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Aims: RINGI1 and YY1-binding protein (RYBP) is an epigenetic regulator and plays crucial roles in embryonic
development. The anti-tumor effect of RYBP has been reported in several cancers recently, but the role of RYBP
RYBP in esophageal squamous cell carcinoma (ESCC) has not been fully elucidated. The present study aimed to in-

Cell cycle vestigate the biological function and the underlying molecular mechanisms of RYBP in ESCC.
gggis Materials and methods: We detected the expression of RYBP in ESCC tissue microarrays (TMA) by im-

munohistochemistry. Cell proliferation was assessed by CCK8 and colony formation assays. Cell cycle was
analyzed by flow cytometry. Gene expression was determined by transcriptome arrays, quantitative real-time
PCR (qRT-PCR) and Western blot. Four-week-old male nude mice were used to evaluate the effect of RYBP in
ESCC growth.

Key findings: We found that RYBP was downregulated in ESCC compared with adjacent normal tissues. A high
level of RYBP expression predicted a better outcome of ESCC patients. Furthermore, overexpression of RYBP
inhibited ESCC growth both in vitro and in vivo. Transcriptome arrays and functional studies showed that RYBP
decreased the expression of genes related to cell cycles, especially CDC6 and CDC45, which were essential to
initiate the DNA replication and G1-S transition.

Significance: Taken together, our study suggests that RYBP suppresses ESCC proliferation by downregulating

CDC6 and CDC45, thus inhibiting the G1-S transition.

1. Introduction

Esophageal cancer is one of the most common and lethal malignant
tumors worldwide [1]. The major pathological type in China is eso-
phageal squamous cell carcinoma (ESCC), which accounts for > 90% of
esophageal cancer. Due to the lack of typical symptoms and sensitive
screening methods, most cases are diagnosed at an advanced or term-
inal stage. Although the combination of surgery, radiotherapy, and
chemotherapy becomes a standard treatment strategy, the prognosis
remains poor. Currently, the 5-year survival rate of esophageal cancer is
10% to 15% [2]. Therefore, the study of molecular mechanisms and
search for new drug therapeutic targets are needed [3,4].

The RYBP was first identified as a protein interacting with RING1,
an E3-ubiquitin ligase [5]. Functionally, RYBP plays an essential role in
embryonic development through epigenetic mechanisms, such as the
differentiation of embryonic stem cells, cardiomyocytes, and neurons
[6-8]. RYBP is recognized as one of the epigenetic factors because of its
ability to interact with polycomb group (PcG) and trithorax group
(trxG), which serve as an epigenetic silencing factor and epigenetic
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activating factor, respectively [9]. Besides, RYBP was found to regulate
apoptosis by interacting with cell death-related proteins. Several studies
showed that a high level of RYBP could induce apoptosis. Mechanically,
RYBP promotes cell death through Fas-mediated apoptosis by inter-
acting with FADD, Caspase8, —10 and enhancing death-inducing sig-
naling complex (DISC) formation. Also, RYBP interacts with DED-con-
taining DNA-binding protein (DEDD) and promotes its relocalization
from the cytoplasm to the nucleus [10]. Moreover, RYBP can interact
with FANK1 and Apoptin and specifically induce tumor-associated
apoptosis [11,12].

Recent studies proposed an anti-cancer function of RYBP in HCC
[13-16], lung cancer [17-19], prostate cancer [20-22], breast cancer
[23-25], cervical cancer [26,27], glioblastoma [28,29], and ileal car-
cinoid [30,31]. Gene dosage alterations on 3p12-14 predict poor out-
comes in cervical cancer patients, and RYBP was supposed to be one of
the candidate target genes [26,27]. The data from the cancer genome
atlas (TCGA) showed that RYBP expression of glioblastoma patients was
decreased by 49.3% compared with healthy tissue [32]. Besides, a high
level of RYBP is correlated with a better prognosis of HCC and NSCLC.
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RYBP inhibits HCC and NSCLC cell growth and promotes apoptosis
through interacting with Bax, PARP-1, and Caspase 8 [13,19]. How-
ever, the role of RYBP in ESCC has not been elucidated.

