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Background: Colorectal cancer remains a major public health problem with high morbidity
and mortality rates. In the search for the mechanisms of colorectal cancer occurrence and
development, increasing attention has been focused on epigenetics. The overall level of
Mono-ADP-ribosylation, an epigenetic, has not been investigated now. The aim of our study
was to analysis of the overall level of mono-ADP-ribosylation in colorectal cancer.
Methods: Immunohistochemistry was used to investigate the level of mono-ADP-
ribosylation in colorectal cancer and normal colorectal adjacent tissue from 64 CRC patients.
The data of patient demographic, clinical and pathological characteristics were acquired and
analyzed.

Results: Mono-ADP-ribosylation was present in both colorectal adenocarcinoma and nor-
mal colorectal tissue. The overall level of mono-ADP-ribosylation in colorectal cancer was
significantly higher than that in normal colorectal adjacent tissue. In the nucleus, the majority
of samples in the high-level group were colorectal adenocarcinoma (55/64), but the opposite
was true for normal colorectal tissues (7/32). In particular, increases in the level of mono-
ADP-ribosylation in the cytoplasm of colorectal cancer cells was associated with a greater
invasion depth of the tumor.

Conclusion: The increased level of mono-ADP-ribosylation in colorectal cancer enhances
tumor invasion, which suggests that mono-ADP-ribosylation is involved in the development
of colorectal cancer and may become a new direction to solve the problem of colorectal
cancer.
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Introduction
Colorectal cancer (CRC) is one of the most common malignancies of the digestive
tract, with the third highest incidence and the second highest mortality rate in the
world,' and is a serious threat to human health. According to the American Cancer
Society, in 2020, the number of cases of newly diagnosed CRC is estimated to be
147,950, and approximately 53,200 people will die of CRC in the United States.’
Additionally, the incidence and mortality of CRC in China is expected to increase to
642,300 and 221,100 by 2025.> Therefore, elucidating the etiology of CRC and
identifying pathogenesis and carcinogenic factors are of great significance to
establish new early diagnosis methods, implement effective preventive measures
and improve treatment.

With the development of proteomics, protein post-translational modifications
(PTMs) and their effects on protein function have been further studied with respect
to the occurrence and development of CRC. ADP ribosylation is a PTM involving
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Figure | The process of mono-ADP-ribosylation (MARylation). ADP-ribosylation is reversible; it is catalyzed by ADP-ribosyltransferases (ARTs) and removed by ADP-

ribosylglycohydrolases.

the covalent binding of an ADP-ribose moiety from nico-
tinamide adenine dinucleotide (NAD™") to amino acid resi-
dues of target proteins by ADP-ribosyltransferases (Figure
1). Different residues can be covalently modified, which
can produce different signals in regulating protein func-
tions and interactions. ADP ribosylation can occur as
mono- or poly-ADP-ribosylation, which are reversible
PTMs that participate in cell signal transduction, DNA
repair and gene regulation.”

Although great progress has been made in the study of
ADP ribosylation in recent years, the identification of
ADP-ribosylated proteins, chromatin binding sites and
amino acid targets has been challenging. The role of poly-
ADP-ribosylation (PARylation) has been widely studied in
the past few decades, but the physiological function of
mono-ADP-ribosylation (MARylation) is still
understood. However, an increasing number of studies

poorly

has shown that MARylation is related to a variety of
cellular processes, including immune regulation, endoplas-
mic reticulum stress and cell metabolism.*> This study
will assess the level of MARylation in CRC specimens
and explore the characteristics of the specimens.

Materials and Methods

Patients and Tumor Specimens

Paired tumor and distal normal tissues were collected from
64 CRC patients at the First Affiliated Hospital of
Chongqing Medical University. The study was approved

by the Clinical Research Ethics Committee of Chongqing
Medical University. All
informed consent. The age of the patients ranged from

subjects provided written

31 to 85 years old with a median age of 60.5 years old.

