone is believed to play a critical role in tumorigenesis (7). Histone crotonylation
is overexpressed in prostate cancer tissues (8). Besides this, the Kcr of total protein is upregulated in
colon cancer (9). However, the detailed molecular mechanisms of regulating histone crotonylation
have not been completely understood until now. Only a small number of writers, readers, and
erasers are discovered. The sirtuin family of deacetylases (SIRT1/2/3) and class I histone
deacetylases (HDAC1/2/3) have been discovered to contain decrotonylase activity (10, 11). The
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sirtuin family is the first histone decrotonylases identified, which
recognizes crotonyl lysine via p−p stacking interaction.

A number of evidence reveal that gene expression is turned off
at the DNA damage sites (12), and histone crotonylation is
thought to facilitate gene transcription. Therefore, we considered
that histone crotonylation may be involved in DNA damage.
Actually, the Kcr of RPA1 protein has been demonstrated in
mediating the repair of camptothecin (CPT)-induced DNA
damage (13). Additionally, the level of H3K9cr is decreased
during DNA damage response (14). However, in cancer
patients, whether histone crotonylation is also associated with
DNA damage remains unclear. In this study, we aimed to explore
the association between histone crotonylation and DNA damage
in colon cancer. We discovered that genes with promoter
occupied by histone crotonylation were enriched in colon
cancer patients with a low activity of DNA damage. In colon
cancer patients, the expression of most genes with promoter
occupied by H3K27cr and the activity of DNA damage were
negatively correlated.

Previous studies have shown that SIRT6, a member of sirtuin
family, rapidly recognizes and accumulates at the DNA break
sites and promotes chromatin relaxation and DNA repair (15).
Since histone crotonylation is related to DNA damage, we
considered that there might be a link between SIRT6 and
histone crotonylation. Therefore, whether SIRT6 altered the
level of histone crotonylation was also investigated. We
discovered that genes with promoter occupied by histone
crotonylation were enriched in colon cancer patients with a
low activity of SIRT6. Additionally, inhibition of SIRT6 increased
the level of H3K27cr in HCT-116 cells.
MATERIALS AND METHODS

Information of Datasets
The UCSC Xena database (https://xena.ucsc.edu) is an online
exploration tool for visualization of gene expression profiles and
protein activities (16). The PARADIGM-inferred pathway levels
(paradigm IPLs) are always used to infer protein activities based
on gene expression and copy number data (17). Complexes or
abstract processes of paradigm IPLs in The Cancer Genome
Atlas (TCGA) colon adenocarcinoma (COAD) related to gene
expression profiles and levels of DNA damage were downloaded
from the data hubs of UCSC Xena database. The ChIP data and
gene expression information of SIRT6 knockout, etoposide
(VP16), and ionizing radiation (IR) treatment were
downloaded from the Gene Expression Omnibus datasets
(https://www.ncbi.nlm.nih.gov/geo/). The genes in DNA
damage-related pathways were download from Molecular
Signatures Database (MSigDB).

Cell Culture and Transfection
HCT-116, DLD-1, LoVo, and SW480 cells were purchased from
ATCC (CCL-247, CCL-221, CCL-229, and CCL-228) and
cultured in RPMI 1640 or Dulbecco’s modified Eagle’s
Medium (Gibco, catalogue numbers 22400089 and 11965092)
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supplemented with 10% fetal bovine serum (Biowest, catalogue
number S1810) at 37°C in a humidified incubator with 5% CO2.
To induce DNA damage, cells were treated with different doses
and time of camptothecin (Sigma-Aldrich, C9911) or etoposide
(VP16, Sigma-Aldrich, E1383). SiRNAs were transiently
transfected using Lipofectamine 3000 following the
manufacturer’s instructions. The sequences of siSIRT6 are
shown in Supplementary Table S1.

Gene Ontology Analysis
Gene Ontology (GO) analysis was performed using the
enrichGO function of clusterProfiler package (version 3.18.1)
(18). The p-value cutoff was set as 0.05, and the sub-ontology of
biological processes was studied. The items with P <0.05 were
considered significant enrichment on the genes with promoter
occupied by histone crotonylation.