In this study, we found that RYBP expression was decreased in ESCC
tumor tissue s with the adjacent tissue. High expression of RYBP pre-
dicted a good outcome for ESCC patients. We further explored the
biological function and underlying mechanisms of RYBP in ESCC
through overexpressing RYBP and transcriptome array analysis. Our
results suggest that RYBP may suppress ESCC cell proliferation by de-
creasing CDC6 and CDC45, thus inhibiting the G1-S phase transition.

2. Material and methods
2.1. Cell lines and culture

Human ESCC cell lines KYSE30, KYSE140, KYSE150, KYSE170,
KYSE180, KYSE410, KYSE510 were obtained from Dr. Yutaka Shimada
at the Hyogo College of Medicine [33]. Eca-109 cell line was purchased
from the Cell Resource Center of Shanghai Institute of Life Sciences,
Chinese Academy of Sciences (Shanghai, China). All cell lines were
incubated in RPMI-1640 or DMEM with 10% fetal bovine serum at
37 °C in 5% CO».

2.2. Plasmids transfection and lentivirus infection

The plasmids of RYBP, pCMV6, CDC6, and CDC45 were purchased
from Origene (Rockville, MD, USA). Transfection was carried out using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer's instructions. Cell lines were selected by G418 sulfate
(Promega, Madison, WI, USA), as described previously [34]. Lentivirus
of RYBP and control were obtained from GeneChem Corporation
(Shanghai, China). Cells were seeded into 96-well plates and infected
with lentivirus according to the manufacturer's instructions. 72 h after
infection, cells were selected with puromycin (1 pg/ml for KYSE170 cell
line and 2 pg/ml for Eca-109 cell line).

2.3. Western blotting

ESCC cells were lysed with Ripa buffer containing protease in-
hibitors (Hat Biotechnology, Xi'an, China). The proteins were quantified
by the BCA protein assay kit (Hat Biotechnology, Xi'an, China). 30 pg
proteins were separated by 8-12% SDS-PAGE and transferred to a
polyvinylidene difluoride (PVDF) membrane (Thermo Fisher Scientific,
MA, USA). The membranes were then blocked with 8% skim milk for
one hour at room temperature followed by incubating with the fol-
lowing primary antibodies, rabbit anti-human RYBP antibody (ab5976,
1:1000, Abcam, Cambridge, MA, USA), rabbit anti-human MCM3 an-
tibody (ab128923, 1:1000, Abcam, Cambridge, MA, USA), rabbit anti-
human MCMS5 antibody (ab75975, 1:1000, Abcam, Cambridge, MA,
USA), rabbit anti-human CDC6 antibody (ab109315, 1:1000, Abcam,
Cambridge, MA, USA), rabbit anti-human CDC45 antibody (ab126762,
1:1000, Abcam, Cambridge, MA, USA), rabbit anti-human Flag anti-
body (#14793, 1:1000, Cell Signaling Technology, Danvers, MA, USA)
and mouse anti-human actin antibody (A5441, 1:3000, Sigma-Aldrich,
St. Louis, MO, USA). The membranes were then washed and incubated
with the secondary antibody, anti-rabbit IgG(#7074, 1:10000), and
anti-mouse IgG (#7076, 1:10000) antibodies conjugated with HRP (Cell
Signaling Technology, Danvers, MA, USA). The protein immunoreactive
signals were detected by exposure to X-ray film. The integrated density
of each band was measured, and subtracted the background levels by
Image J software (National Institutes of Health, Bethesda, MD), and
quantified by normalization to the expression of B-actin.

2.4. Colony formation assay and CCK8 assay

For colony formation assay, 200 cells per well were plated into 6-
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well plates and cultured for ten days. Afterward, cells were fixed with
4% paraformaldehyde, stained with crystal purple for 10 min, and
counted as described previously [35]. For CCK8 assay, 1000 cells per
well were seeded in 96-well plates, CCK8 (Wobisen, Beijing, China) was
used to assess the cell growth every day through microplate reader (Bio-
rad, Hercules, CA, USA) at 450 nm wavelength.

