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Abstract
In the global health community, colon cancer (CRC) is a major concern, with a high rate of incidence.
Epigenetics is recognized as one of the causes of CRC development and progression. Mono-ADP-
ribosylation (MARylation) is a type of epigenetics, although the modification level and the target protein
in CRC remain unclear. We previously reported that the MARylation of arginine-117 of histone 3 (H3R117)
promotes the proliferation, upregulates methylation of tumor suppressor gene, and is tightly associated
with the metabolic processes in LoVo cells. Lipid metabolism disorder is involved in the development of
CRC at the early stage. Our study revealed that MARylation of H3R117 of the LoVo cells modulated lipid
metabolism, increased cholesterol synthesis, promoted lipid raft (LR) protein IGF-1R distribution, and
inhibited cell apoptosis through IGFBP1. In addition, bioinformatics analyses revealed that the IGFBP1
promoter was hypermethylated in CRC when compared to that in normal tissues. Moreover, H3R117
MARylation upregulated the methylation of IGFBP1 promoter through histone H3 citrullination (H3cit) by
increasing the H3K9me2, heterochromatin protein1 (HP1), and DNA methyltransferase 1 (DNMT1)
enrichment of IGFBP1 promoter. Accordingly, IGFBP1 may function as a tumor suppressor gene, while
H3R117 MARylation may promote CRC development. Our study findings enrich the available data on
epigenetics of CRC and provide a new idea and experimental basis for H3R117 MARylation as a target in
CRC treatment.

1. Introduction
Statistically, CRC ranked third in the rate of incidence (10%) and second in mortality (9.4%) in 2020,
making it remains a leading killer worldwide despite the increasing number of anticancer therapies being
developed [1, 2]. Considering that CRC is synonymous with a heavy societal and economic burden to the
patients and society at large, the underlying mechanisms and treatments of CRC remain to be
determined.

The importance of epigenetic abnormalities in tumors is well recognized. MARylation, a single unit of
ADP-ribose transferred from NAD+ to targets, is a type of epigenetics that regulates numerous cellular
processes like inflammation, DNA damage repair, and apoptosis [3, 4]. However, the enzymes and targets
of MARylation in CRC are unclear. Our past study showed that H3R117 had MARylation, which promotes
proliferation, invasion, metastasis and upregulates the mRNA expression of sterol regulatory element-
binding transcription factor 1 (SREBP1) and fatty acid synthase (FASN)[5–8], suggesting that MARylation
of H3R117 may be related to lipid metabolism in CRC cells. Interestingly, the literature has shown that
MARylation is involved in intracellular lipid droplets and fatty acid efflux[9]. Therefore, further research is
needed on the role of MARylation in CRC.

Accumulating evidence suggests that lipid metabolism disorder is associated with CRC[10, 11], although
the specific mechanism remains unclear. Cancer cells can upregulate endogenous adipogenesis and
cholesterol synthesis to meet the needs of tumor growth, and limiting lipid accumulation may be a
strategy against malignant tumors. Past studies have demonstrated that FASN, acetyl-CoA carboxylase
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(ACC), and 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) are the key rate-limiting enzymes for
cholesterol and fatty acid synthesis, which are regulated by sterol regulatory element-binding proteins
(SREBPs) [11–13]. In addition, the insulin growth factor-1 (IGF-1) and IGF-1 receptor (IGF-1R) can
upregulate the transcription of SREBP1, which promote the expression of HMGCR, but the use of IGF-1R
inhibitor reverses the above outcome[14–17], suggesting that IGF-1/IGF-1R/SREBP1 play a role in the
regulation of fatty acid and cholesterol biosynthesis.

Cholesterol is a key component of the LR in the cell membranes that affect the function of LR-associated
proteins, such as protein trafficking and different cellular signaling[18]. Past research has shown that the
translocation of IGF-1R to LRs antagonizes drug-induced tumor apoptosis[19]. Moreover, Maryse et al.[20]
confirmed that cholesterol depletion destroys the LR stability, prompting the transfer of IGF-1R from LR to
non-LR structures and eliminating the apoptosis mediated by IGF-I; however, the addition of cholesterol
can reverse the abovementioned results, which implies that cholesterol affects the distribution of IGF-1R
on LRs, followed by apoptosis of the cancer cells.

Importantly, the binding of IGF-1 to IGF-1R is regulated by insulin-like growth factor binding protein 1
(IGFBP1). IGFBP1 belongs to the IGF-signaling pathways, which binds IGF-1 with a high affinity and
controls its biological activity[21]. IGFBP1 plays an anti-tumor role. According to the literature, the lower
the level of IGFBP1, the higher is the risk of CRC [22, 23]. Recently, different studies showed that the
abnormal methylation of IGFBP1 is an important factor in gastric cancer[24, 25] and renal cancer[26], but
whether it is abnormal in CRC remains unknown. Our studies have demonstrated that the MARylation of
H3R117 regulates histone modification and DNA methylation, which in turn affects the tumor suppressor
gene expression. Accordingly, we speculated that the MARylation of H3R117 may affect the IGFBP1
methylation of CRC cells.

Thus, our study explored the potential epigenetic mechanisms of H3R117 MARylation on the methylation
of IGFBP1 promoter and its impact on the lipid metabolism and apoptosis through IGFBP1 in CRC cells,
which may provide the academic basis for establishing potential therapeutic targets of CRC.