Weighted Gene Co-Expression
Network Analysis
Weighted gene co-expression network analysis (WGCNA) of the
genes with promoter occupied by histone crotonylation in COAD
samples was performed using theWGCNA package (version 1.67)
(19). The result of cluster dendrogram was displayed using
plotDendroAndColors function, and the module–trait
relationship was displayed using the labeledHeatmap function.
The DNA-damage-related complexes and abstract processes with
absolute value of correlation coefficient greater than 0.2 and p
<0.05 were considered to be related to the module. The functional
enrichment of genes in every module was analyzed using
GO analysis.

Gene Set Enrichment Analysis
Gene Set Enrichment Analysis (GSEA) was performed using the
fgseaLabel function of fgsea package (version 1.16.0) (20). Seven
gene sets representative for histone crotonylation were used. The
parameters of nperm, minSize, and maxSize were set as 10,000,
15, and 5,000, respectively. The COAD samples were separated
into two groups according to the median value of DNA damage
abstract or SIRT6 in paradigm IPLs. The rank of genes was based
on the fold-change of gene expression between two sample
groups, which was analyzed using the edgeR package (version
3.32.1) (21).

Fisher’s Exact Test
Fisher’s exact test was applied to identify the relationship
between two groups of genes (22). The test was performed
using the fisher.test function of stats package of R (version
4.0.4) (23). The results with P <0.05 were considered to be
significantly correlated and displayed using heatmap.2 function
of gplots package (24). The white spaces meant that P >0.05.

Pearson Correlation Analysis
The relationship between the expression of genes with promoter
occupied by H3K27cr and the values of DNA-damage-related
complexes and abstract processes in paradigm IPLs of COAD
was determined using cor function. The parameter of the method
July 2022 | Volume 12 | Article 924061
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was set as “pearson”. The result was displayed using ggcorrplot
package (version 0.1.3) (25).

Western Blotting
Total protein was extracted from cells using a cell extraction
buffer [50 mM Tris-HCl (pH 8.0), 4 M urea, and 1% Triton X-
100] containing a protease inhibitor cocktail (Roche Diagnostics,
catalogue number 04693132001). The samples were
subsequently resolved using SDS-PAGE and analyzed by
western blotting. The following antibodies were used: anti-H3
(CTS, #4499, 1:1,000), anti-gH2AX (CTS, #9718, 1:1,000), anti-
H3K27cr (RevMab Biosciences, 31-1287-00, 1:800), anti-SIRT6
(Proteintech, #13572-1-AP, 1:1,000), anti-ACTB (Proteintech,
#20536-1-AP, 1:5,000), anti-rabbit IgG (KPL, 074-1506, 1:5,000),
and anti-mouse IgG (KPL, 074-1806, 1:5,000). The intensity of
image was measured by Image J2 software (https://imagej.net/
Fiji/Downloads).

Quantitative Real-Time Reverse
Transcription PCR
Total RNA was isolated using RNA iso Plus (Takara, catalogue
number D9108B) and reverse-transcribed using a ReverTra Ace
qPCR RT Kit (TOYOBO, catalogue number FSQ-101). Q-PCR
was carried out using SYBR Green (TOYOBO, catalogue
number QPK-201). Each experiment was repeated at least
three times. The expression level was normalized to that of
ACTB, and the relative fold expression was quantified using the
2-DDCt method. The sequences of the primers used are shown in
Supplementary Table S2. Data were plotted using GraphPad
Prism 8.0. For all comparisons, statistical analysis was
performed using unpaired, two-tailed Student’s t-test. P <0.05
was considered statistically significant.
RESULTS

Identification of the Relationship Between
Histone Crotonylation and DNA Damage in
Colon Cancer
Like histone acetylation, the mark of histone crotonylation is
strongly associated with the transcriptional activation of genes
(26, 27). Whether it plays a role in DNA damage of colon cancer
is not well studied. To identify the relationship between histone
crotonylation andDNAdamage, we exhibitedGOanalysis to study
the functional pathway enrichment of genes with promoter
occupied by histone crotonylation (GSE124540, ChIP-seq data of
histone Kcr, crotonate plus). The result showed that genes with
promoter occupied by histone crotonylation were associated with
the DNA-damage-related pathway, including signal transduction
in response to DNA damage, DNA damage checkpoint, and
response to ionizing radiation (Figure 1A and Supplementary
Table S3). To further confirm our idea, the same gene set was used
to perform the WGCNA in the TCGA COAD samples. The gene
co-expression module was calculated, and 5 functional modules
were identified (Figure 1B). The level of DNA-damage-related
Frontiers in Oncology | www.frontiersin.org 3
complexes or abstract processes in the paradigm IPLs of colon
cancer patients is used to infer the activity of DNA damage (17).
Therefore, to identify the associationbetweenhistone crotonylation
and the activity of DNA damage, the relationship between each
module andDNA-damage-related complexes or abstract processes
in paradigm IPLs was analyzed. The DNA-damage-related
complexes or abstract processes with an absolute value of
correlation coefficient greater than 0.2 and P <0.05 were
considered to be related to the module. In the green module,
there were 15 correlation coefficients whose absolute value were
greater than 0.2, suggesting that the green module was closely
related toDNAdamage (Figure 1C). Subsequently, theGOanalysis
wasperformed to study the functional pathway enrichmentof genes
in each module. The result revealed that some genes in the green
module were involved in DNA-damage-related pathway
(Figure 1D, Supplementary Figures S1–S4, and Supplementary
Table S4), indicating that some genes with promoter occupied by
histone crotonylation were associated with DNA damage in
colon cancer.