2.5. Cell cycle analysis

The cell cycle was measured by using flow cytometry and the de-
tection reagent kit (KeyGEN Biotech, Jiangsu, China) according to the
manufacturer's instructions. Briefly, 2 x 10° Cells were seeded in 6-
well plates and cultured for 24 h. Afterward, cells were collected by
trypsin (Invitrogen), washed with PBS (centrifuged with 800 rpm for
5 min) three times, and fixed in 70% ice-cold ethanol at 4 °C overnight.
After washing with ice-cold PBS (centrifuged with 1500 rpm for 5 min)
twice, cells were stained with 500 pl propidium iodide containing
RNase A buffer for 30 min away from light. The percentage of cells were
calculated and analyzed by flow cytometry (BD Biosciences, Franklin
Lakes, NJ, USA).

2.6. Microarray analysis

The Affymetrix Human HTA2.0 (OE Biotech, Shanghai, China) was
used to analyze gene expression alteration after transfecting plasmids of
RYBP or pCMV6 in KYSE170 cell lines. Affymetrix GeneChip Command
Console (version 4.0, Affymetrix) software and Expression Console
(versionl.3.1, Affymetrix) software were used to extract raw data and
offer RMA normalization for both gene and exon-level analysis, re-
spectively. GeneSpring software (version 12.5; Agilent Technologies)
was used for the basic analysis. Differentially expressed genes were then
identified through fold change as well as P value calculated with
Student's t-test. The threshold set for up- and down-regulated genes was
a fold change= 2.0 and a P value< 0.05. Afterward, GO analysis,
KEGG analysis, and Hierarchical Clustering were performed.

2.7. Quantitative RT-PCR

Total RNA was extracted by TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer's protocol. Then 1 pg of total

Table 1
The primers used for Q-PCR.

POLD2 Forward: 5’-CCACCCGCCTCATCCAAAT-3’
Reverse: 5’-CCAAGACCAGCTCGTCATCTG-3’
PCNA Forward: 5-ACACTAAGGGCCGAAGATAACG-3’
Reverse: 5’-ACAGCATCTCCAATATGGCTGA-3’
FEN1 Forward: 5-CACCTGATGGGCATGTTCTAC-3’
Reverse: 5’-CTCGCCTGACTTGAGCTGT-3’
MCM3 Forward: 5-GGCCTCCATTGATGCTACCTA-3’
Reverse: 5’-ACTTTGGGACGAACTAGAGAACA-3’
MCM5 Forward: 5-AGCATTCGTAGCCTGAAGTCG-3’
Reverse: 5’-CGGCACTGGATAGAGATGCG-3’
RFC3: Forward: 5-ATTGGGAGGTGTATCTGAGGG-3’
Reverse: 5’-CTTCCACGAACTTCAAGGAGC-3’
RFC5: Forward: 5-ACTCCTGAACTCATGGTTCCC-3’
Reverse: 5’-CCCTACGCATGTCTCCACT-3’
POLA1 Forward: 5-AAAGATCCATTGGAGCTTCACC-3’
Reverse: 5’-TCAGCACGTTTAAGAGGAACAG-3’
POLA2: Forward: 5-AGGAGCTAGAGACATTGTTTCCA-3’
Reverse: 5’-CTCGCTTCTGAGAACCCTTTG-3’
CCNE2: Forward: 5-TCAAGACGAAGTAGCCGTTTAC-3’
Reverse: 5-TGACATCCTGGGTAGTTTTCCTC-3"
CDC7: Forward: 5-~AGTGCCTAACAGTGGCTGG-3’
Reverse: 5’-CACGGTGAACAATACCAAACTGA-3’
CDK1: Forward: 5’-GGATGTGCTTATGCAGGATTCC-3’
Reverse: 5-CATGTACTGACCAGGAGGGATAG-3’
GAPDH: Forward: 5-GCTGAGAACGGGAAGCTTGT-3’

Reverse: 5’-GCCAGGGGTGCTAA GCAGTT-3’
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RNA was reverse transcribed into cDNA using a Reverse Transcription
kit (Takara Bio Inc., Kusatsu, Japan). The cDNA was used for Q-PCR
analysis on an iCycler iQ5 Real-Time PCR detection system (BioRad)
following the manufacturer's protocol. The expression of the target gene
was normalized to Gapdh. The primers used for Q-PCR are shown in
Table 1.