2. Materials and methods

2.1. Cell culture
Prof. Wei-Xue Tang (Chongqing Medical University, Chongqing, China) generously provided human colon
adenocarcinoma LoVo cells that were maintained in DMEM (Hyclone, Logan, UT, USA) with 10% fetal
bovine serum (Hyclone), 1% penicillin and 1% streptomycin at 37℃ under 5% CO2 atmosphere. The point-
mutated H3R117 LoVo cells [arginine at residue 117 of H3 is changed to alanine (Mut-1) and lysine (Mut-
2)] and empty vector LoVo cells (Ev) have been constructed [6].

2.2. Primary antibodies, reagents, and animals
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The following primary antibodies, reagents, and animals were used in this study: anti-IGF-I receptor (9750,
Cell Signaling Technology, MA, USA), anti-histone H3 antibody (4620, Cell Signaling Technology), anti-
H3K9me2 (4658, Cell Signaling Technology), anti-H3K9me3 (13969, Cell Signaling Technology), anti-
Hp1α (2616, Cell Signaling Technology), anti-DNMT1 antibody (24206-1-AP, Proteitech, Chicago, USA),
anti-caspase3 antibody (19677-1-AP, Proteitech), anti-SREBP1 antibody (14088-1-AP, Proteitech), anti-
caveolin-1 antibody (16447-1-AP, Proteitech), anti-IGFBP1 antibody (A2981, ABclonal, Wuhan, China), anti-
histone H3 (citrulline R2 + R8 + R17) antibody (ab5103, Abcam, MA, USA), and PAD inhibitor Cl-amidine
(purity > 95% by HPLC,506282, Sigma-Aldrich, USA). Nude mice were provided by the Experimental Animal
Center of the National Bio-industry Base in Chongqing Medical University. Mice were sacrificed via
cervical dislocation, and the xenograft tumors quickly extracted and snap frozen in liquid nitrogen, and
then stored at − 80°C. The study was conducted in accordance with the Declaration of Helsinki, and
approved by the Institutional Ethics Committee of ChongQing Medical University.

2.3. Primer sequences
As follows were the oligonucleotide sequences of primers, which were designed using software
developed by NCBI. (Table 1).
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Table 1
Primer sequences for quantitative PCR

  Primer orientation Primer sequence (5' to 3')

IGFBP1 mRNA forward GAGCACGGAGATAACTGAGGAGG

  reverse GAGCCTTCGAGCCATCATAGGT

ACC mRNA forward CTGGAGGTGCAGATCTTAGCG

  reverse ATCTTCTGATGCTGCGTTGTA

ACLY mRNA forward TGGGGACCACAAGCAGAAGT

  reverse CTGTCATAGGCAGAGCGGAGA

FASN mRNA forward ATGCGGGACAGAGCAACTACG

  reverse TCGTTGGTGCTCATCGTCTCC

HMGCR mRNA forward TGGCCCAGTTGTGCGTCTTC

  reverse GCCTCCTTTATCACTGCGAACC

β-ACTIN mRNA forward GCCCTAGACTTCGAGCAAGA

  reverse AGGAAGGAAGGCTGAAGAG

IGF-1R mRNA forward TGCTGTATGCCTCTGTGAACCC

  reverse CCTTCATAGACCATCCCAAACG

SREBP1 mRNA forward CACCGTTTCTTCGTGGATGG

  reverse GGGCTGGGTCACACAGTTCA

2.4. Enzyme-linked immunosorbent assay
LoVo cells were grown in 6-well plates. The cell culture supernatants were collected, and the IGF-1 levels
were measured as per the manufacturer’s protocol using the human IGF-1 ELISA Kit (MB-0032B, Jiangsu
Meibiao Biological Technology Co., China). Then, 1 × 107 cells were collected from each group, after
which T-CHO and FA were measured by using the total cholesterol assay kit (A111-1, NanJing JianCheng
Bioengineering Institute, China) and human FA ELISA Kit (MB-3730B, Jiangsu Meibiao Biological
Technology Co.).

2.5. Western blotting
LR proteins were prepared as per the protocols of the UltraRIPA® kit for LR (F015, Funakoshi, Japan).
Nuclear and cytosolic proteins were extracted according to the instructions of the total protein and
nucleoplasmic protein extraction kit (Beyotime, China). To detect protein concentrations (Beyotime), the
BCA assay method was used. Then, the proteins were separated by SDS-PAGE and electroblotted onto the
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polyvinylidene fluoride membrane (Millipore, MA, and USA). Incubated at 4°C overnight with primary
antibodies after 2 h of blocking at room temperature, including IGFBP1 (1:500 dilution), cavolin (1:800
dilution), caspase3 (1:1000 dilution), H3cit (1:1000 dilution), IGF-1R (1:1000 dilution), SREBP1 (1:500
dilution), β-actin (1:1000 dilution), and H3 (1:1000 dilution). Secondary antibodies were then incubated
for 2 hours at room temperature after washing with TBST. Finally, the chemiluminescence signals were
visualized with enhanced chemiluminescence reagents (ECL) from Beyotime and analyzed with Quantity
One software from Bio-Rad.

2.6. Quantitative PCR
LoVo cells (3 × 105) were collected in 6-well plates and the total RNA was extracted and reverse
transcribed using the CellAmpTM Direct RNA Prep Kit for RT-PCR (Takara, China) and the PrimeScriptTM
RT Reagent Kit (Perfect Real Time). Our quantitative PCR was performed with the SYBR® Premix Ex Taq™
II (Takara), and target gene expressions were compared to β-actin.

