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is broadly involved in various diseases including cancers. However, the function

Results: High-throughput sequencing was used to profile ShmC levels in adja-
cent normal colon, advanced adenomas, and CRC. The expression and ShmC
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1 | BACKGROUND

Colorectal cancer (CRC) is the third most common can-
cer and the second most common cancer-related cause of
mortality in humans according to the latest global cancer
statistics.! In China, the incidence and mortality of CRC
have continued to increase.>* Early diagnosis is critical
for positive prognosis of CRC,*° and consistently recom-
mended by clinical practice guidelines. Hence, a variety of
techniques have been utilized to implement this target.%’

Colonoscopy is a crucial endoscopic strategy for CRC
screening, but it has limitations such as its rate of missed
lesions, incomplete coverage, invasiveness, and time and
cost intensiveness.®” These considerations have prevented
the widespread use of colonoscopy. In urban China, the
compliance rate for colonoscopy screening is only approx-
imately 15% in the high-risk population for CRC.!” Serum
carcinoembryonic antigen quantification is a representa-
tive noninvasive method of CRC screening, while it has
a low sensitivity of only 40 to 60%.''? Similarly, the sen-
sitivity of fecal immunochemical testing is also only 20
to 30%.>1> Therefore, the establishment of a simple new
technique for CRC screening is urgently required.

The epigenetic modification 5-methylcytosine (5mC) is
related to the development of various diseases including
CRC.!*" Increasing evidence has indicated that 5mC can
enable the diagnosis and prognosis for CRC.?*?> More-
over, 5-hydroxymethylcytosine (5ShmC), a stable deriva-
tive produced in DNA demethylation, is catalyzed by the
ten-eleven translocation family.”’> As a new epigenetic
biomarker, 5ShmC modification is also associated with var-
ious diseases including cancer.”*?’ Although 5hmC has
been reported to be involved in CRC progression,'®?® the
potential diagnostic value of 5ShmC for early screening and
diagnosis of CRC has seldom been investigated.

This study focused on evaluating the performance of
5hmC in screening and diagnosis for CRC. First, we used
5hmC sequencing to analyze the profiles of 5ShmC in tissue
samples from adjacent normal colon (normal), advanced

HT-29 cell. Furthermore, ZW10 knockdown inhibited AKT and mTOR phospho-
rylation, and ZW10 overexpression promoted AKT and mTOR phosphorylation.
Conclusions: The ZW10 5hmC level may serve as an effective epigenetic
biomarker for minimally invasive screening and diagnosis of CRC, and it has
higher diagnostic performance in early stages of CRC than it does in advanced
stages. In addition, ZW10 could regulate CRC progression through the AKT-

5-hydroxymethylcytosine, biomarker, colorectal cancer, zw10 kinetochore protein

adenomas, and CRC, and found differences in 5ShmC lev-
els among the groups. Second, blood 5hmC levels were
verified, and the diagnostic value was performed through
receiver operating characteristic (ROC) curve analysis.
Finally, the underlying molecular mechanism of zwl0
kinetochore protein (ZW10) was validated.

2 | METHODS

2.1 | Study design and participants

All participants were recruited from the departments of
endoscopy and gastrointestinal surgery at Longhua Hos-
pital (Shanghai, China). Informed consent was obtained
from participants before sample collection. In order to
maximally obtain precise information, we decided to
include both precancerous lesion and CRC patients.
The advanced adenomas were then chosen because they
are considered as representative high-risk precancerous
lesions for CRC.* The diagnostic criteria of advanced ade-
nomas were defined as adenoma diameter > 10 mm with or
without villous texture or high-grade neoplasia. Diagnoses
of CRC were confirmed on the basis of pathological evi-
dence. Healthy controls (HCs) without any colonoscopic
evidence of advanced adenoma or CRC were also enrolled.
A total of 31 HCs, 30 patients with advanced adenomas,
and 30 patients with CRC were included (Table 1). All sam-
ples were frozen and stored at —80°C.

2.2 | Hydroxymethylated DNA
immunoprecipitation sequencing

DNA was extracted from tissues by using the DNA Prepa-
ration Kit (Beyotime Biotechnology, shanghai, China),
and DNA concentration and purity were measured using
a NanoDrop instrument. Genomic DNA was sonicated to
approximately 200-800 bp fragments that were immuno-
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TABLE 1 Baseline patient characteristics
Adenoma CRC HC

Total (n) 30 30 31

Age, mean (sd), yrs 60.37 (9.82) 61.09 (12.79) 60.73 (8.08)

Female, n(%) 10 (33.33) 10 (33.33) 18(58.06)

Male, n(%) 20 (66.67) 20 (66.67) 13 (41.94)

Localization n (%)

Right (cecum, ascending, transverse) 6(20.00) 5(16.67)