2.8. Immunohistochemistry staining (IHC)

Tumor tissues were fixed with 4% paraformaldehyde for 16 h, and
10 pm sections were prepared. Then the sections were blocked with PBS
containing 10% normal goat serum and incubated with the specific
antibodies at 4 °C overnight. Images were obtained on a Slide scanning
electron microscope (Carl Zeiss, Oberkochen, Germany).

The ESCC tissue microarrays (TMAs) were purchased from Outdo
Biotechnology Corporation (Shanghai, China), Eso-Squ180Sur-01, and
incubated with a rabbit anti-human RYBP antibody (1800) overnight.
The results were assessed independently by two pathologists based on
the intensity and the percentage of RYBP-positive cells. The intensity of
the staining was scored as 0 (negative), 1 (weakly positive), 2 (mod-
erately positive), and 3 (strongly positive). The extent of expression was
categorized as 1 (stained cells: 1-10%), 2 (11-50%), 3 (51-80%),
4(80-100%). The intensity score and distribution score were then

A
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multiplied to attain a total score. The score which was equal to or ex-
ceeded six was identified as high-expression, and the score below six
was identified as low-expression. Written informed consent was ob-
tained from the patients, and the protocol was approved by the Ethical
Review Board of Taizhou Hospital of Zhejiang province (approval
number 717-1428, date of approval 2010-01-26).

2.9. ESCC xenografts

All animal experiments were performed according to the guidelines
approved by the Animal Care and Use Committee of the Laboratory
Animal Center of Xi'an Jiaotong University (approval number
2018-2191, date of approval 2018-02-26). All studies involving ani-
mals were reported according to the ARRIVE guidelines. Four-week-old
male nude mice with similar weigh (16 = 1.5 g) were purchased from
the Laboratory Animal Center (Xi'an Jiaotong University, China) ran-
domly divided into an experimental or control group. Two groups
(three mice per group, three mice per cage) of mice were housed in the
special pathogen-free (SPF) laboratory under standard conditions. After
acclimation for one week, 1 x 10° cells of KYSE170-RYBP or KYSE170-
Ctrl cells were injected subcutaneously at the right flank to establish
ESCC tumors models. Tumors volume and the weight of mice were
measured every three days. Tumor volume was calculated using the

B
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Fig. 1. The expression of RYBP in ESCC and adjacent tissues. (A) The levels of RYBP in ESCC and adjacent tissues in studies referred to the Oncomine database. (B)
Representative RYBP IHC images in TMAs and (C) expression scores were quantified in adjacent tissues (n=63) and tumor (n=80) samples. (D) Kaplan-Meier
survival curves of the ESCC patients with high and low expression of RYBP. The scale bars indicate 100 um (B). ***P < 0.001.
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formula a*b? (a = long diameter, b = short diameter). Thirty-six days
later, mice were anaesthetized with pentobarbital sodium (40 mg/kg,
intraperitoneal injection) and sacrificed by cervical dislocation. Tumors
were stripped and photographed.

2.10. Statistical analyses

All experiments were performed and repeated at least three times.
Data were presented as mean =+ SD. Statistical analyses were calcu-
lated by SPSS 22.0 (SPSS, Inc., Chicago, IL, USA) and GraphPad Prism
7.0 (GraphPad Software, Inc., San Diego, CA, USA). The differences
between the two groups were compared through the Student's t-test or
Mann-Whitney U test. A Log-rank test was used to analyze the sig-
nificance of Kaplan-Meier curves. A multivariate analysis was per-
formed using a Cox multivariate proportional hazard regression model
in a stepwise manner (Forward: LR). A P value < 0.05 was considered
statistically significant.