2.7. Small-interfering RNA (SiRNA) procedures
SiRNA targeting IGFBP1 riboFECT™ CP was purchased from the RiboBio Company. siRNA transfection
followed manufacturer's instructions. Briefly, 2 × 105 cells were seeded and transfected with 50 nM (6-well
plate) siRNA. After 2 days, the transfected cells were used in the subsequent experiments. The selected
siRNA sequence was Si#2 (5-ACAGAGTCGTAGAGAGTTT‐3).

2.8. Oil red O staining
Lipid accumulation was observed by Oil Red O staining. Fix LoVo cells in 4% paraformaldehyde for 30
minutes, stain with oil red O solution at 37 ° C for 30 minutes, and then wash three times with 60%
isopropanol. Mayers hematoxylin was used to counterstain nuclei for 3 min. Under a light microscope
(Olympus Corp., Tokyo, Japan), red-stained lipid droplets were observed.

2.9. Raman imaging
After 48 h of transfection, the DXR2xi Raman Imaging Microscope (Thermo Fisher Scientific, USA) with
780 nM excitation and 24-mW laser power was used for acquiring the Raman maps. The spectrum
scanning range was 1000 − 1700 cm− 1, the aperture was 50-µm slit, and the measurement regions were
15 µm with 1.0-µm spot size. The scanning time was 1 s, and the number of scans was 12. All operations
were performed at room temperature. Analyzing the Raman hyperspectral maps was done with the
OMINICS software (Thermo Fisher Scientific).

2.10. Flow cytometric analysis of cell apoptosis
The cells were seeded in 6-well plates. After 2 days of transfection, the floating cells were collected.
Immediately after digestion with trypsin (without EDTA) and placement in centrifuge tubes, adherent cells
were centrifuged. Cells were stained with Annexin V-FITC and PI to measure apoptosis rates with flow
cytometry (Becon Dickinson FACS Calibur, NY, USA).
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2.11. Construction of the tumor transplantation model
The Committee for Animal Research of the Chongqing Medical University approved the protocol of
animal experiments. Balb/c nude mice (female, 5-week-old) were used in the in vivo animal studies. LoVo
cells (1 × 107) in 200 µL of PBS were injected into the right subscapular region of nude mice, followed by
monitoring of the subcutaneous tumorigenesis of mice. We sacrificed the mice after 14 days and
harvested the transplant subcutaneous sarcomas. Tumor volume was determined using calipers, and by
the formula: V = (length × width2)/2. Finally, the transplanted tumor was immediately stored in liquid
nitrogen.

2.12. Bioinformatics analyses
The methylation status of the IGFBP1 promoter in CRC and normal tissues was obtained from the Human
Disease Methylation Database Version 2.0, which is available at
http://biobigdata.hrbmu.edu.cn/diseasemeth/.

2.13. Bisulfite sequencing PCR (BSP)
The genomic DNA of each group was collected from 5 × 106 cells, which were modified with sodium
bisulfite and then processed by PCR. The primers used for the specific amplification of IGFBP1 promoter
sequences are listed above (Table.1). The PCR products were connected to a pMD18-T cloning vector and
then transformed. Subsequently, the transformed cells were screened via blue-white selection. The
screenings of positive clones were extracted and sequenced by the Shanghai Sangon Bioengineering Co.
Ltd. (Shanghai, China). The sequences of primers were in Table 2.

Table 2
The PCR primer for BSP

  Primer orientation Primer sequence (5' to 3')

IGFBP1 forward CAGCTCTCCACTGGAAGGCCA

  reverse GGTCTTGTTAGCAGTGGAGCCAG

2.14. Chromatin immunoprecipitation (ChIP) assay
As previously described, ChIP-qPCR was conducted[5] using the SimpleChIP Enzymatic Chromatin IP Kit
(9004, Cell Signaling Technology). Briefly, 540 µL of 37% formaldehyde solution was added to 20 mL of
the medium containing 1 × 107 cells) for crosslinking. Subsequently, the cross-linked chromatin was
digested and sheared to approximately 150–900-bp DNA fragments via sonication. The input control was
reserved, and the remaining Protein–DNA complexes were obtained with the anti-H3k9me2 (5 µL/IP), anti-
H3k9me3 (5 µL/IP), anti-H3cit (5 µL/IP), anti-Hp1α (10 µL/IP), or anti-DNMT1 (10 µL/IP) overnight at 4°C.
Normal rabbit IgG (5 µL/IP) was used as the negative control. Following washes and DNA elution, qPCR
was performed with primers for the IGFBP1 promoter fragment.
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2.15. Cell counting kit-8 (CCK-8) assay
3500 cells were added to a 96-well plate for 6 h. In the final concentrations, 100 µm and 200 µm of Cl-
amidine were added [27], respectively. After incubation for 12, 24, and 48 h, 10 µL of the CCK-8 solution
(Beijing Tongren Institute of Chemistry, Beijing, China) was added, incubating for 2 h. Finally, the
absorbance (optical density, OD) was detected at 450 nm.