Left (descending, sigmoid) 22 (73.33) 11 (36.67)

Rectum 2(6.67) 14 (46.67)

TNM stage, n (%)

I . 9 (30.00)

1I 5(16.67)

11T - 12(40.00)

v 4(13.33)

precipitated by anti-5-hmc antibody (39999, Active
Motif, USA). By an Illumina HiSeq 4000, hydroxymethy-
lated DNA immunoprecipitation (hMeDIP) sequencing
(hMeDIP-seq) was performed according to the protocol,
and then results were analyzed. Differentially hydrox-
ymethylated sites (DhMSs) were identified by using a fold
change of >2 and P value of < 0.05. Subsequently, over-
lapping differentially hydroxymethylated genes (DhMGs)
were analyzed by using Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses.
The signal profiles of hMeDIP-seq data were generated
using University of California Santa Cruz (UCSC) Genome
Browser (http://genome.ucsc.edu/cgi-bin/hgGateway).

2.3 | Real-time quantitative polymerase
chain reaction analysis

The total RNA of tissue and blood samples was extracted
using TRizol or TRizol LS reagent (Life Technologies, CA,
USA), and purity and concentration were measured using
a NanoDrop instrument. And then by using a reverse
transcription assay kit (Invitrogen, Carlsbad, CA, USA),
RNA was reverse-transcribed to cDNA. A real-time quan-
titative polymerase chain reaction (QPCR) was performed
using SYBR Green kits (Invitrogen) according to a previ-
ous study.*’ Data were performed by the 2722 method.
The sequences of primers are showed in Supporting infor-
mation Table S1.

2.4 | Immunohistochemical analysis

Tissue samples from the normal, adenoma, and CRC
groups were fixed, and then cut into 4-um sections for

immunohistochemistry (IHC). Tissue microarrays (TMAs)
were obtained from Shanghai Outdo Biotech Co., Ltd
(Shanghai, China). In brief, samples were incubated with
the ZWI10 antibody (ab21582, Abcam, USA), centroso-
mal protein 72 (CEP72) antibody (ab230333, Abcam),
and dipeptidase 1 (DPEP1) antibody (ab230977, Abcam)
overnight at 4°C. Subsequently, the secondary antibodies
conjugated with horseradish-peroxidase were incubated
for 1 h at 37°C. Finally, samples were stained, and then
imaged.

2.5 | hMeDIP real-time qPCR

Modifications to 5hmC of DhMGs were determined
through a hMeDIP real-time qPCR (hMeDIP-qPCR) assay.
In brief, genomic DNA was extracted and sonicated, and
these DNA fragments were further immunoprecipitated
by the anti-5-hmc antibody (39999, Active Motif). The
enriched DNA was amplified by qPCR, and the corre-
sponding 5hmC enrichment was normalized using input.
Primer sequences of hMeDIP-qPCR are showed in Sup-
porting information Table S2.

2.6 | Cell culture and transfection

HT-29 CRC cells and normal colon cell (FHC) were
obtained from the Type Culture Collection of the Chi-
nese Academy of Sciences. And then cells were cultured
in Dulbecco’s Modified Eagle Medium including 10% fetal
bovine serum (GIBCO, Carlsbad, CA, USA), and incubated
with 5% CO, at 37°C. HT-29 cells were seeded in a 6-well
plate, cultivated for 24 h, and then transfected with ZW10
overexpression (ZW10-OE; Genechem, Shanghai, China)
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FIGURE 1 Distribution profiles of ShmC in pairwise comparisons. (A) Percentage of ShmC at different sites in pairwise comparisons; (B)

DhMSs in the promoter visualized in volcano plots in pairwise comparisons; (C) distribution of DhMSs on the chromosome

plasmid and knockdown plasmid (shZW10; Genechem) by
using Lipofectamine 2000 (Invitrogen).

2.7 | Western blot analysis

The total protein of transfected cells was extracted and
quantified. Proteins were then transferred and blocked
for 2h in 5% fat-free milk at room temperature. Pro-
teins were incubated with primary antibody overnight
at 4°C, and incubated with secondary antibodies for 1
h. Images were captured and analyzed the density of
band. ZW10 antibody (ab21582, Abcam) was obtained from

Abcam, and the antibodies of PI3 kinase p85 (PI3K) (4292),
AKT serine/threonine kinase 1 (Akt) (2938), Phospho-Akt
(Ser473) (4058), mechanistic target of rapamycin kinase
(mTOR) (2983), and Phospho-mTOR (Ser2448) (5536) were
obtained from Cell Signaling Technology. The -actin anti-
body was obtained from HuaAn Biotechnology (JF53-10).