3. Result

3.1. RYBP is downregulated in human ESCC tissue, and low expression of
RYBP predicts poor prognosis in ESCC patients

Several studies showed that RYBP was down-expressed in various
tumor tissues. To determine whether RYBP expression altered in ESCC
tissues, we first referred to the Oncomine database [36]. Two studies,
based on 17 [37] and 53 [38] pairs of matched normal and ESCC
samples, respectively, showed that RYBP was significantly down-
regulated in ESCC samples compared to the corresponding adjacent
tissues (Fig. 1A). Next, we analyzed the expression of RYBP in 80
human ESCC samples by immunohistochemistry staining. We found
that the level of RYBP significantly decreased in ESCC compared to
adjacent normal tissues (Fig. 1B—C). Specifically, 91.25% of the cases
(73/80) were RYBP positive, among which 40% (32/80) showed weak
intensity, 36.25% (29/80) moderate intensity, and 15.00% (12/80)
strong intensity. However, 100% (63/63) of the corresponding adjacent
normal tissues were RYBP positive. Only 7 cases, 11.1% (7/63) were
weak intensity, 52.38% (33/63) moderate intensity, and 36.51% (23/
63) strong intensity. Furthermore, we found that ESCC patients with
low RYBP expression showed a significant decrease in overall survival

Table 2
The association between RYBP levels and clinicopathological features in TMAs.
Low High X2 P value
n= 37 n =41

Gender 3.627 0.057
Male 32 28
Female 5 13

Age,years 2.519 0.112
<65 22 17
> 65 15 24

Differentiation 4.548 0.103
High 5 1
Moderately 26 28
Low 6 12

Vascular invasion 0.249 0.618
Yes 36 39
No 1 2

T stage 0.94 0.332
T1T2 5 9
T3T4 32 32

N stage 0.264 0.607
NO 28 33
N1-3 9 8

TNM stage 3.335 0.068
I-II 14 24
1I-1v 23 17
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Table 3
Univariate and multivariate analyses of the prognosis factors associated with
overall survival in ESCC patients.

Univariate Multivariate

HR P HR(95%CI) P
Gender(male vs female) 0.026 0.247
Age,years (<65 vs > 65) 0.751
Differentiation (I vs II vs III) 0.946
Vascular invasion (Negative vs 0.252

Positive)

T stage (1, 2 vs 3, 4) 0.016 0.107
N stage (Negative vs Positive) 0.002  0.464(0.261-0.823)  0.009
TNM stage (I, II vs III, IV) 0.001 0.184
RYBP (high vs low) 0.000  0.428(0.256-0.714)  0.001

(Fig. 1D). The association between RYBP levels and clinicopathological
features was analyzed and summarized in Table 2. Univariate and
multivariate analyses showed that the RYBP level was an independent
prognostic factor of OS for ESCC patients (Table 3). Together, these
data indicate that RYBP is downregulated in ESCC tissue, and low ex-
pression of RYBP predicts poor prognosis in ESCC patients.

3.2. RYBP overexpression suppressed ESCC cell proliferation in vitro

To study the biofunction of RYBP in ESCC, we took advantage of
ESCC cell lines. We observed that 4 of 8 tested cell lines barely ex-
pressed RYBP (KYSE30, Eca-109, KYSE150, KYSE170) and there was
mild expression of RYBP in KYSE410 and 510, whereas the rest showed
relatively higher RYBP expression (KYSE180 and KYSE140) (Fig. 2A),
which was further indicative of the downregulation of RYBP in ESCC.
Then, we constructed RYBP overexpression cell lines by using KYSE170
and Eca-109 (Fig. 2B) because they didn't express RYBP. Both CCK8
assay (Fig. 2C) and colony formation assay (Fig. 2D) showed that RYBP
overexpression inhibited ESCC cell growth. Moreover, high level of
RYBP significantly increased the proportion of cells in the G1 phase and
decreased the proportion of cells in the S phase in both cell lines
(Fig. 2E), suggesting the arrest of G1-S transition. Besides, we observed
a decrease of the cells in the G2/M phase in KYSE170 but not Eca-109
cells, showing that the impact of RYBP on cell cycle might be different
in these two cell lines. These results indicate that RYBP suppressed
ESCC cell proliferation by inhibing G1-S phase transition.