2.16. Immunofluorescent Confocal Microscopy
4% Paraformaldehyde was applied for 20 minutes to the LoVo cells after seeding them on 6-well glass
slides. We then permeated the cells with 0.5% TritonX-100 for 20 min, followed by 2% goat serum for 30
min. Double labeling was performed with anti-Hp1α (1:200) and anti-DNMT1 (1:200) antibodies overnight
at 4°C. The day after, secondary antibodies and the DAPI solution in PBS were added. Finally, the glass
slides were washed 5 times with PBS and examined by confocal microscopy (Laser Scanning Confocal
Microscope LEICA TCS SP2).

2.17. Methylated DNA immunoprecipitation-quantitative
PCR (MeDIP-qPCR)
In order to detect the 5-mC immunoprecipitation of IGFBP1 promoter, EpiQuik Methylated DNA
Immunoprecipitation Kit (Epigentek, NY, USA) was used for MeDIP-qPCR. The specific experimental steps
were performed as described elsewhere[5] .

2.18. Statistical analysis
We repeated the experiment three times with three replicates. Statistical analyses were performed using
the SPSS software version 21.0 (SPSS Inc., Chicago, IL) and GraphPad Prism 8.3.0 (GraphPad Software
Inc., CA, USA). Data were expressed as mean ± standard deviation (x ± s). The comparisons of groups
were computed using a one-way analysis of variance. P < 0.05 was considered to indicate statistical
significance.

3. Results

3.1. Effects of MARylation of H3R117 on fatty acids and
cholesterol in LoVo cells
For rapid growth, tumor cells can enhance endogenous adipogenesis and cholesterol synthesis.
Therefore, ELISA was used to detente the contents of cholesterol and fatty acids, which were significantly
lower in mutant groups than those in control and empty vector groups (Figure. 1A-B). Previous
experimental results found that the MARylation of H3R117 can promote the mRNA expression of SREBP1
and FASN [8], which may be involved in lipid metabolism. Coincidentally, this result confirms previous
speculation.
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3.2. Effects of MARylation of H3R117 on the rate-limiting enzymes ACC, ACLY, FASN, and HMGCR in lipid
metabolism of LoVo cells

Researches have shown that IGF-1 and IGF-1R regulates SREBP1, which in turn affects the rate-limiting
enzyme of fatty acid and cholesterol synthesis [15–17, 28]. Moreover, IGFBP1 is the molecular switch of
IGF-1. Accordingly, we tested the abovementioned indicators. Compared with empty vector and control
group, two mutant groups showed decreased levels of IGF-1 in the culture supernatant (Figure. 1C),
increased protein levels of IGFBP1, and reduced protein expression of IGF-1R and SREBP1 (Figure. 1D-E).
Additionally, the mRNA levels of ACC, FASN, and HMGCR were significantly lower in mutant groups
compared to empty vector and control groups, although no significant difference in ACLY was noted
(Figure. 1F). These results suggest that MARylation of H3R117 was involved in regulating the rate-
limiting enzyme of lipid metabolism in LoVo cells.

3.3. Effects of MARylation of H3R117 on lipid metabolism
via IGFBP1 in LoVo cells
To explore the role of IGFBP1 in the lipid metabolism of LoVo cells, we further examined the effects of
IGFBP1 by siRNA-mediated IGFBP1 knockdown. The optimal interfering sequence si#2 was determined
by qRT-PCR and Western blotting (Figure. 1G-I, Supplementary Figure. 1). When compared with the two
mutant groups, after the knockdown of IGFBP1, supernatant levels of IGF-1 grew along with IGF-1R,
SREBP1, ACC, FASN, and HMGCR mRNA levels (Figure.1J-K), and the oil red O staining region was
upregulated(Figure.1L), suggesting that MARylation of H3R117 may regulate the lipid metabolism
through IGFBP1 in LoVo cells.

3.4. Effects of MARylation of H3R117 on cholesterol by
IGFBP1 in LoVo cells
The content of cholesterol has an important effect on the fluidity of cell membrane and the distribution of
protein on the LRs. So, Raman confocal microscopy was used to measure the cholesterol levels in each
group since HMGCR is a key in cholesterol synthesis. The laser Raman spectrum of the cholesterol in the
wavenumber of 1000–1700cm-1 was selected. We noted a strong Raman peak at the Raman shift of
1439 cm-1 of the cholesterol standard (Figure. 2A), which was then selected as the Raman intensity
comparison. Plainly, when compared with two mutant groups, the Raman intensity increased significantly
after knocking down IGFBP1 (Figure. 2B), thereby indicating that MARylation of H3R117 elevated the
cholesterol content through IGFBP1 in LoVo cells.

3.5. Effects of MARylation of H3R117 on the expression of
IGF-1R in LR, nucleus, and cytoplasm by IGFBP1 in LoVo
cells
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Cholesterol is a major component of LRs and affects the distribution and function of LR protein. The
literature demonstrates IGF-1R can be transferred from the cell membrane LR domains to the nucleus and
that its distribution on LR is affected by cholesterol. Therefore, we tested whether MARylation of H3R117
further affects the distribution of IGF-1R in LoVo cells. Our results indicated that the IGF-1R of LR and the
nucleus of mutant groups decreased significantly when compared with the empty vector and control
groups. When compared with the mutant groups, the IGF-1R of LR and nucleus increased significantly
after knocking down IGFBP1 (Figure. 2C-E). This result implies that the MARylation of H3R117 may affect
the distribution of IGF-1R in different portions by IGFBP1 in LoVo cells.