Immunohistochemistry

Immunohistochemical staining was completed using
(Maixin

Biotechnologies, Fuzhou, China) on 4 pum sections from

a standard streptavidin  peroxidase kit
paraffin-embedded colorectal carcinoma tissues. In short,
all sections were baked at 60 °C for 2 hours, deparaffinized
with xylene and dehydrated with a graded series of ethanol.
Then, the sections were sequentially treated with citrate
buffer (10 mM, pH 6.0) in a pressure chamber for antigen
retrieval. Blocking reagents were used to reduce endogenous
peroxidase activity and nonspecific staining. Then, rabbit
anti-mono-ADP-ribose  primary antibody (1: 300,
Millipore, Billerica, MA, USA) was added to the sections
and incubated at 4 °C overnight. The following day, the
sections were incubated in biotin-labeled secondary anti-
body for 30 min at 37 °C before they were treated with
streptavidin peroxidase. Antibody binding in all the sections
(DAB)
Chromogen Kit (Maixin Biotechnologies, Fuzhou, China).

was visualized using a diaminobenzidine

Evaluation

According to the World Health Organization criteria (2019,
fifth edition),® two independent and experienced patholo-
gists who were blinded to the patients’ clinical data judged
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the differentiation grade, invasive depth, histological classi-
fication, TNM stage and lymph node metastasis of the tumor
and scored the immunohistochemistry results using
a specific method based on previous literature.” The staining
intensity score was graded as 0, no staining; 1, light yellow;
2, brown; and 3, dark brown. The proportion of positive cells
in 100 tumor cells was observed by microscopy, and the cell
positive rate scores were recorded as follows: 0, 0~5%; 1,
6%~25%; 2, 26%~ 50%; 3, 51%~ 75%; and 4, >75%. The
intensity and positive rate scores were added to produce the
final score, which was classified as follows: <2, negative (-);
2~3, slight positive (+); 4~5, moderately positive (++); 6~7,
strongly positive (+++). For the analysis, the specimens
were divided into two groups: negative and slight positive
were defined as the low-level group, whereas moderately

positive and strongly positive were defined as the high-level
group.

Statistical Analysis

Statistical analysis was performed using SPSS 19.0 soft-
ware. Differences between different groups were analyzed
using the chi-square and Wilcoxon tests. A P value less
than 0.05 (P<0.05) was considered statistically significant.

Results

Immunohistochemistry staining showed that MARylation
was present in both colorectal adenocarcinoma and normal
colorectal tissue (Figures 2 and 3). The level of
MARylation in colorectal adenocarcinoma was signifi-
cantly higher than that in normal colorectal tissue (P <
0.05) (Table 1) in both the nucleus and cytoplasm (P <
0.05) (Tables 2 and 3). In the nucleus, the majority of
samples in the high-level group were colorectal adenocar-
cinoma (55/64), but the opposite was true for normal
colorectal tissues (7/32) (Figure 3, Table 2). Significantly,

no high levels of MARylation were observed in the cyto-
plasm of normal colorectal tissue (0/32).

The association of clinicopathological characteristics
and MARylation staining of the nucleus and cytoplasm
in colorectal adenocarcinoma was analyzed. It was found
that positive MARylation was not related to sex, age,
location, lymph node metastasis, differentiation grade or
TNM stage, but positive MARylation in the cytoplasm was
related to the depth of invasion (P < 0.05); in the nucleus,
the positive MARylation was associated with the histolo-
gical type of CRC (P < 0.05) (Table 4).

The above two distinct clinicopathological features
were further studied. The level of MARylation was gradu-
ally enhanced with increasing invasion depth (P < 0.05)
(Table 5). The level of MARylation in the nucleus was not
significantly different between colorectal adenocarcinoma
and mucinous adenocarcinoma (Table 6).