2.8 | Cell proliferation assay

Cell proliferation of transfected HT-29 was checked using
the Cell Counting Kit-8 (Dojindo, Japan). In brief, HT-29
cells transfected with ZW10 were seeded in 96-well plates,
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FIGURE 2
GO analysis of DhMGs; (D) KEGG pathway analysis of DhMGs

including 1 X 10* cells per well, and incubated with Dul-
becco’s Modified Eagle Medium. After 0, 24, 48, and 72 h,
CCK-8 was added to incubating cell for 1 h at 37°C. The
absorbance was measured at 450 nm.

2.9 | Statistical analysis

Data are presented as mean + standard error of the mean
(SEM), and they were evaluated by two-tailed Student’s ¢
tests between two independent groups. P < .05 was con-
sidered statistically significant. Survival curves were estab-
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Functional analysis of DhMGs. (A) Venn diagram analysis of DhMGs in pairwise comparisons; (B) heat map of DhMGs; (C)

lished through the Kaplan-Meier method. ROC curves
were generated to assess the diagnostic performance of
5hmC in discriminating CNLs by using MedCalc software.

3 | RESULTS

3.1 | Profiling and identification of 5ShmC
in pairwise comparisons

To identify different profiles of ShmC, high-throughput
sequencing was performed in four samples of normal,
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adenoma, and CRC tissues. The distribution profiles of
5hmC included five transcript segments: promoter, exon,
intron, intergenic, and upstream. The mainly modification
sites of 5ShmC located in the promoter domain, and the pro-
portion was >50% (Figure 1A). The profile of 5ShmC in the
promoter domain was further analyzed with a threshold
of a two-fold change and P < .05. Sets of 11 960, 12 321, and
2885 DhMSs were identified in the adenoma group com-
pared with the normal group, in the CRC group compared
with the adenoma group, and in the CRC group compared
with the normal group, respectively (Figure 1B, Support-
ing information Figure S1A). Notably, 90% of DhMGs
included only one ShmC peak. In addition, the distribu-
tion of DhMSs was localized on chromosomes 1, 2, 3, 17,
and 19 (Figure 1C, Supporting information Figure S1B).

3.2 | Functional analysis of DhMGs

The molecular functions of DhMGs were analyzed, and
then sets of 8396, 8443, and 2328 DhMGs were obtained
in the adenoma group compared with the normal group,
the CRC compared with the adenoma group, and the CRC
compared with the normal group, respectively. Overlap-
ping DhMGs (1051) among the groups were filtered by
a Venn diagram (Figure 2A), and a hierarchical cluster
was produced (Figure 2B). Subsequently, the main biologi-
cal functions of overlapping DhMGs were identified using
GO and KEGG pathways, including the metabolic, steroid
biosynthesis, lysosome, and calcium signaling pathways
(Figure 2C and 2D).

ok

P <.001

3.3 | Expression analysis of DhMGs
through real-time qPCR and
immunohistochemistry

Differentially expressed genes (DEGs) were filtered out
from the adenoma and CRC groups compared with the
normal group according to previous mRNA sequencing
data.’” In the combined analysis with DhMGs, overlapping
genes (five upregulated and four downregulated) were
filtered out by a Venn diagram (Figure 3A and 3B, Support-
ing information, Table S3). RT-qPCR analysis indicated
that only ZW10, CEP72, and DPEPI showed significantly
different expression levels in both the adenoma and CRC
groups compared with the normal group (Figure 3C,
3E, and 3G, Supporting information, Figure S2D). The
results of The Cancer Genome Atlas (TCGA) database also
revealed that mRNA levels of ZW10, CEP72, and DPEP1
were markedly upregulated in the CRC group (Support-
ing information Figure S2A-C). Then, the expression
levels of these three genes were investigated in early and
advanced stages of CRC (Figure 3D, 3F, 3H). Compared
with advanced-stages (III and IV) CRC, the expression
levels of ZW10 and CEP72 were higher in early stage (I
and IT). However, the expression level of DPEP1 showed
no significant difference between different stages of CRC.

To further verify the protein levels of ZW10, CEP72,
and DPEP], THC analysis was performed. In accordance
with the mRNA results, the protein levels of ZW10,
CEP72, and DPEP1 were markedly upregulated in both
the adenoma and CRC groups (Figure 4A). To further
investigate the relationship between CRC prognosis and
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protein levels, TMA was performed through IHC stain-
ing. The IHC score of ZW10 was notably increased in the
CRC group, and it was higher in patients with early-stage
CRC (Figure 4B, Supporting information, Figure S3A). The
patients with CRC and high ZW10 levels had higher over-
all survival, which was consistent with the TCGA result
(Figure 4C and 4D). Although the THC scores of CEP72
and DPEP1 were also increased, overall patient survival
did not differ (Figure 4E to 4H, Supporting information,
Figure S3B-E).