The level of DNA damage abstract in paradigm IPLs can reflect
the activity ofDNAdamageof colon cancer (17). To further study the
connection between histone crotonylation and DNA damage in
colon cancer patients, GSEA was applied to compare the value of
DNAdamageabstractof coloncancerpatients to7genesets related to
histone crotonylation in previous studies (26, 28, 29). The COAD
samples were separated into two groups according to the median
value of DNA damage abstract, and then the enrichment of these 7
gene sets was analyzed. The result showed that, except for genes with
promoter occupied by H3K18cr, the published histone-
crotonylation-related gene sets were significantly enriched in DNA
damage abstract (Figure 2A and Supplementary Table S5). We
found that the gene set of “H3K9cr ChIP”was significantly enriched,
which was consistent with the reduction of H3K9cr during DNA
damage (14). Like the gene set of “H3K9cr ChIP”, the gene set of
“H3K27crChIP”wasalso significantly enriched inpatientswitha low
level of DNA damage abstract, suggesting that the level of H3K27cr
might also decrease during DNA damage. Subsequently, the same
analysis was performed to investigate the association between these 7
gene sets and other DNA-damage-related complexes or abstract
processes of the paradigm IPLs in colon cancer patients. The COAD
samples were divided into two groups according to themedian value
of eachDNA-damage-related complex or abstract process. Then, the
enrichment of these 7 gene sets was analyzed using GSEA. The
enrichment with P <0.05 was displayed using a heat map. The result
illustrated that these 7 gene sets markedly enriched on many DNA-
damage-related complexes or abstract processes in the paradigm
IPLs, suggesting that histone crotonylationwas associatedwithDNA
damage in colon cancer patients (Figure 2B and Supplementary
Table S6). Fisher’s exact test was also employed to compare these 7
gene sets to the DNA-damage-related pathways in the Molecular
Signatures Database (MSigDB). The result suggested that genes with
promoter occupied by H3K9cr were enriched in multiple pathways
(49 of the 78 DNA-damage-related pathways) (Figure 2C and
Supplementary Table S7). Additionally, genes with promoter
occupied by H3K27cr were also enriched in multiple pathways (27
of the 78 DNA-damage-related pathways).
July 2022 | Volume 12 | Article 924061
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A B

C

D

FIGURE 1 | Histone crotonylation is related to DNA damage in colon cancer. (A) Gene ontology (GO) analyzing the enrichment items of genes with promoter occupied
by histone crotonylation in sub-ontologies of biological processes (GSE124540). The circle size indicates the number of genes in each item. The color intensity indicates
the negative base 10 logarithm of the p-value. The items with red color mean that the pathways were involved in DNA damage. (B) Weighted gene co-expression
network analysis (WGCNA) of the gene co-expression module of the same gene set mentioned above in The Cancer Genome Atlas colon adenocarcinoma
samples. (C) WGCNA of the relationship between each module and DNA-damage-related complexes or abstract processes in paradigm IPLs. The color
intensity indicates the correlation coefficient. Red indicates a positive correlation, and blue indicates the opposite. (D) Gene Ontology analysis of the functional
enrichment of genes enriched in the green module.
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Identification of Association Between
H3K27cr and DNA Damage in
Colon Cancer
H3K27cr, a kind of histone crotonylation, has been found to
accelerate gene transcription during spermatogenesis (26). In
Figure 2, it is revealed that genes with promoter occupied by
Frontiers in Oncology | www.frontiersin.org 5
H3K27cr were associated with DNA damage in colon cancer.
Ionizing radiation (IR) can directly disrupt atomic structures,
leading to chemical and biological changes (30). Etoposide
(VP16) is a drug that induces DNA double-strand breaks by
poisoning topoisomerases II as covalent adduct (31). IR and
VP16 are frequently utilized to induce DNA damage in living
A