Discussion

MARylation has been shown to be involved in different
pathophysiological processes, such as signal transduction,
gene transcription, stress response, DNA damage repair
and apoptosis,*>® by regulating the interaction of the
target with other molecules or changing the activity of
the target if the target is an enzyme. Due to the limitations
of technology, previous studies on the role of MARylation
in CRC were mainly focused on various enzymes,” '
which could not identify the specific modification targets.
However, it has been determined that nonenzymatic pro-
teins, DNA and RNA can undergo MARylation. To clarify
the role of MARylation, the level of MARylation was
detected by immunohistochemistry in colorectal adenocar-
cinoma and normal colorectal tissues for the first time.
Compared with normal colorectal tissues, CRC tissues
showed in the

significantly increased MARylation

Figure 2 Staining of mono-ADP-ribose binding reagent in colorectal adenocarcinoma tissue samples. (A) Strongly positive staining (X400). (B) Slight positive staining (x400).

Scale bar=50pm.
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Figure 3 The level of mono-ADP-ribose binding reagent in colorectal adenocarcinoma and normal colorectal tissues. Positive staining of mono-ADP-ribose binding reagent
in colorectal adenocarcinoma (A-C) (x4), (D-F) (x400). Positive staining of mono-ADP-ribose binding reagent in normal colorectal tissue (G-I) (%x400). Scale bar=50um.

cytoplasm and nucleus. In particular, with the increase in
the level of MARylation in the cytoplasm, the depth of
invasion became increasingly deeper, which suggested that
MARylation was involved in the progression of CRC.
High levels of MARylation in the cytoplasm of CRC cells
promoted tumor invasion, which may be related to the

Table | Different Degrees of Mono-ADP-Ribose Binding Reagent
Staining in Colorectal Adenocarcinoma and Normal Colorectal

different effects of modified proteins. The shedding of
tumor cells from the primary site to the surrounding environ-
ment is a multistep process in which cell adhesion is the key
step. B-Catenin and cell surface E-cadherin interact to form
a cell-adhesion junction complex that mediating intercellular
adhesion, which is closely related to tumor invasion and

Table 2 Mono-ADP-Ribose Binding Reagent in the Nucleus of
Colorectal Adenocarcinoma and Normal Colorectal Tissue

Tissue Nucleus
N Low High P N Low High P
Colorectal adenocarcinoma | 64 | 63 <0.001* Colorectal adenocarcinoma | 64 9 55 <0.001*
Normal colorectal tissue 32 25 7 Normal colorectal tissue 32 25 7

Note: *Signifies P<0.05.
Abbreviations: N, number; Low, low-level group; High, high-level group.

Note: *Signifies P<0.05.
Abbreviations: N, number; Low, low-level group; High, high-level group.
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Table 3 Mono-ADP-Ribose Binding Reagent in the Cytoplasm of
Colorectal Adenocarcinoma and Normal Colorectal Tissue

Table 5 The Difference Analysis of Invasive Depth and the Level
of Mono-ADP-Ribose Binding Reagent in Cytoplasm

Note: *Signifies P<0.05.
Abbreviations: N, number; Low, low-level group; High, high-level group.

metastasis. Previous studies have shown that the
MARylation of glycogen synthase kinase 3 (GSK-3f) can
suppress its kinase activity,'> which is responsible for the
phosphorylation and consequent degradation of B-catenin.
MARylation of GSK3p leads to the accumulation of [-

catenin in the nucleus and activation of downstream target

Cytoplasm Invasive Depth N Low High P
N Low High P Submucosa 2 | | 0.049*
Colorectal adenocarcinoma 64 7 57 <0.001* Muscularis 7 2 5
Normal colorectal tissue 32 32 0
Serosa and adventitia 55 4 51

Note: *Signifies P<0.05.
Abbreviations: N, number; Low, low-level group; High, high-level group.

genes such as c-myc, MMP-7 and CyclinD1. Aromatic
hydrocarbon receptor (AHR), a component of the E3
ubiquitin ligase, can ubiquitinate p-catenin to mark it for
degradation. Colonic tumors were frequently observed in
AHR-/- mice,” and the MARylation of AHR inhibited its
activity,'* resulting in a reduction in ubiquitination.