3.3. Gene expression alteration in RYBP overexpression cell line

To study the underlying mechanisms by which RYBP suppressed
ESCC cell proliferation and inhibited G1-S phase transition, we per-
formed the Human Transcriptome Array 2.0 analysis. There were
overall 559 differentially expressed genes induced by RYBP over-
expression, among which 205 were upregulated and 354 were down-
regulated (Fig. 3A). KEGG analysis indicated that RYBP overexpression
had significantly downregulated the DNA replication, cell cycle, and
mismatch repair pathways (Fig. 3B—C Supplementary Table 1). Among
these pathways we identified some important genes associated with
DNA replication, such as CDC6, CDC45, MCM3 and MCMB5, all of which
are required for DNA replication and play important roles in the acti-
vation and maintenance of the checkpoint mechanisms in the cell cycle.
For example, CDC6 is an essential licensing regulator for DNA re-
plication because it contributes to the assembly of pre-replicative
complexes (pre-RC) at origins to initiate DNA replication in G1 phase.
We further confirmed the downregulation of several selected genes
after RYBP overexpression by Q-PCR (e.g., CDC6, CDC45, MCM3,
MCMS, et al.) (Fig. 3D). These findings suggest that RYBP inhibits ESCC
cell proliferation through regulating the cell cycle.
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3.4. RYBP inhibited ESCC through downregulating CDC6 and CDC45 in the
G1-S transition process

Our results showed that the upregulation of RYBP significantly
suppressed cell cycle of ESCC cells and decreased the levels of CDC6,
CDC45, MCM3, and MCM5. Because CDC6 and CDC45 are essential
proteins for the initiation of DNA replication, especially in the G1-S
transition process, together with MCMs. Therefore, we proposed that
RYBP may inhibit G1-S transition via the downregulation of these cri-
tical proteins. We first determined their protein levels after RYBP
overexpression. RYBP slightly downregulated MCM3 and MCM5 both
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in KTSE170 and Eca-109 cells. However, we observed a dramatic de-
crease in CDC6 and CDC45 in Eca-109, but not KYSE170 cells (Fig. 4A).
Due to these findings, we overexpressed CDC6 and CDC45 in RYBP
overexpression cell lines to observe their influence on ESCC cell pro-
liferation and cell cycle (Fig. 4B, 5A). In contrast to RYBP over-
expression, CDC6 or CDC45 overexpression significantly promoted cell
proliferation (Fig. 4C, 5B) and the G1-S transition process (Fig. 4D, 5C).
Taken together, our results suggest that RYBP may suppress ESCC
proliferation by downregulating CDC6 and CDC45, thus inhibiting the
G1-S transition.

O

- KYSE170-Ctrl

S S QO &) =
S O N & A N 537 -« KYSE170-RYBP =2+
GG S8 &L KYSE170 £ .
Rl A G GO G G GO ¢ EE—— 8
YU ¥ ¥ ¥ ¢ ¢ & Ctrl RYBP .,52
RYBP - - e o RYBP -_ °
B-actin  — ——— ey — — B-actin —-— 51
E
515 'gc
g . Eca-109 F)’ 1 > 3 4
%’1-0 Ctrl RYBP Days
x
Lf»o 5 R - —~ - Eca-109-Ctrl
2 B-actin w— — §4 -= Eca-109-RYBP
[1°]
- (o]
&-’ 0.0 < 8 3
% =
@6 s2
2
51
@
>
= c ~ T
KYSE170-Ctrl KYSE170-RYBP 3 ' 3 3 p
Days
?\9«1.0- | Cul
= 71 RYBP .
© 0.81 -
[=4
2 0.61
Eca-109-Ctrl Eca-109-RYBP g wEa
0.41 .
o
2 0.21 ""]
Q .
890 ecartos  KYSE170
E W Eca-109-Ctrl
W KYSE170-Ctrl [T Eca-109-RYBP
804 ! KYSE170-RYBP 60-
2601 -5 2
= »e < 40
@ 404 §
) ™ @ 20-
il D ; lr
0' T . T . T 0.
GO0/G1 S G2/M GO/G1 G2/M