3.4 | ZW105hmC level as a potential
biomarker for screening and diagnosing of
early CRC

In a genome-wide analysis, the ZW10 5hmC level was
notably increased in the adenoma (5.5 times) and CRC (6.2
times) groups, as presented in Figure 5A. The ZW10 5hmC
level was further identified through hMeDIP-qPCR and
was consistent with the genome-wide analysis (Figure 5B).
Moreover, the ZW10 5hmC level was much higher in
patients with early-stage CRC (Figure 5C). The area under
the curve (AUC) was 0.901 (95% confidence of interval [CI]:
0.746-0.977) in CRC group (Figure 5D). And the AUC was
0.975 (95% CI: 0.814-1.000) in early-stage CRC and 0.798

(95% CI: 0.586-0.933) in advanced-stage CRC (Figure 5E).
Although 5hmC levels of CEP72 and DPEP1 were notably
increased in the genome-wide analysis, ShmC levels did
not differ significantly in the hMeDIP-qPCR (Supporting
information Figure S4).

In the blood samples, ZW10 5ShmC level was also notably
increased in the adenoma and CRC groups compared with
the HC group (Figure 6A), and ZW10 5ShmC level was much
higher in patients with early-stage CRC (Figure 6B). The
AUC was 0.748 (95% CI: 0.618-0.852) in the CRC group (Fig-
ure 6C). Moreover, the AUC was 0.857 (95% CI: 0.721-0.943)
in patients with early-stage CRC and 0.594 (95% CI: 0.438-
0.738) in those with advanced-stage CRC (Figure 6D).

3.5 | Effect of ZW10 on proliferation and
phosphorylation levels of Akt and mTOR

The expression and 5hmC levels in ZW10 were much
higher in the early-stage CRC, so HT-29 was chosen to
perform molecular mechanisms of ZW10 in vitro. As pre-
sented in Figure 7A, compared with FHC cell, the mRNA
and protein level of ZW10 in HT29 cell was significantly
increased. Then ZW10 knockdown and overexpression
in HT-29 cell were performed (Figure 7B and 7C). The
ZWI10 knockdown inhibited cell proliferation, and the
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ZW10 overexpression promoted cell proliferation at 48 and
72 h (Figure 7D). Furthermore, ZW10 knockdown inhib-
ited AKT and mTOR phosphorylation, and ZW10 over-
expression promoted AKT and mTOR phosphorylation
(Figure 7E and 7F). These results indicated that ZW10
could regulate CRC progression through the Akt-mTOR
signaling.

4 | DISCUSSION

As a novel epigenetic biomarker, ShmC plays a critical
role in the early screening and diagnosis of cancers.**%2
We demonstrated that the ZW10 mRNA and protein level
was markedly upregulated in CRC group, and more impor-
tantly, was much higher in the early stages than in the
advanced stages of CRC. Survival outcomes indicated that
the CRC patients with high ZW10 had more favorable

overall survival. The ShmC level for ZW10 was notably
upregulated in the tissue and blood samples of patients
with CRC, and was much significantly higher in patients
with early-stage CRC. The 5hmC level for ZW10 showed
satisfactory diagnostic performance for early-stage CRC
(AUC = 0.857). In addition, ZW10 could regulate CRC pro-
gression through the Akt-mTOR signaling.

ZW10, a mitotic kinetochore protein, is involved in
mitotic kinetochore regulation, state of chromosome,
and transmembrane trafficking.*>*® Alterations in
mitotic functions mediated by ZW10 can regulate CRC
progression.’’ In this study, the expression of ZW10 was
notably upregulated in CRC groups, and the patients
with CRC and high ZW10 expression had more favorable
overall survival, indicating that ZW10 is associated with
the prognosis of patients with CRC. In addition, ZW10
is particularly crucial for centromeric SUMOylation and
could promote the phosphorylation of mitotic arrest
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deficient 1.>*%° These results indicate that ZW10 plays a

central role through epigenetic modification. Moreover,
patients with higher levels of DNA hydroxymethylation
have a more favorable prognosis for CRC, and decreased
5-hmC is correlated with poor overall survival in cuta-
neous T-cell lymphoma and hepatoblastoma.*4%#! In this
study, the ShmC level for ZW10 was notably upregulated
in tissue and blood samples of patients with CRC, and the
ZW10 5hmC level was higher in patients with early-stage
CRC compared with those with advanced-stage CRC; this
is consistent with previously reported results. Our study