C

B

FIGURE 2 | Gene Set Enrichment Analysis (GSEA) confirmed that histone crotonylation is related to DNA damage in colon cancer. (A) GSEA showing DNA damage abstract
value evaluated in the context of 7 gene sets representative for histone crotonylation in colon adenocarcinoma samples. (B) Heat map showing the enrichment of genes with
promoter occupied by histone crotonylation in each DNA-damage-related complex or abstract process in GSEA. The normalized enrichment score is shown as color intensity.
Blue indicates DNA-damage-related complex or abstract process negatively relevant to histone crotonylation, and red indicates the opposite. (C) Heat map showing the genes
with promoter occupied by histone crotonylation involved in multiple DNA-damage-related pathways in Fisher’s exact test (P < 0.05). The color intensity indicates the negative
base 10 logarithm of the p-value. The white spaces meant that P >0.05.
July 2022 | Volume 12 | Article 924061
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cells. Therefore, to further verify our conclusion, we compared
the overlay between genes with promoter occupied by histone
crotonylation and genes induced by IR or VP16 treatment. The
result displayed that some genes induced by IR or VP16
treatment overlapped with some genes occupied by H3K27cr
on the promoter (Figures 3A, B, Supplementary Figures S4, S5,
and Supplementary Tables S8, S9). Additionally, Fisher’s exact
test was also performed to study the association between genes
with promoter occupied by histone crotonylation and genes
induced by IR or VP16 treatment. The results with P <0.05
were displayed using a heat map. The result showed that genes
with promoter occupied by H3K27cr were enriched in three gene
sets induced by IR or VP16 treatment (Figure 3C). The
association between the expression of genes with promoter
occupied by H3K27cr and the levels of DNA-damage-related
complexes or abstract processes in colon cancer patients was also
analyzed using Pearson’s correlation analysis. The result
discovered that more than half of these genes were negatively
correlated with DNA-damage-related complexes or abstract
processes, suggesting that the level of H3K27cr might decrease
during DNA damage in colon cancer (Figure 3D and
Supplementary Table S10). To further confirm the connection
between genes with promoter occupied by H3K27cr and DNA
damage, GSEA was performed. The COAD samples were
separated into two groups according to the median value of
the DNA damage abstract in paradigm IPLs, and then the
enrichment of “H3K27cr ChIP” gene set was analyzed. The
result revealed that genes with promoter occupied by H3K27cr
were significantly enriched in patients with a low level of DNA
damage abstract, indicating that H3K27cr might be negatively
correlated with DNA damage (Figure 3E).

The Level of H3K27cr Was Reduced
Following DNA Damage
To further study our speculation, we determined the H3K27cr
level in HCT-116 cells treated with CPT, a drug that induces
DNA damage. The result revealed that H3K27cr was rapidly
reduced in cells treated with CPT (Figure 4A). Notably, the
reduction in H3K27cr level following DNA damage was also
dependent on the dose of CPT treatment (Figure 4B), in the
same way with the DLD-1, LoVo, and SW480 cells (Figures 4C–
E). We also induced DNA damage using VP16 and found that
the level of H3K27cr exhibited a reduction during VP16
treatment (Figure 4F). The reduction of H3K27cr depended
on the dose of VP16 treatment as well (Figure 4G). In
conclusion, we identified that the level of H3k27cr was reduced
following DNA damage, consistent with the results described
above using multiple bioinformatics.