Table 4 Comparison of Clinicopathological Characteristics in 64 Cases with Colorectal Adenocarcinoma

Clinicopathological Features | No. of Patients (n=64) Positivity Rate (%) P (Cytoplasm) P (Nucleus)

Age 0.257 0.857
<60 28 43.75%
260 36 56.25%

Sex 0.439 0.713
Males 40 62.50%
Females 24 37.50%

Location 0.662 0.261
Left colon I 17.74%
Right colon 17 27.42%
Rectum 34 54.84%

Lymph node metastasis 0.272 0.194
No 35 54.69%
Yes 29 45.31%

Invasive depth <0.001* 0.847
Submucosa 2 3.13%
Muscularis 7 10.94%
Serosa and adventitia 55 85.94%

Differentiation grade 0.227 0.238
Low grade 26 40.63%
High grade 38 59.37%

TNM stage 0.472 0.321
| 7 10.94%
1l 26 40.63%
1 22 34.38%
1\ 9 14.06%

Histological classification 0.667 0.001*
Adenocarcinoma 54 84.38%
Mucinous adenocarcinoma 10 15.63%

Note: *Signifies P<0.05.
Cancer Management and Research 2021:13 submit your manuscript 2405
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Table 6 The Difference Analysis of Histological Classification
and the Level of Mono-ADP-Ribose Binding Reagent in Nucleus

Histological Classification N Low High P
Adenocarcinoma 54 4 50 0.781
Mucinous adenocarcinoma 10 | 9

Abbreviations: N, number; Low, low-level group; High, high-level group.

Ubiquitination mediated by ubiquitin E3 ligase -transducin
repeat containing protein 1 (B-TrCP1) is another B-catenin
degradation pathway.'> MARylation of B-TrCP1 can upregu-
late its expression.'® Karyopherin-p1 (KPNB1) can transport
proteins, such as f-catenin and NF-kB p65, or RNAs into and
out of the nucleus through nuclear pore complexes.'”'® At
present, the effect of MARylation on KPNBI1 function is
unclear, but it is possible that MARylation inhibits its carrier

function and affects KPNBI1-assisted nuclear-cytoplasmic
9

transport protein.'” Recent studies have indicated that

w
E-cadherin g

-catenin

B-catenin

’ Ubiquitination

e Phosphorylation

MARYylation of Golgin-97 is necessary to ensure the correct
transport of E-cadherin from the reverse Golgi apparatus to
the plasma membrane.”” Inhibition of MARylation will pre-
vent Golgin-97-controlled E-cadherin from reaching the
plasma membrane and promote epithelial-mesenchymal
transformation (EMT). Therefore, MARylation of different
proteins in the cytoplasm causes the aggregation of intracel-
lular B-catenin, a reduction in the binding of B-catenin to
E-cadherin at the cell membrane, and the decreased distribu-
tion of E-cadherin to the plasma membrane, all of which lead
to decreased adhesion between cells and an increased like-
lihood that tumor cells will infiltrate the surrounding
microenvironment.

In addition, three key proteins in the cytoplasm
involved in endoplasmic reticulum stress can be affected
by MARylation, which possibly influences the invasion of
tumor cells. MARylation of inositol-requiring enzyme-1 o
(IRE-la) and protein kinase RNA-like endoplasmic reticu-
lum kinase (PERK) can increase their kinase activity and

* Stimulation

@ Mono-ADP-ribosylation

Figure 4 Schematic diagram of how MARylation is predicted to be involved in the regulation of colorectal cancer. The possible mechanisms of MARylation in colorectal
cancer are described with regard to endoplasmic reticulum stress, DNA damage repair, EMT, B-catenin activity and the NF-«xB signaling pathway.
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stimulate downstream signaling;?' additionally, activating
PERK  promotes tumor invasion.”’ Meanwhile,
MARylation of glucose-regulated protein 78 (GRP78)
results in its inactivation,” while silencing GRP78 in
colon cancer can reduce E-cadherin expression, promote
EMT, and facilitate tumor invasion.>* These studies are
consistent with the observed effect of MARylation on
tumor invasion, but the proteins modified by MARylation
in CRC need to be identified more readily.