showed the gene expression and protein levels of ZW10
increased notably in the CRC group, and the AUC values
of ZW10 mRNA and protein for discriminating CRC were
0.761 (95% CI: 0.634-0.862) and 0.720 (0.649-0.785) in tissue
samples, respectively (Supporting information Figure S5A
and B). Considering that the diagnostic value of tissue
biomarker is much lower than that of blood biomarker, so
ZW10 expression in blood samples was also verified. ZW10
mRNA level was notably upregulated in the blood samples
of the CRC group, while the AUC for discriminating
CRC was 0.681 (95% CI: 0.499-0.829), which was smaller
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than that of the ZW10 5hmC in CRC (AUC = 0.748).
Especially in early CRC, the AUC values of ZW10 5hmC
was 0.857, while the ZW10 mRNA was only 0.707 (Sup-
porting information, Figure S5C-F). Therefore, our results
indicated that the ZW10 5hmC can serve as a promising
biomarker for the early screening and diagnosis of CRC,
and ZW10 could regulate CRC progression through the
Akt-mTOR signaling. In addition, although the 5hmC
level for CEP72 and DPEP1 was notably increased in
adenoma and CRC groups in genome-wide analysis, the
5hmC level for CEP72 and DPEPI showed no significant
difference after increasing the sample size for verification
by hMeDIP-qPCR. The difference in sample size (four
in hMeDIP sequencing while in qPCR) and the presence
of false positives may lead to differences of the results of
CEP72 and DPEPI in genome-wide and PCR analysis.

Patients with CRC diagnosed at early-stage have
more favorable prognoses and survival than those with
advanced-stage CRC. Because of its minimal invasiveness,
rapid turnaround time, and high compliance rate, liquid
biopsy is an expanding field for the screening and diag-
nosis of CRC.***** A growing body of evidence suggests
that microRNAs derived from extracellular vesicles or
exosomes can enable the early diagnosis for CRC; these
microRNAs include miR-21, miR-23a, miR-1246, miR-18a,
miR-29a, and miR-92b.*>**® In addition, circulating tumor
DNA (ctDNA), which is fragmented DNA derived from
a tumor, was found in blood, and increasing evidence
indicates that ctDNA can serve as a promising biomarker
in screening, early diagnosis, and prognosis for CRC.**3
Researches has also suggested that the methylation level
of ctDNA can enable screening, early diagnosis, and prog-
nosis prediction for CRC.>*>® These findings indicated
that both ctDNA and ctDNA methylation have application
prospects as diagnostic biomarkers for CRC. Our study
indicated that the 5hmC level for ZW10 could be served
as a screening biomarker, not only for general CRC, but
more importantly, for early-stage CRC. Nevertheless, this
study had a few limitations. First, the sample size was
insufficient. More patients with different stages of CRC
should be included to verify the findings. Second, this
study did not compare the diagnostic performance of
5hmC with previously reported diagnostic biomarkers for
CRC. An exploration of the combined effect of 5ShmC and
biomarkers from other categories would be valuable in
future studies.

5 | CONCLUSION

In summary, our results suggested that the ShmC level for
ZW10 derived from blood samples can serve as an effec-

3

tive epigenetic biomarker for minimally invasive screen-
ing and diagnosis of CRC, and can have much higher diag-
nostic performance for patients with earlier stages (I and
IT) compared with advanced stages (IIT and IV) of CRC. In
addition, ZW10 could activate Akt-mTOR signaling to reg-
ulate CRC progression.

ACKNOWLEDGMENTS

We thank KangChen Biotech (Shanghai, China) for the
hMeDIP-Seq service and Shanghai Outdo Biotech Co., Ltd
for TMA.

CONFLICT OF INTERESTS
The authors declare that they have no competing interests.

ETHICS APPROVAL AND CONSENT TO
PARTICIPATE

This study was approved by the Ethics Committee of
Longhua Hospital, and the informed consent was obtained
from all participants.

AUTHORS’ CONTRIBUTIONS

GJ and YD conceived, designed, and supervised the study.
YD, ZY, YL, and YX collected samples. YD, DH, JX, CL,
and YT performed the experiments, and YD and DH ana-
lyzed the data. YD and GJ wrote the paper. LZ, WZ, and
HX edited and revised the article. All authors reviewed and
approved the final manuscript.

AVAILABILITY OF DATA AND
MATERIAL

The datasets used and/or analyzed during the current
study are available from the corresponding author on rea-
sonable request.

CONSENT FOR PUBLICATION
Not applicable

ORCID
Yangi Dang © https://orcid.org/0000-0001-8651-6937
Guang Ji © https://orcid.org/0000-0003-0842-3676

REFERENCES

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal
A. Global cancer statistics 2018: gLOBOCAN estimates of inci-
dence and mortality worldwide for 36 cancers in 185 countries.
CA Cancer J Clin. 2018;68(6):394-424.