SIRT6 Regulated the Level of H3K27cr
Previous studies have reported that the protein of sirtuin family
accumulates at the DNA break sites. Among these, SIRT6 is
responsible for a sensor of DNA double-strand break (32).
Consequently, we hypothesized that SIRT6 might mediate the
reduction of H3K27cr. To test this, the association between genes
with promoter occupied by histone crotonylation and genes
Frontiers in Oncology | www.frontiersin.org 6
regulated by SIRT6 was studied using Fisher’s exact test. The
results with P <0.05 were displayed using a heat map. The result
showed that genes with promoter occupied by H3K27cr were
enriched in three gene sets regulated by SIRT6 (Figure 5A and
Supplementary Table S11). Additionally, the relationship between
the activity of SIRT6 and genes with promoter occupied by histone
crotonylation (GSE124540, ChIP-seq data of histone Kcr, and
crotonate plus) was analyzed using GSEA. The COAD samples
were separated into two groups according to the median value of
SIRT6 in paradigm IPLs, and then the enrichment of “histone-Kcr
ChIP (GSE124540, crotonate plus)” gene set was analyzed. It was
found that genes with promoter occupied by histone crotonylation
were significantly enriched in patients with a low activity of SIRT6
(Figure 5B, P = 0.047, normalized enrichment score = -1.32). We
then transiently knocked down the expression of SIRT6 using
siRNAs (Figure 5C) and found that the sirt6 knockdown resulted
in a marked increase of H3K27cr level (Figure 5D), suggesting that
SIRT6 might regulate the cellular level of H3K27cr.
DISCUSSION

DNA damage is considered to play an essential role in cancer
initiation and development. The Kcr of total protein is found to be
downregulated in liver, stomach, and kidney cancer and
upregulated in thyroid, esophagus, colon, pancreas, and lung
cancer (9). The level of histone crotonylation has been found to
be abnormal in prostate cancer tissues. Additionally, previous
studies suggested that the level of H3K9cr decreases in IR and
VP16 treatment. However, no studies have linked histone
crotonylation to DNA damage in colon cancer patients. In this
study, we demonstrated that genes with promoter occupied by
histone crotonylation were associated with the level of DNA
damage in colon cancer patients using multiple bioinformatics
analysis based on the colon cancer samples of the TCGA database.
We found that the expression of genes with promoter occupied by
H3K27cr and the level of DNA damage of colon cancer patients
were negatively correlated. Additionally, we confirmed the
reduction of H3K27cr during DNA damage at the cellular level.

Evidence show that histone post-translational modifications,
including phosphorylation, methylation, acetylation,
ubiquitination, neddylation, and poly(ADP-ribosyl)ation, are
involved in the response to DNA damage (33)—for example,
the phosphorylation of histone H2AX is a very critical step in
DNA double-strand break repair, which can activate and recruit
DNA repair factors (34). Besides this, H3K56ac is a key factor in
stimulating the normal structural reassembly of chromatin after
DNA double-strand break repair. Moreover, it is also a signal for
the completion of the repair (35). It has been found that
methylation, acetylation, and crotonylation can occur on lysine
27 of H3 (5). The modification of H3k27me3 has been found to
accumulate at laser-induced DNA double-strand break sites (36).
Additionally, the double-strand break hotspots are marked by
H3K27ac modification (37). However, the relationship between
H3K27cr and DNA damage in cancer is still unclear. In our study,
we found that the expression of genes with promoter occupied by
July 2022 | Volume 12 | Article 924061
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B C

FIGURE 3 | H3K27cr is related to DNA damage in colon cancer. (A, B) The overlay of genes with H3K27cr enrichment on their promoter regions (−5 kb, +1 kb) and
genes with expression change (fold-change >2) during ionizing radiation (IR) (A) or VP16 (B) treatment. (C) Heat map showing the genes with promoter occupied by histone
crotonylation involved in multiple gene sets induced by IR or VP16 treatment in Fisher’s exact test. The color intensity indicates the negative base 10 logarithm of the p-
value. The white spaces meant that P >0.05. (D) Heat map showing the association between the expression of genes with H3K27cr enrichment on their promoter regions
(−5 kb, +1 kb) and the value of DNA-damage-related complexes and abstract processes of paradigm-inferred pathway levels (IPLs) in Pearson correlation analysis. The
color intensity indicates the value of the correlation coefficient. Blue indicates a negative correlation, and red indicates the opposite. (E) Gene Set Enrichment Analysis
enrichment score curve showing that genes with promoter occupied by H3K27cr were enriched in colon cancer patients with a low level of DNA damage abstract in
paradigm IPLs. The green curve indicates the enrichment score.
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C D
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F