In this study, MARylation of normal colorectal tissues
was mainly localized to the nucleus, with the majority of
cytoplasm showing none; by contrast, the level of
MARYylation in the cytoplasm of CRC was significantly
increased. MARylation of NF-kB essential modulator
(NEMO) in the cytoplasm prevents the activation of the
NEMO IKK/complex;> this blocks the phosphorylation
and ubiquitination of IkB protein, which then cannot dis-
sociate from NF-«kB and inhibits NF-«B activation.
However, MARylation of B-TrCP1 upregulates its expres-
sion, and B-TrCP1 mediates the degradation of IxB, which
NF-kB dimer and activates the NF-«xB
pathway.”® In pancreatic cancer cells, PARP14 is respon-

releases the

sible for the nuclear translocation of high levels of phos-
phorylated IxB and NF-kB P65.>7 Activation of the NF-xB
signaling pathway promotes the invasion and survival of
CRC cells.”® However, MARylation of different proteins
in the NF-xB signaling pathway has an inverse effect on
pathway activation, and the effects of MARylation on
CRC have not been clearly defined. Because modification
is a reversible and dynamic process, the specific indicators
of MARylation in CRC need to be further clarified.

The level of MARylation in the nuclei of CRC cells
was significantly higher than that in normal colorectal
cells. Compared with colorectal adenocarcinoma, muci-
nous adenocarcinoma progresses more rapidly and has
a worse prognosis. Although the positive proportion of
MARylation in the nucleus was related to histological
type, there was no significant difference in MARylation
level between colorectal adenocarcinoma and mucinous
adenocarcinoma. Our previous studies have shown that
MARylation of H3R117 in LOVO cells is involved in
the regulation of oncogene methylation and promotes
tumor survival, which may contribute to the develop-
ment of CRC by affecting the structure and dynamics
of chromatin.***° In addition, MARylation of histone
deacetylase 2 (HDAC2) and HDAC3 enables them to
dissociate from the gene promoter, and the binding of
transcription factor P300 to the gene promoter can

enhance the expression of downstream genes that pro-
mote antiapoptotic activity in tumor cells.>’ MARylation
of cell cycle checkpoint kinase 1 (Chkl) hinders the
phosphorylation of Chk1S345, and the removal of
MARylation leads to mitotic signaling defects.*? In addi-
tion, MARylation of the hydrolases PARG,* TARG1,*
MACROD2* and PARP1° shifts their activities toward
cell damage repair. During the repair process, the export
of MACROD2 from the nucleus to the cytoplasm
increases.>” Although its target is not clear, this dynamic
regulation may vary according to the modification
requirements of different targets for the cytoplasm and
nucleus when cell damage occurs.

Current research suggests that the left and right colons
have different embryonic origins and different physiologi-
cal and molecular backgrounds; these differences can thus
influence the choice of treatment.>® However, in this study,
no difference in MARylation was observed in CRC origi-
nating from different parts of the colon, and the signifi-
cantly increased level of MARylation in CRC may have
nothing to do with the originating location.

In summary, MARylation may be involved in many
aspects of the development of CRC (Figure 4). Although
the specific targets of this modification are not clear, the
overall modification level of CRC is much higher than that
of normal tissues. Unfortunately, the detection techniques
and methods for MARylation are limited, and the role of
MARylation in normal colorectal tissues has not been
discussed. Moreover, the role of known targets with mono-
ADP-ribose modifications in CRC requires further inves-
tigation. In this study, the overall level of MARylation in
CRC was observed for the first time, and the possible
mechanisms were discussed, providing new context and
information relating to the epigenetics of CRC. In the
future, we will continue to study the function of specific
site modifications and their effect on CRC.
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