2. Zheng RS, Sun KX, Zhang SW, et al. Report of cancer epidemi-
ology in China, 2015. Chin J Oncol. 2019;41(1):19-28.

3. Zhu]J, Tan Z, Hollis-Hansen K, Zhang Y, Yu C, Li Y. Epidemio-
logical trends in colorectal cancer in China: an ecological study.
Dig Dis Sci. 2017;62(1):235-243.


https://orcid.org/0000-0001-8651-6937
https://orcid.org/0000-0001-8651-6937
https://orcid.org/0000-0003-0842-3676
https://orcid.org/0000-0003-0842-3676

120f13 CLINICAL AND TRANSLATIONAL MEDICINE
OpenAccess)

4.

10.
11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

DANG ET AL.

Sant M, Allemani C, Santaquilani M, Knijn A, Marchesi F,
Capocaccia R. EUROCARE-4. Survival of cancer patients diag-
nosed in 1995-1999. Results and commentary. Eur J Cancer.
2009;45(6):931-991.

. Miller KD, Nogueira L, Mariotto AB, et al. Cancer treatment and

survivorship statistics, 2019. CA Cancer J Clin. 2019;69(5):363-
385.

. Oncology CSoC. Clinical Practice Guideline of Colorectal Cancer

(2018 ed.). Beijing: CSoC; 2018.

. Network NCC. NCCN Clinical Practice Guidelines In Oncol-

ogy:Colorectal Cancer Screening (2020.V2). PA: Network NCC;
2020. https://www.nccn.org/professionals/physician_gls/pdf/
colorectal_screening.pdf.

. Zauber AG, Winawer SJ, O’Brien MJ, et al. Colonoscopic

polypectomy and long-term prevention of colorectal-cancer
deaths. N Engl J Med. 2012;366(8):687-696.

. Zhao S, Wang S, Pan P, et al. Magnitude, risk factors,

and factors associated with adenoma miss rate of tandem
colonoscopy: a systematic review and meta-analysis. Gastroen-
terology. 2019;156(6):1661-1674.

Chen HD, Li N, Ren JS, et al. Compliance rate of screening
colonoscopy and its associated factors among high-risk popu-
lations of colorectal cancer in urban China. Chin J Prev Med.
2018;52(3):231-237.

Palmqyvist R, Engaras B, Lindmark G, et al. Prediagnostic levels
of carcinoembryonic antigen and CA 242 in colorectal cancer: a
matched case-control study. Dis Colon Rectum. 2003;46(11):1538-
1544.

Macdonald JS. Carcinoembryonic antigen screening: pros and
cons. Semin Oncol. 1999;26(5):556-560.

Fecal immunochemical test screening for colon and rectal can-
cer. Ann Intern Med. 2018;169(9).

Szilagyi A, Xue X. Evaluation of a fecal immunochemistry test
prior to colonoscopy for outpatients with various indications.
Clin Exp Gastroenterol. 2017;10:285-292.

Kawamura T, Nakamura S, Sone D, et al. Risk of colorec-
tal cancer for fecal immunochemistry test-positive, average-
risk patients after a colonoscopy. J Gastroenterol Hepatol.
2019;34(3):532-536.

Zhu'Y, Lu H, Zhang D, et al. Integrated analyses of multi-omics
reveal global patterns of methylation and hydroxymethylation
and screen the tumor suppressive roles of HADHB in colorectal
cancer. Clin Epigenetics. 2018;10:30.

Belkhiri A, EI-Rifai W. 5-Methylcytosine hydroxylation-
mediated LINE-1 hypomethylation:
of proto-oncogenes activation in colorectal cancer?. Gut.
2014;63(4):538-539.

Ichimura N, Shinjo K, An B, et al. Aberrant TET1 methylation
closely associated with CpG island methylator phenotype in col-
orectal cancer. Cancer Prev Res (Phila). 2015;8(8):702-711.

Hur K, Cejas P, Feliu J, et al. Hypomethylation of long
interspersed nuclear element-1 (LINE-1) leads to activation of
proto-oncogenes in human colorectal cancer metastasis. Gut.
2014;63(4):635-646.

Zheng R, Gao D, He T, et al. Methylation of DIRASI1 promotes
colorectal cancer progression and may serve as a marker for poor
prognosis. Clin Epigenetics. 2017;9:50.

Wang Y, He T, Herman JG, et al. Methylation of ZNF331 is an
independent prognostic marker of colorectal cancer and pro-
motes colorectal cancer growth. Clin Epigenetics. 2017;9:115.

a novel mechanism

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

He T, Zhang M, Zheng R, et al. Methylation of SLFNI1I is a
marker of poor prognosis and cisplatin resistance in colorectal
cancer. Epigenomics. 2017;9(6):849-862.

Vasanthakumar A, Godley LA. 5-hydroxymethylcytosine in
cancer: significance in diagnosis and therapy. Cancer Genet.
2015;208(5):167-177.

Wang J, Su Y, Tian Y, Ding Y, Wang X. Characterization of
DNA hydroxymethylation profile in cervical cancer. Artif Cells
Nanomed Biotechnol. 2019;47(1):2706-2714.