FIGURE 4 | The level of H3K27cr is decreased during camptothecin (CPT) and VP16 treatment. (A) The western blot shows the level of H3K27cr in HCT-116 cells
treated with CPT for different periods. (B–E) The western blot shows the level of H3K27cr in HCT-116 (B), SW480 (C), DLD-1 (D), and LoVo (E) cells treated with
CPT at different doses, respectively. (F, G) Immunoblotting analysis of the level of H3K27cr in HCT-116 cells treated with VP16 for different periods (F) and at
different doses (G). The ACTB acts as protein loading control. The DMSO acts as a negative control. The numbers under the H3K27cr panel represent the ratio of
the level of H3K27cr versus H3 in the treatment group to that in the control group as analyzed by Image J2 software.
Frontiers in Oncology | www.frontiersin.org July 2022 | Volume 12 | Article 9240618
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H3K27cr and the level of DNA damage in colon cancer patients
have a negative correlation. Additionally, the level of H3K27cr was
reduced in HCT-116 cells with CPT and VP16 treatment.

There is no report to prove the decrotonylase activity of SIRT6.
In this study, we show that SIRT6 can decrease the cellular level of
H3K27cr. An in vitro study using a chemical proteomics approach
previously demonstrated that SIRT1-3 catalyzed the hydrolysis of
lysine-crotonylated histone peptides (10). SIRT6 is a member of
sirtuin family, which may also contain the activity of histone
decrotonylases, although Xiucong Bao et al. claimed that little
hydrolysis of the crotonyl peptide was observed in SIRT6
Frontiers in Oncology | www.frontiersin.org 9
treatment. However, the protein of SIRT6 that they used was a
truncated SIRT6 (1–314), which might affect its decrotonylase
activity. Additionally, the fact that they performed the experiment
in vitro instead of in vivomight also result in the disruption of the
decrotonylase activity of SIRT6 during the purification of such.
Moreover, they detected the H3K4cr peptide and found that the
decrotonylase activity of SIRT6 to the H3K4cr peptide was weak,
which cannot directly indicate that the decrotonylase activity of
SIRT6 at the position of H3K27cr was also weak. In this study, we
silenced the expression of SIRT6 in the living cells and detected the
intercellular level of H3K27cr. Since our assay was different from
A B

C D

FIGURE 5 | SIRT6 regulates the cellular level of H3K27cr. (A) Heat map showing that the genes with promoter occupied by histone crotonylation were involved in
multiple gene sets regulated by SIRT6 in Fisher’s exact test. The color intensity indicates the negative base 10 logarithm of the p-value. The white spaces meant that P
>0.05. (B) Gene Set Enrichment Analysis enrichment score curve showing that genes with promoter occupied by histone crotonylation (GSE124540) were enriched in
colon cancer patients with a low activity of SIRT6. The green curve indicates the enrichment score. The negative enrichment score in the low activity end of SIRT6 means
the upregulation of histone crotonylation pathway in the COAD samples with a low activity of SIRT6. (C) Western blot and qRT-PCR analysis of the level of SIRT6 in HCT-
116 cells transiently transfected with siSIRT6 for 48 h. The level of mRNA expression was normalized to that of ACTB. Data are presented as means ± SD; *P < 0.05,
***P < 0.001; unpaired, two-tailed, Student’s t-test. (D) Immunoblotting analysis of H3K27cr level in HCT-116 cells transiently transfected with siSRIT6 for 48 h. The
ACTB acts as protein loading control. The numbers under the H3K27cr panel represent the ratio of the level of H3K27cr versus H3 in the treatment group to that in the
control group as analyzed by Image J2 software. NC, negative control (randomized siRNA sequences).
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that of Xiucong Bao, it was understandable that our results differed
from theirs.
CONCLUSION

In summary, we discovered the relationship between histone
crotonylation and DNA damage in colon cancer. The level of
H3K27cr was reduced during DNA damage in colon cancer,
which might be mediated by SIRT6. Our findings connected
SIRT6, histone crotonylation, DNA damage, and colon cancer,
providing potential novel therapeutic targets. Further studies are
needed to elucidate the biological functions of histone
crotonylation and the underlying regulatory mechanisms as
well as the balance between histone crotonylation and de-
crotonylation during DNA damage of cancer.
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Visualizing and Interpreting Cancer Genomics Data via the Xena Platform.
Nat Biotechnol (2020) 38:675–8. doi: 10.1038/s41587-020-0546-8

17. Hoadley KA, Yau C, Hinoue T,Wolf DM, Lazar AJ, Drill E, et al. Cell-Of-Origin
PatternsDominate theMolecularClassification of 10,000Tumors From33Types
of Cancer. Cell (2018) 173:291–304.e6. doi: 10.1016/j.cell.2018 .03 .022