3.6. Effects of MARylation of H3R117 on apoptosis by
IGFBP1 in LoVo cells
Past literatures have demonstrated that increased distribution of IGF-1R on the LR can inhibit the
apoptosis of cancer through different pathways. Therefore, the expression of caspase3 was detected by
flow cytometry (Figure. 2F-G). In comparison with control and empty vector groups, the mutant groups
had higher apoptosis rate. When compared with the mutant groups, the apoptosis rate decreased after
knocking down IGFBP1, thereby suggesting that H3R117 MARylation may inhibit apoptosis through
IGFBP1 in LoVo cells.

3.7. Effects of MARylation of H3R117 on the expression of
IGFBP1, IGF-1R, SREBP1, and Caspase3 in subcutaneous
transplanted tumors
Previously, we transplanted LoVo cells of four groups subcutaneously into nude mice and found that
transplanted tumors in mutant groups were smaller in weight and volume than those in control groups in
the control and empty vector groups[6]. Meanwhile, consistent results were obtained in this experiment
(Figure. 3A-B). Moreover, when compared with empty vector and control groups, the IGFBP1 and cleaved
caspase3 expression in the mutation groups increased, while IGF-1R and SREBP1 decreased (Figure. 3C-
D). Thus, these in vivo data are consistent with those of the above-mentioned in vitro experiments.

3.8. IGFBP1 promoter methylation analysis in CRC tissues
by bioinformatics
Based on the above-mentioned results, the MARylation of H3R117 in LoVo cells can affect lipid
metabolism and inhibit apoptosis through IGFBP1, albeit the specific mechanism underlying this
phenomenon is unclear. Recent studies revealed that abnormal IGFBP1 methylation is an important
factor in cancer development[24, 25]. However, the methylation status of IGFBP1 in CRC continues to
remain unclear. Therefore, we detected the promoter methylation of IGFBP1 in CRC and normal tissues by
bioinformatics. The analysis indicated higher levels of methylation at IGFBP1 promoter in CRC than in
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normal specimens (Figure.4A-B), which may be one of the reasons for the decreased expression of
IGFBP1.

3.9. Effect of MARylation of H3R117 on the IGFBP1
promoter methylation in LoVo cells
Our past studies demonstrated that the MARylation of H3R117 could regulate oncogene promoter
methylation[5], and IGFBP1 promoter methylation was higher in CRC than in the normal tissues. Thereby
the methylation level of IGFBP1 promoter was detected by BSP in LoVo cells. We found that the
methylation level of IGFBP1 promoter was significantly lower in mutants groups than in control and
empty vector groups (Figure. 4C-D), which may explain the increase in IGFBP1 after removing MARylation
of H3R117 from LoVo cells.

3.10. Effects of MARylation of H3R117 on H3K9me2 and
H3K9me3 modifications and HP1 and DNMT1 enrichment
on IGFBP1 Promoter in LoVo cells
H3R117 MARylation can affect the H3K9me3 modification on oncogene promoters and regulate gene
methylation[5]. Accordingly, we detected changes in methylation of H3K9 on the IGFBP1 promoter in
LoVo cells by ChIP-qPCR. Our results revealed the mutant groups were less likely to have enriched
H3K9me2 on the IGFBP1 promoter than the control and empty vector groups (Figure. 4E-F), albeit no
differences were noted for H3K9me3 (Figure. 4I). In addition, it has been reported that H3K9me2 is the
binding site of HP1, which then activates DNMT1 leading to DNA methylation[29, 30]. Our data revealed a
significantly decreased HP1 and DNMT1 enrichment on IGFBP1 promoter after removing MARylation of
H3R117 (Figure.4G-H), suggesting that the MARylation of H3R117 may increase H3K9me2, HP1, and
DNMT1 enrichment, resulting in hypermethylation of the IGFBP1 promoter and decreased IGFBP1
expression in the LoVo cells.

3.11. Effects of MARylation of H3R117 on the IGFBP1
expression by H3 citrullination in LoVo cells
Considering the combination of H3K9me2 and HP1, recruiting DNMT1 may be the main step of increased
methylation of the IGFBP1 promoter. The literatures demonstrate that histone H3 citrullination (H3cit)
inhibits H3K9 methylation and reduces the affinity between H3K9me2 and HP1 [29, 31]. Moreover, Young
et al.[32] claimed that the inhibition of H3cit by Cl-amidine decreased the IGFBP1 expression. Therefore,
we speculated that H3cit was deeply related to IGFBP1. Our results revealed that the MARylation of
H3R117 suppressed the H3cit expression (Figure. 5A-B) and the enrichment of H3cit on the IGFBP1
promoter (Figure. 5C-D). Next, the time and concentration of inhibitor Cl-amidine was selected by CCK-8
for 48 h and 200 µm (Figure. 5E). When compared with the mutant groups, H3cit and IGFBP1 expression
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decreased significantly after adding Cl-amidine (Figure. 5F), suggesting that MARylation of H3R117 may
regulate the IGFBP1 expression by H3cit in LoVo cells.