Hlady RA, Sathyanarayan A, Thompson JJ, et al. Integrating the
epigenome to identify drivers of hepatocellular carcinoma. Hep-
atology. 2019;69(2):639-652.

Bhattacharyya S, Pradhan K, Campbell N, et al. Altered
hydroxymethylation is seen at regulatory regions in pancre-
atic cancer and regulates oncogenic pathways. Genome Res.
2017;27(11):1830-1842.

Thomson JP, Ottaviano R, Unterberger EB, et al. Loss of Tetl-
associated 5-hydroxymethylcytosine is concomitant with aber-
rant promoter hypermethylation in liver cancer. Cancer Res.
2016;76(10):3097-3108.

Jiang AC, Buckingham L, Barbanera W, Korang AY, Bishesari F,
Melson J. LINE-1 is preferentially hypomethylated within ade-
nomatous polyps in the presence of synchronous colorectal can-
cer. Clin Epigenetics. 2017;9:25.

Holme @, Bretthauer M, Eide TJ, et al. Long-term risk of
colorectal cancer in individuals with serrated polyps. Gut.
2015;64(6):929-936.

Zhu M, Dang Y, Yang Z, et al. Comprehensive RNA sequencing
in adenoma-cancer transition identified predictive biomarkers
and therapeutic targets of human CRC. Mol Ther Nucleic Acids.
2020;20:25-33.

Qiu L, Liu F, Yi S, et al. Loss of 5-hydroxymethylcytosine is an
epigenetic biomarker in cutaneous T-cell lymphoma. J Invest
Dermatol. 2018;138(11):2388-2397.

Cuevas-Nunez MC, Gomes CBF, Woo SB, et al. Biological sig-
nificance of 5-hydroxymethylcytosine in oral epithelial dyspla-
sia and oral squamous cell carcinoma. Oral Surg Oral Med Oral
Pathol Oral Radiol. 2018;125(1):59-73.

Vallee RB, Varma D, Dujardin DL. ZW10 function in mitotic
checkpoint control, dynein targeting and membrane trafficking:
is dynein the unifying theme? Cell Cycle. 2006;5(21):2447-2251.
Varma D, Dujardin DL, Stehman SA, Vallee RB. Role of the kine-
tochore/cell cycle checkpoint protein ZW10 in interphase cyto-
plasmic dynein function. J Cell Biol. 2006;172(5):655-662.

Hirose H, Arasaki K, Dohmae N, et al. Implication of ZW10 in
membrane trafficking between the endoplasmic reticulum and
Golgi. EMBO J. 2004;23(6):1267-1278.

Li Y, Yu W, Liang Y, Zhu X. Kinetochore dynein generates a
poleward pulling force to facilitate congression and full chromo-
some alignment. Cell Res. 2007;17(8):701-712.
Escudero-Paniagua B, Bartolome RA, Rodriguez S, et al.
PAUF/ZG16B promotes colorectal cancer progression through
alterations of the mitotic functions and the Wnt/beta-catenin
pathway. Carcinogenesis. 2019;41:203-213.

Ryu H, Azuma Y. Rod/Zwl0 complex is required for
PIASy-dependent centromeric SUMOylation. J Biol Chem.
2010;285(42):32576-32585.

Yuan F, Jin X, Li D, et al. ULK1 phosphorylates Madl
to regulate spindle assembly checkpoint. Nucleic Acids Res.
2019;47(15):8096-8110.


https://www.nccn.org/professionals/physician_gls/pdf/colorectal_screening.pdf
https://www.nccn.org/professionals/physician_gls/pdf/colorectal_screening.pdf

DANG ET AL.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Zhong A, Tian Y, Zhang H, Lai M. DNA hydroxymethylation of
colorectal primary carcinoma and its association with survival.
J Surg Oncol. 2018;117(5):1029-1037.

Rivas MP, Aguiar TFM, Fernandes GR, et al. TET Upregulation
leads to 5-hydroxymethylation enrichment in hepatoblastoma.
Front Genet. 2019;10:553.

Normanno N, Cervantes A, Ciardiello F, De Luca A, Pinto C. The
liquid biopsy in the management of colorectal cancer patients:
current applications and future scenarios. Cancer Treat Rev.
2018;70:1-8.

Barault L, Amatu A, Siravegna G, et al. Discovery of methylated
circulating DNA biomarkers for comprehensive non-invasive
monitoring of treatment response in metastatic colorectal can-
cer. Gut. 2018;67(11):1995-2005.

Toiyama Y, Okugawa Y, Fleshman J, Richard Boland C, Goel A.
MicroRNAs as potential liquid biopsy biomarkers in colorectal
cancer: a systematic review. Biochim Biophys Acta Rev Cancer.
2018;1870(2):274-282.