18. Yu G, Wang LG, Han Y, He QY. Clusterprofiler: An R Package for Comparing
Biological Themes Among Gene Clusters. Omics J Integr Biol (2012) 16:284–7.
doi: 10.1089/omi.2011.0118

19. Langfelder P, Horvath S. WGCNA: An R Package for Weighted Correlation
Network Analysis. BMC Bioinf (2008) 9:559. doi: 10.1186/1471-2105-9-559

20. Korotkevich G, Sukhov V, Budin N, Shpak B, Artyomov MN, Sergushichev A.
Fast Gene Set Enrichment Analysis. bioRxiv (2021) 060012.

21. Robinson MD, McCarthy DJ, Smyth GK. Edger: A Bioconductor Package for
Differential Expression Analysis of Digital Gene Expression Data. Bioinf
(Oxford England) (2010) 26:139–40. doi: 10.1093/bioinformatics/btp616

22. Chiu HS, Somvanshi S, Patel E, Chen TW, Singh VP, Zorman B, et al. Pan-
Cancer Analysis of lncRNA Regulation Supports Their Targeting of Cancer
Genes in Each Tumor Context. Cell Rep (2018) 23:297–312.e12. doi: 10.1016/
j.celrep.2018.03.064

23. Team, R. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing:Vienna, Austria. Computing (2009)
14:12–21.
July 2022 | Volume 12 | Article 924061

https://www.frontiersin.org/articles/10.3389/fonc.2022.924061/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.924061/full#supplementary-material
https://doi.org/10.1128/MCB.01542-13
https://doi.org/10.1128/MCB.01542-13
https://doi.org/10.1038/s41419-019-1328-4
https://doi.org/10.3389/fgene.2021.635863
https://doi.org/10.7150/thno.24699
https://doi.org/10.1016/j.cell.2011.08.008
https://doi.org/10.1155/2020/5632342
https://doi.org/10.1155/2020/5632342
https://doi.org/10.1038/cr.2017.60
https://doi.org/10.21037/tau-21-53
https://doi.org/10.1016/j.biopha.2018.12.148
https://doi.org/10.7554/eLife.02999
https://doi.org/10.1038/cr.2017.68
https://doi.org/10.1093/jmcb/mjx050
https://doi.org/10.1126/sciadv.aay4697
https://doi.org/10.1126/sciadv.aay4697
https://doi.org/10.1093/jmcb/mjz019
https://doi.org/10.1093/nar/gkaa006
https://doi.org/10.1038/s41587-020-0546-8
https://doi.org/10.1016/j.cell.2018 .03 .022
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1016/j.celrep.2018.03.064
https://doi.org/10.1016/j.celrep.2018.03.064
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Liao et al. SIRT6 Regulates H3K27cr Modification
24. Warnes GR Available at: https://www.R-Project.org , Bolker B, Bonebakker L,
Gentleman R, Moeller S. Gplots: Various R Programming Tools for Plotting
Data. (2005). Available at: https://CRAN.R-project.org/package=gplots, r
package version 2.0.7, 2005.

25. Kassambara A. Ggcorrplot: Visualization of a Correlation Matrix Using
'Ggplot2'. (2016).

26. Crespo M, Damont A, Blanco M, Lastrucci E, Kennani SE, Ialy-Radio C, et al.
Multi-Omic Analysis of Gametogenesis Reveals a Novel Signature at the
Promoters and Distal Enhancers of Active Genes. Nucleic Acids Res (2020)
48:4115–38. doi: 10.1093/nar/gkaa163

27. Sabari BR, Tang Z, Huang H, Yong-Gonzalez V, Molina H, Kong HE, et al.
Intracellular Crotonyl-CoA Stimulates Transcription Through P300-
Catalyzed Histone Crotonylation. Mol Cell (2015) 58:203–15. doi: 10.1016/
j.molcel.2015.02.029

28. Dai SK, Liu PP, Du HZ, Liu X, Xu YJ, Liu C, et al. Histone Crotonylation
Regulates Neural Stem Cell Fate Decisions by Activating Bivalent Promoters.
EMBO Rep (2021) 22:e52023. doi: 10.15252/embr.202052023