3.12. Effect of inhibitor Cl-amidine on the co-localization of HP1 and DNMT1 and the methylation of
IGFBP1 promoter in LoVo cells

Based on the above results, we noted increased methylation levels of IGFBP1 promoter in the control and
empty vector groups, which was regulated by MARylation of H3R117 affected by H3cit in LoVo cells.
Notably, H3cit mainly affected the enrichment of H3K9me2, HP1, and DNMT1 on IGFBP1 promoter.
Hence, the co-localization between HP1 and DNMT1 was detected by confocal fluorescence microscopy.
The observation indicated an increase in the yellow (merge) co-localization of HP1 (green) and DNMT1
(red) after adding Cl-amidine (Figure. 5G). In addition, the methylation level of the IGFBP1 promoter
detected by MeDIP-qPCR showed a corresponding increase after the addition of Cl-amidine (Figure. 5H-I).

4. Discussion
MARylation is believed to be related to signal transduction, stress response, and DNA damage repair [33–
35], which are the main pathophysiological mechanisms of the occurrence and development of CRC.
Although it is known that the effect of MARylation depends on the specific targets of its modification, its
function has not been well-studied owing to technical limitations. Previously, we analyzed the MARylation
sites of histone 3 in CRC cell lines by LC-MS/MS and found that H3R117 MARylation in LoVo cells may
promote tumor proliferation[6]. Then, we applied the transcriptome sequencing technology to analyze the
function of MARylation of H3R117 after the mutation of arginine-117, which indicated that the
MARylation of H3R117 may facilitate tumor metastasis and regulate the metabolism processes, such as
the lipid metabolic process [8]. However, the mechanism by which MARylation of H3R117 in LoVo cells
regulates lipid metabolism remains unknown.

Lipid metabolism disorders are a major feature of tumors to meet the needs of their rapid division, and
despite the sufficient level of exogenous fatty acids, tumors tend to synthesize themselves[36, 37]. Past
studies have demonstrated that FASN, ACC, and HMGCR are the key rate-limiting enzymes for cholesterol
and fatty acid synthesis, which are regulated by SREBPs. Moreover, the combination of IGF-1 and IGF-1R
can upregulate the transcription of SREBP1[11, 13, 38], leading to lipogenesis; increasing IGF-1 can
promote the expression of HMGCR, but the application of IGF-1R inhibitor reverses these results[14, 17],
suggesting the involvement of IGF-1/IGF-1R/SREBP1 in the regulation of fatty acid and cholesterol
biosynthesis. However, IGFBP1 is the key regulating factor in the binding of IGF-1 and IGF-1R. Published
literature confirms that the main function of IGFBP1 is to strongly bind to IGF and inhibit IGF activity[39].
In other words, up-regulating IGFBP1 reduces the amount of IGF-1 that can interact with IGF-1R. Here, we
demonstrated that H3R117 MARylation increased the synthesis of fatty acids and cholesterol, decreased
the expression of IGFBP1, upregulated the level of IGF-1 in the supernatant, and enhanced the expression
of IGF-1R and SREBP1 as well as those of the downstream ACC, FASN, and HMGCR in LoVo cells. These
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results further prove that the H3R117 MARylation participates in the regulation of LoVo cells’ cholesterol
and fatty acid synthesis, which conforms to the results of a previous study [8] .

Cholesterol is a critical component for the LRs in cell membranes affecting the function of LR-associated
proteins [18, 40]. Research implicates that IGF-1R on the cell membrane can be transferred to the nucleus
by endocytosis relating to its function[41]. For example, the translocation of IGF-1R to LRs antagonize
drug-induced tumor apoptosis[19]. Moreover, Maryse et al.[20] confirmed that cholesterol depletion
destroyed the LR stability, causing the transfer of IGF-1R from LR to non-LR structures and eliminating the
apoptosis mediated by IGF-I; however, the addition of cholesterol actually reversed the above results,
indicating that cholesterol affected the distribution of IGF-1R on LRs, followed by apoptosis of the cancer
cells. Subsequently, the content of cholesterol in the LoVo cells was detected by Raman confocal
microscopy. These results showed that the MARylation of H3R117 could increase cholesterol synthesis in
LoVo cells by IGFBP1. Then, we found that H3R117 MARylation upregulated the expression of IGF-1R in
LR and nucleus, accompanied by reduced apoptosis after knocking down IGFBP1 in LoVo cells. In vivo,
the volume of subcutaneous xenograft tumors with the MARylation of H3R117 in nude mice was larger
than that without, while IGFBP1 and cleavage caspase3 expression decreased along with an increased
expression of IGF-1R and SREBP1; the results in vitro were in line with previous fingdings [6]. These
results suggest that H3R117 MARylation in LoVo cells may accelerate cholesterol synthesis such that the
IGF-1R expression in LR increases and then inhibits apoptosis through IGFBP1 toward promoting the
development of CRC.

Based on the appeal results, IGFBP1 was determined to be the key molecule for MARylation of H3R117
toward regulating the malignant tumor behavior, but how IGFBP1 is manipulated remains unclear. The
studies suggest that IGFBP1 exerted an antitumor effect in CRC; the risk of CRC was higher with a
decrease in the IGFBP1 [22, 23]. Recently, literature suggests that the abnormal methylation of IGFBP1 is
an important factor in gastric cancer[24], diabetes[42], and renal cancer[26, 43]. Interestingly, we applied
bioinformatics analysis to demonstrate that the methylation of IGFBP1 promoter in CRC was significantly
higher than that in the normal tissues, while BSP results showed the MARylation of H3R117 enhanced the
IGFBP1 promoter methylation in LoVo cells, which further confirmed the importance of IGFBP1
methylation in CRC. Furthermore, the MARylation of H3R117 may decrease the IGFBP1 expression by
promoting the methylation of IGFBP1.