Fig. 2. High level of RYBP inhibits proliferation in ESCC lines. (A) RYBP expression in eight ESCC cell lines was determined and the quantification was shown by
normalization to the expression of B-actin accordingly (mean = SD), the experiment was conducted three times. (B) Overexpression of RYBP in KYSE170 and Eca-109
cell lines. (C) CCK8 cell proliferation and (D) colony formation assay after RYBP overexpression. (E) Cell cycle distribution was analyzed in both cell lines. *P < 0.05,

**P < 0.01, ***P < 0.001.



Y. Ke, et al.

KYSE170
Ctrl RYBP
-2.0
‘ 0.0
2.0
C Up in KYSE170-RYBP cells

Life Sciences 250 (2020) 117578

B

DNA replication

Cell Cycle

Mismatch repair

Amoebiasis

ECM-receptor interaction

Choline metabolism in cancer
Toxoplasmosis

Complement and coagulation cascades

0.0 0.5 1.0 1.5 2.0 2.5
-log,, p value

Down in KYSE170-RYBP cells

3.0 3.5

DNA replication

Cell cycle

Mismatch repair
Pyrimidine metabolism
Fanconi anemia pathway

0 2 4 6 8 10 12
D -log,, p value

c

S

w

8

Q

>

£

8

& O S

14 16

m Ctd
I RYBP

A,
6‘4,,

> o N 42 A N
VN v@odg, O o

& M WV <Q
<& QQO QO Q (@)

Fig. 3. Gene expression alteration in the RYBP overexpression cell line. (A) Clustering of the microarray data between the RYBP overexpression group and the control
group. (B) Venn diagram showed the altered genes in DNA replication, cell cycle, and mismatch repair pathways. (C) KEGG pathway analysis of differentially
expressed genes after RYBP overexpression. (D) The mRNA levels of candidate genes. The data represent the mean *+ SD of relative mRNA levels versus control cells.

***pP < 0.001.

3.5. RYBP inhibits ESCC tumor growth in vivo

Finally, we examined the inhibition potential of RYBP in vivo. The
mice were four-week-old with similar weight (16 + 1.5 g) before we
inoculated KYSE170-RYBP or KYSE170-Ctrl cells. No mouse died from
adverse effects. The tumor volume was dramatically decreased in RYBP
overexpression group (P < 0.05). (Fig. 6A-C). IHC staining confirmed
the higher level of RYBP in the overexpression group (Fig. 6D). Alto-
gether, these data indicated that RYBP inhibits ESCC tumor growth in
the mouse models.

4. Discussion

RYBP is a member of epigenetic regulators, playing crucial roles in
the embryonic development and regulation of transcription. Although
mounting evidence suggests an anti-tumor function of RYBP in diverse
cancers, its role in ESCC remains unknown. Here we showed that the
expression of RYBP decreased significantly in ESCC compared with
corresponding adjacent tissue. The low level of RYBP predicted poor
outcomes of patients. Furthermore, we proved that RYBP inhibits the
G1-S transition by downregulating CDC6 and CDC45, thus suppressing
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Fig. 4. RYBP inhibited ESCC proliferation through downregulating CDC6 in the G1-S transition process. (A) Expression of G1-S phase transition related proteins were
detected in RYBP overexpression and control cells. (B) Overexpression of CDC6 in RYBP overexpression cell lines. (C) The relative cell viability was measured by
CCK8. (D) Cell cycle distribution was determined in KYSE170 and Eca-109 cell lines. *P < 0.05, **P < 0.01, ***P < 0.001.

ESCC cell proliferation and exerting its anti-tumor function.

Previous studies showed that RYBP could inhibit HCC and NSCLC
cell growth and promote their apoptosis through increasing Bax, PARP-
1, and Caspase8 [13,19]. RYBP may also be involved in the progression
and metastasis of breast cancer [25]. In our hand, we found that RYBP
suppressed ESCC cell proliferation through inducing G1-S transition
arrest. Transcriptomics profiling showed that genes related to DNA
replication pathways were dramatically downregulated after RYBP
overexpression. Many genes associated with cell cycle were identified,
such as CDC6, CDC45, MCM3, and MCM5.