29. Fellows R, Denizot J, Stellato C, Cuomo A, Jain P, Stoyanova E, et al.
Microbiota Derived Short Chain Fatty Acids Promote Histone
Crotonylation in the Colon Through Histone Deacetylases. Nat Commun
(2018) 9:105. doi: 10.1038/s41467-017-02651-5

30. Zhang J, Shim G, de Toledo SM, Azzam EI. The Translationally Controlled
Tumor Protein and the Cellular Response to Ionizing Radiation-Induced
DNA Damage. Results Probl Cell Differ (2017) 64:227–53. doi: 10.1007/978-3-
319-67591-6_12

31. Zhang W, Gou P, Dupret JM, Chomienne C, Rodrigues-Lima F. Etoposide, an
Anticancer Drug Involved in Therapy-Related Secondary Leukemia: Enzymes
at Play. Trans Oncol (2021) 14:101169. doi: 10.1016/j.tranon.2021.101169

32. Onn L, Portillo M, Ilic S, Cleitman G, Stein D, Kaluski S, et al. SIRT6 is a DNA
Double-Strand Break Sensor. eLife (2020) 9:e51636. doi: 10.7554/eLife.51636

33. Cao LL, Shen C, Zhu WG. Histone Modifications in DNA Damage Response.
Sci China Life Sci (2016) 59:257–70. doi: 10.1007/s11427-016-5011-z
Frontiers in Oncology | www.frontiersin.org 11
34. Kinner A, Wu W, Staudt C, Iliakis G. Gamma-H2AX in Recognition and
Signaling of DNA Double-Strand Breaks in the Context of Chromatin. Nucleic
Acids Res (2008) 36:5678–94. doi: 10.1093/nar/gkn550

35. Chen CC, Carson JJ, Feser J, Tamburini B, Zabaronick S, Linger J, et al.
Acetylated Lysine 56 on Histone H3 Drives Chromatin Assembly After Repair
and Signals for the Completion of Repair. Cell (2008) 134:231–43.
doi: 10.1016/j.cell.2008.06.035

36. Johnson DP, Spitz-Becker GS, Chakraborti K, Bhaskara S. Assessment of
Epigenetic Mechanisms and DNA Double-Strand Break Repair Using Laser
Micro-Irradiation Technique Developed for Hematological Cells.
EBioMedicine (2019) 43:138–49. doi: 10.1016/j.ebiom.2019.03.083

37. Chen Y, Lyu R, Rong B, Zheng Y, Lin Z, Dai R, et al. Refined Spatial Temporal
Epigenomic Profiling Reveals Intrinsic Connection Between PRDM9-
Mediated H3K4me3 and the Fate of Double-Stranded Breaks. Cell Res
(2020) 30:256–68. doi: 10.1038/s41422-020-0281-1

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Liao, Chu, Sun, Zheng, Gao, Li and Pei. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
July 2022 | Volume 12 | Article 924061

https://www.R-Project.org
https://CRAN.R-project.org/package=gplots
https://doi.org/10.1093/nar/gkaa163
https://doi.org/10.1016/j.molcel.2015.02.029
https://doi.org/10.1016/j.molcel.2015.02.029
https://doi.org/10.15252/embr.202052023
https://doi.org/10.1038/s41467-017-02651-5
https://doi.org/10.1007/978-3-319-67591-6_12
https://doi.org/10.1007/978-3-319-67591-6_12
https://doi.org/10.1016/j.tranon.2021.101169
https://doi.org/10.7554/eLife.51636
https://doi.org/10.1007/s11427-016-5011-z
https://doi.org/10.1093/nar/gkn550
https://doi.org/10.1016/j.cell.2008.06.035
https://doi.org/10.1016/j.ebiom.2019.03.083
https://doi.org/10.1038/s41422-020-0281-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Reduction of H3K27cr Modification During DNA Damage in Colon Cancer
	Introduction
	Materials and Methods
	Information of Datasets
	Cell Culture and Transfection
	Gene Ontology Analysis
	Weighted Gene Co-Expression Network Analysis
	Gene Set Enrichment Analysis
	Fisher’s Exact Test
	Pearson Correlation Analysis
	Western Blotting
	Quantitative Real-Time Reverse Transcription PCR

	Results
	Identification of the Relationship Between Histone Crotonylation and DNA Damage in Colon Cancer
	Identification of Association Between H3K27cr and DNA Damage in Colon Cancer
	The Level of H3K27cr Was Reduced Following DNA Damage
	SIRT6 Regulated the Level of H3K27cr

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