It is already known that histone modification interacts with DNA methylation; H3K9 methylation is widely
assumed to be a marker of epigenetic silencing [44–46], which involves the regulation of demethylation
and methylation of oncogenes and tumor suppressor genes. Coincidentally, our past studies have shown
that the MARylation of H3R117 promoted the expression of H3K9me2 and regulated the methylation of
the promoters H3K9, H3K4, and H3K27 at the tumor suppressor gene promoter, thereby increasing the
DNA methylation and inhibiting the gene expression[5]. In this study, the MARylation of H3R117 increased
the H3K9me2 at the IGFBP1 promoter rather than that of the H3K9me3 in LoVo cells. H3K9me2, a
repressive chromatin modification, provides a binding site for HP1, leading to the formation of a silent
chromatin state [47–49]. Moreover, HP1 can activate the activity of DNMT1, which co-localizes with HP1
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at the H3K9me2 sites, leading to the methylation of cytosine [30, 49, 50]. For instance, altering the
H3K9me2 modification level and the recruitment of transcription factors HP1 and DNMT1 in the gene
promoter region can inhibit the metastasis of lung cancer [51], suggesting that H3K9me2, HP1, and
DNMT1 restrict each other when regulating gene methylation. Correspondingly, our results revealed that
H3R117 MARylation increases the enrichment of HP1 and DNMT1 at the IGFBP1 promoter regions in
LoVo cells, implying that the MARylation of H3R117 may repress the transcription of IGFBP1 by
regulating the binding of H3K9me2, HP1, and DNMT1 on the IGFBP1 promoter.

Since the binding of H3K9me2 to HP1 may be the main step in controlling methylation, we further
explored how the MARylation of H3R117 affects the binding of H3K9me2 to HP1. Citrullination is an
irreversible PTM that catalyzes the conversion of arginine residues to citrulline, detected in inflammation,
autoimmune diseases, and tumors[52, 53]. Past studies have demonstrated negative crosstalk between
histone methylation and citrullination; for example, Clancy et al. suggested that the methylation of
histone 3 lysine 27 (H3K27) inhibits the citrullination of histone 3 arginine 26 (H3R26) by 30-fold, while
the citrullination of H3R26 inhibits the methylation of H3K27 by 30000-fold[31]. In addition, inhibition of
citrullination by Cl-amidine resulted in a significant decrease in the IGFBP1 expression [32, 54], which in
turn prompted histone citrullination leading to the modulation of the combination of epigenetic
modifications at the IGFBP1 promoter sequence. Accordingly, our results suggested that the removal of
H3R117 MARylation increased the expression of H3cit and its level at the IGFBP1 promoter regions in
LoVo cells. Adding inhibitor Cl-amidine, the expression of H3cit and IGFBP1 decreased as well, indicating
that the MARylation of H3R117 may regulate the IGFBP1 methylation and expression by affecting H3cit
in LoVo cells.

Thus, we speculated that the MARylation of H3R117 may interfere with the enrichment of HP1 and
DNMT1 on the IGFBP1 promoter by affecting H3cit and then H3K9me2. H3cit is believed to inhibit the
expression of HP1 and reduce its affinity for H3K9 methylation [29, 31, 55], which may further affect the
enrichment of DNMT1 on the gene promoter. Therefore, we examined the co-localization of HP1 with
DNMT1 in LoVo cells by laser confocal microscopy and found that Cl-amidine treatment of LoVo cells
increased the co-localization with HP1 and DNMT1. Consistently, DNA methylation levels of IGFBP1
promoter detected by MeDIP-qPCR suggested a significant increase after the addition of Cl-amidine,
indicating that the MARylation of H3R117 increased the IGFBP1 promoter methylation by regulating
histone citrullination.

In conclusion, we showed here that H3R117 MARylation in LoVo cells can simultaneously decrease the
level of H3cit, increase the level of H3K9me2, and facilitate cytosine methylation by histone citrullination,
which together enhances the binding of HP1 and DNMT1 on the IGFBP1 promoter, thereby inhibiting its
expression. Furthermore, the MARylation of H3R117 notably enhanced cholesterol synthesis by IGFBP1,
which increased the distribution of IGF-1R in LR, resulting in decreased apoptosis (Figure. 6). In summary,
the results in this paper establish the role of H3R117 MARylation in regulating the epigenetic events,
modulating lipid metabolism, and inhibiting tumor apoptosis in colon cancer, which promotes the
development of CRC. However, there are still some shortcomings in this study. In the early stage, we
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screened two cells with higher expression of MARylation in three human colorectal cancer cells (SW480,
LoVo, HT29) (Supplementary Fig. 1), and continued to analyze the MARylation at arginine of histone in
SW480 and LoVo cells with LC-MS/MS. It was found that only LoVo cells with the highest malignancy
had MARylation at H3R117, so the function of H3R117 MARylation cannot be tested in different cell lines
at present. We plan to detect the H3R117 MARylation in cancer tissues with different degrees of
differentiation from colorectal cancer patients to observe whether H3R117 MARylation can be used to as
a molecular target of tumor treatment.
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Figure 1