In our study, we showed that RYBP overexpression decreased the
levels of CDC6, CDC45, MCM3, and MCMS5, which are essential for the

G1-S transition. The initiation of DNA replication is tightly controlled to
ensure the precise genome duplication in every cell cycle. The me-
chanism of initiation is highly conserved, which composed of origin
recognition, pre-replication (pre-RC) initiative complexes assembly,
activation of helicase, and replisome loading [39]. CDCs and MCMs are
essential proteins in the initiation of DNA replication. Studies showed
that MCM complex is first loaded at replication origins mediated by
CDC6 during G1 phase, and then converted to active CMG (CDC45,
MCM, and GINS) helicase, which consist of CDC45, MCM2-7, and GINS
during S phase [40]. Moreover, mounting evidence suggests that CDC6
and CDC45 are associated with tumor development. CDC6 was related
to aggressive clinicopathological characteristics in bladder cancer and



Y. Ke, et al.

KYSE 170-RYBP
Ctrl  CDC45
—

B-actin  c— —

CDC45 CDC45

o

-»- Eca-109-Lenti-pCMV6
= Ecal109-Lenti-CDC45

D 51
S 4-
O xhkx
"6 3- Tk x
R
v2- *xx
=
S 1
3
; 0 T T T T T
T 1 2 3 4 5
Days
C B KYSE170-Lenti-pCMV6
s0. 1 KYSE170-Lenti-CDC45
& 40
=
(O]
(]
O 201
 GOIG1 2IM
Cell Cycle

Life Sciences 250 (2020) 117578

Eca-109-RYBP
Ctrl CDC45

B-actin s . ot

- KYSE170-Lenti-pCMV6
= KYSE170-Lenti-CDC45

[ == *

o
o

T

1 2 3
Days

I Eca-109-Lenti-pCMV6
60~ | Eca-109-Lenti-CDC45

E 401 .
= =
®
o
o I I T
0" T T T
G0/G1 S G2/M

Cell Cycle

Fig. 5. RYBP inhibited ESCC proliferation through downregulatingCDC45 in the G1-S transition process. (A) Overexpression of CDC45 in RYBP overexpression cell
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***p < 0.001.

prostate cancer, and downregulation of CDC6 sensitized bladder cancer
cells to cisplatin [41,42]. Low expression of CDC6 suppresses tumor-
igenesis of osteosarcoma through upregulating p21 to promote apop-
tosis and downregulating Cyclin D1 and Cyclin A2 to induce G1 phase
arrest [43]. In colorectal cancer (CRC), CDC6 and CDC45 expression
were upregulated and significantly associated with the outcome of CRC
patients [44].

RYBP has ubiquitin-binding activity and even could be itself ubi-
quitinated [45]. Currently, several proteins, such as FANK1, p53,
MDM2, RinglB, and UBE3A, were identified to be modulated by the
ubiquitination-proteasome system (UPS) [11,46,47]. It has been re-
ported that RYBP can interact with MDM2 and subsequently decrease
MDM2-mediated p53 ubiquitylation, leading to the stabilization of p53
[46]. Besides, a ubiquitin-binding Npl4 zinc finger (NZF) domain of
RYBP can preferentially recognize K63-ubiquitin chains, a property
associated with some double-strand breaks (DSBs) repair proteins [48].
Moreover, the previous study found that RYBP mediated the YY1-E2Fs

interaction, which controlled the CDC6 promoter activity in the G1/S
phase [49]. However, the mechanism that RYBP downregulates CDCs
remains largely unknown. We speculated that RYBP might promote the
ubiquitylation-mediated degradation of CDCs, which needs further in-
vestigation.

Our study demonstrated that RYBP could downregulate CDC6 and
CDC45, thus inhibiting DNA replication and suppressing ESCC cell
proliferation.

5. Conclusion

In summary, our data suggested that RYBP exerts its anti-tumor
effect by inhibiting G1-S transition. The high level of RYBP predicts a
good outcome of patients with ESCC. RYBP may play as a biomarker for
ESCC patients' outcomes.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.1fs.2020.117578.
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Fig. 6. RYBP overexpression inhibited ESCC growth
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