Marcuello M, Vymetalkova V, Neves RPL, et al. Circulating
biomarkers for early detection and clinical management of col-
orectal cancer. Mol Aspects Med. 2019;69:107-122.

Tsukamoto M, Ilinuma H, Yagi T, Matsuda K, Hashiguchi Y. Cir-
culating exosomal MicroRNA-21 as a biomarker in each tumor
stage of colorectal cancer. Oncology. 2017;92(6):360-370.

MinL, Chen L, Liu S, et al. Loss of circulating exosomal miR-92b
is a novel biomarker of colorectal cancer at early stage. Int J Med
Sci. 2019;16(9):1231-1237.

Brunet Vega A, Pericay C, Moya I, et al. microRNA expression
profile in stage IIT colorectal cancer: circulating miR-18a and
miR-29a as promising biomarkers. Oncol Rep. 2013;30(1):320-
826.

Bidard FC, Kiavue N, Ychou M, et al. Circulating tumor cells
and circulating tumor DNA detection in potentially resectable
metastatic colorectal cancer: a prospective ancillary study to the
unicancer prodige-14 trial. Cells. 2019;3(6).

Symonds EL, Pedersen SK, Murray DH, et al. Circulating tumour
DNA for monitoring colorectal cancer: a prospective cohort
study to assess relationship to tissue methylation, cancer char-
acteristics and surgical resection. Clin Epigenetics. 2018;10:63.

52.

53.

54.

55.

56.

CLINICAL AND TRANSLATIONAL MEDICINE 1Bof13
- OpenAccess)

. Yang L, Lin W, Nugent CA, et al. Lingguizhugan decoction pro-

tects against high-fat-diet-induced nonalcoholic fatty liver dis-
ease by alleviating oxidative stress and activating cholesterol
secretion. Int J Genomics. 2017;2017:2790864.

Bello Roufai D, Bidard FC. Impact of circulating tumor DNA
early detection and serial monitoring in the management of
stage I to III colorectal cancer. Ann Transl Med. 2019;7(Suppl
8):S315.

Benesova L, Halkova T, Ptackova R, et al. Significance of
postoperative follow-up of patients with metastatic colorectal
cancer using circulating tumor DNA. World J Gastroenterol.
2019;25(48):6939-6943.

Luo H, Zhao Q, Wei W, et al. Circulating tumor DNA methy-
lation profiles enable early diagnosis, prognosis prediction,
and screening for colorectal cancer. Sci Transl Med. 2020;
12(524).

Boeckx N, Op de Beeck K, Beyens M, et al. Mutation and methy-
lation analysis of circulating tumor DNA can be used for follow-
up of metastatic colorectal cancer patients. Clin Colorectal Can-
cer. 2018;17(2):e369-e379.

Mitchell SM, Ho T, Brown GS, et al. Evaluation of methylation
biomarkers for detection of circulating tumor DNA and applica-
tion to colorectal cancer. Genes (Basel). 2016;7(12).

SUPPORTING INFORMATION

Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

How to cite this article: DangY, Hu D, Xu J,

et al. Comprehensive analysis of
5-hydroxymethylcytosine in zw10 kinetochore
protein as a promising biomarker for screening and
diagnosis of early colorectal cancer. Clin Transl
Med. 2020;10:e125. https://doi.org/10.1002/ctm2.125


https://doi.org/10.1002/ctm2.125

	Comprehensive analysis of 5-hydroxymethylcytosine in zw10 kinetochore protein as a promising biomarker for screening and diagnosis of early colorectal cancer
	Abstract
	1 | BACKGROUND
	2 | METHODS
	2.1 | Study design and participants
	2.2 | Hydroxymethylated DNA immunoprecipitation sequencing
	2.3 | Real-time quantitative polymerase chain reaction analysis
	2.4 | Immunohistochemical analysis
	2.5 | hMeDIP real-time qPCR
	2.6 | Cell culture and transfection
	2.7 | Western blot analysis
	2.8 | Cell proliferation assay
	2.9 | Statistical analysis

	3 | RESULTS
	3.1 | Profiling and identification of 5hmC in pairwise comparisons
	3.2 | Functional analysis of DhMGs
	3.3 | Expression analysis of DhMGs through real-time qPCR and immunohistochemistry
	3.4 | ZW10 5hmC level as a potential biomarker for screening and diagnosing of early CRC
	3.5 | Effect of ZW10 on proliferation and phosphorylation levels of Akt and mTOR

	4 | DISCUSSION
	5 | CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTERESTS
	ETHICS APPROVAL AND CONSENT TO PARTICIPATE
	AUTHORS’ CONTRIBUTIONS
	AVAILABILITY OF DATA AND MATERIAL
	CONSENT FOR PUBLICATION
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