Effect of H3R117 MARylation on lipid metabolism of LoVo cells via IGFBP1. (A-B) The effect of H3R117
MARylation on the levels of fatty acids and cholesterol. The mutant groups had significantly lower levels
of fatty acid (A) and cholesterol (B) in comparison with the empty vector group and the control group. (C-
F) The effect of H3R117 MARylation on the enzymes of lipid metabolism. H3R117 MARylation increased
the level of IGF-1 in the supernatant (C) and modified the expression of different proteins (D); Statistical
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chart indicating the different protein (E) and mRNA expression (F). (G-L) H3R117 MARylation interferes
with lipid metabolism through IGFBP1. Effective siRNA sequences were screened by Western blotting
analyses (G), the protein expression of IGFBP1 (H-I), the level of IGF-1 in the supernatant (J) and the
mRNA expression of different indicators (K) interfered by siRNA. Cells were stained using the Oil Red O to
display fat contents (L). (*p < 0.05 vs. Ctrl and Ev; **p < 0.01 vs. Ctrl and Ev; #p < 0.05 vs. Mut-1 and Mut-
2; ##p < 0.01 vs. Mut-1 and Mut-2). Abbreviation: Ctrl, Control; Ev, empty vector; Mut-1, arginine at residue
117 of H3 is changed to alanine; Mut-2, arginine at residue 117 of H3 is changed to lysine.
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Figure 2

Effect of H3R117 MARylation on cholesterol, and the IGF-1R expression in LR and cell apoptosis by
IGFBP1. (A-B) Raman confocal microscopy for cholesterol. The Raman spectra (A) and Raman intensity
(B) of cholesterol in different groups. (C-E) The effect of H3R117 MARylation on the IGF-1R expression in
different parts of LoVo cells via IGFBP1. Western blotting analyses of the IGF-1R expression in LR and
nuclei (C); Statistical chart of the IGF-1R protein expression in LR (D) and nucleus (E). (F-G) The effect of
H3R117 MARylation on apoptosis in LoVo cells by IGFBP1. The flow chart in different groups (F) and
statistical chart of apoptosis rate (G). (LR, lipid raft; N, nucleus; **p < 0.01 vs. Ctrl and Ev, ##p < 0.01 vs.
Mut-1 and Mut-2 group).

Figure 3

Effect of H3R117 MARylation on the expression of IGFBP1, IGF-1R, SREBP1, and Caspase3 in the
transplanted tumor. Comparison of subcutaneously transplanted tumor in nude mice of each group (A);



Page 23/26

the volume statistical chart of subcutaneously transplanted tumor (B); the protein expression of
subcutaneously transplanted tumor in different groups (C); Statistical chart of different protein
expression in the subcutaneously transplanted tumor (D) (**p < 0.01 vs. Ctrl and Ev).

Figure 4
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Effect of H3R117 MARylation on methylation of IGFBP1 promoter. (A-B) Bioinformatics analyses for the
methylation of IGFBP1 promoter in COAD (A), READ, (B) and normal tissues. (C-D) The effect of H3R117
MARylation on the methylation of IGFBP1 promoter in LoVo cells. The CpG Island region of IGFBP1
promoter (C); methylation of the IGFBP1 promoter in different groups (D). (E-I) Chromatin
immunoprecipitation for IGFBP1 promoter. The results of chromatin fragmentation (150–1000 bp) (E);
the level of H3K9me2 on the IGFBP1 promoter (F); enrichment of HP1 on IGFBP1 promoter (G);
enrichment of DNMT1 on the IGFBP1 promoter (H); the level of H3K9me3 on the IGFBP1 promoter (I).
(READ, rectal adenocarcinoma; COAD, colon adenocarcinoma; **p < 0.01 vs. Ctrl and Ev)
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Figure 5

Effect of H3R117 MARylation on the methylation of IGFBP1 promoter by regulating H3 citrullination. (A-F)
The effect of H3R117 MARylation on the IGFBP1 expression by H3 citrullination in LoVo cells. The protein
expression of H3cit in different groups (A); Statistical chart of the H3cit protein expression (B)；The results
of chromatin fragmentation (150–1000 bp) (C); ChIP for the level of H3cit on the IGFBP1 promoter (D);
the concentration and time of Cl-amidine screened by CCK-8 (E); effects of Cl-amidine on the protein
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expression of H3cit and IGFBP1 (F). (G-I) The effect of inhibitor Cl-amidine on the co-localization of HP1
and DNMT1 and the methylation of IGFBP1 promoter. Immunofluorescent confocal microscopy for the
co-localization of HP1 with DNMT1 in different groups (G). The results of chromatin fragmentation for
MeDIP (H); the methylation of IGFBP1 promoter after the addition of Cl-amidine (I). (**p < 0.01 vs. Ctrl and
Ev, ##p < 0.05 vs. Mut-1 and Mut-2 groups)

Figure 6

Illustration of the effect of H3R117 MARylation on lipid metabolism and apoptosis in CRC by regulating
IGFBP1 methylation. H3R117 MARylation promotes the synthesis of fatty acids and cholesterol through
IGFBP1, which promotes the binding of IGF-1 and IGF-1R, increases the expression of SREBP1 and lipid
metabolism-related genes, thereby promoting the synthesis of cholesterol and IGF-1R expression of LR,
thereby inhibiting apoptosis; In addition, H3R117 MARylation enhances IGFBP1 promoter methylation by
inhibiting the level of H3cit, which may be one of the reasons for the decrease of IGFBP1 expression.
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