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Background: The MYBL?2 gene, a highly conserved member of the Myb transcription-factor
family, has been implicated in the genesis and progression of many types of tumors.
Methods: We analyzed the expression of MYBL2 and Ki67 in tissue samples of esophageal
squamous-cell carcinoma (ESCC) patients by immunohistochemistry. We further analyzed the
effect of MYBL2 on cell proliferation and DNA replication using a CCK8 assay, 5-ethynyl-
2’-deoxyuridine-retention assay, flow-cytometry analysis, real-time quantitative PCR, Western
blot, and a xenograft model of ESCC cells in nude mice.

Results: MYBL2 expression was significantly higher in ESCC tissue when compared to the
adjacent normal tissue (P=0.007). MYBL2 was found to be positively correlated with Ki67
(y=0.286, P=0.003). Furthermore, Kaplan—-Meier curves indicated that MYBL2 expression
in ESCC tissue was associated with poor patient outcome (P<<0.001), with MYBL2-positive
patients who exhibited high Ki67 expression in ESCC tissue showing the worst prognosis for
overall survival (P=0.003). Our in vitro results showed that downregulation of MYBL2 in ESCC
cell lines inhibited cell proliferation and DNA replication (P<<0.05 for both). We also found
that loss of MYBL2 caused a reduction in levels of cell cycle-related G2/M proteins CDK 1 and
cyclin B1 in ESCC cells. In contrast, overexpression of MYBL2 caused an increase in these
proteins. In vivo, we found that in nude mice that received cells knocked down for MYBL2,
tumor growth was inhibited in comparison to the group that received control cells (P<<0.05).
Conclusion: MYBL2 overexpression induces tumor proliferation in ESCC cells by regulat-
ing cell-cycle at the S and G2/M phase. Therefore, MYBL2 may serve as a novel prognostic
biomarker in ESCC patients.
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Introduction

Esophageal squamous-cell carcinoma (ESCC) remains a predominant subtype of
esophageal tumors in China. It is a rapidly progressing cancer with poor prognosis, due
to frequent tumor recurrence after surgery.' Improved understanding of the underlying
molecular mechanisms of tumorigenesis and progression of ESCC and identification
of novel therapeutic targets are of critical clinical importance.

MYBL2, a highly conserved member of the Myb transcription-factor family, is
generally expressed in rapidly dividing cells, especially in adult hematopoietic and
embryonic stem cells.>* MYBL2 upregulates genes that promote cell cycle entry
into S and M phases® and promotes cell proliferation.>® Studies have shown that the
DREAM (DP, RB-like proteins, E2Fs, and MuvB core) complex, which represses
most cell-cycle genes during cellular quiescence,’ binds to the MYBL2 promoter and
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suppresses MYBL2 expression in the G /G, phase. Upon
entry into the G /S phase, the RB-like proteins dissociate
from the MuvB core and E2Fs thus allowing activator E2Fs
to transactivate MYBL2 in the G /S phase. Subsequently,
MYBL2 is upregulated and becomes associated with the
MuvB core and FOXM1 to transactivate late-cell-cycle
G,/M genes.” MYBL2 is aberrantly expressed in various
malignancies, including colorectal cancer,® pancreatic
ductal adenocarcinoma,’ and lung cancer.!® MYBL2 has
also been linked to patient prognosis in a broad range
of tumor types.®'? These data indicate that MYBL2 is
involved in cell proliferation and carcinogenesis. Qin et al
showed a close association between MYBL2 and prolifera-
tion and migration in ESCC."* However, the effects of the
oncogenic function of MYBL2 in ESCC remain unexplored.

We investigated expression of the MYBL2 protein and
the Ki67 proliferation marker in ESCC patients. The corre-
lation between these two proteins was used to characterize
the relationship between MYBL2 and ESCC-cell prolifera-
tion. Additionally, we also evaluated a correlation between
MYBL2 overexpression and the poor prognosis of ESCC
patients. Finally, we examined the oncogenic function of
MYBL?2 in vitro and in vivo.

Methods

Patients and tissue samples

This study was approved by the Ethics Review Committee
of the First Affiliated Hospital of Zhengzhou University.
The study was performed in accordance with the Declara-
tion of Helsinki and the guidelines of the committee. Written
informed consent was obtained from each patient enrolled
in the study. Formalin-fixed, paraffin-embedded cancer
tissue and adjacent noncancerous tissue from 107 patients
with histopathological confirmation of ESCC diagnosed
between 2012 and 2013 were obtained. This cohort included
samples from 66 males and 41 females with a mean age of
61.518.3 years. None of the patients had received preopera-
tive radio- or chemotherapy. Clinicopathological data of the
patients is shown in Table 2. Tumor staging was evaluated
based on the TNM system of esophageal cancer designed

Table | Correlation of MYBL2 with Ki67 protein expression in
ESCC tissue

MYBL2 Ki67

- + r P-value
- 17 14 0.286 0.003**
+ 19 57

Note: **P<0.01.
Abbreviation: ESCC, esophageal squamous-cell carcinoma.

jointly by the Union for International Cancer Control and
the American Joint Committee on Cancer.'* Patients were
followed up from the date of surgical resection, with an aver-
age follow-up 0f 39.0+1.8 months. Overall survival (OS) was
defined as the period between the date of initial surgery and
death or the last follow-up.

Cell lines and cell culture

The EC9706, TE7, and EC109 cell lines were purchased
from the Tumor Research Institute of the Chinese Academy
of Sciences and the KYSES510 cell line purchased from the
American Type Culture Collection (Manassas, VA, USA).
Cell lines were cultured in RPMI 1640 medium (Solarbio,
Beijing, China) supplemented with 10% FBS (Dakewe,
Shenzhen, China) in an incubator containing 5% CO, at
37°C, 100 pg/mL streptomycin, and 100 units/mL penicillin.

Immunohistochemistry and evaluation of
staining

Tissue sections were incubated with rabbit anti-MYBL2
polyclonal antibody (1:200; Abcam, Cambridge, UK), anti-
Ki67 (1:200; Proteintech, Chicago, IL, USA), anti-CDK1,
and anti-cyclin B1 (1:200; Proteintech) according to standard
immunoperoxidase-staining procedure. Firstly, 5 wm-thick
sections were deparaffinized with xylene, rehydrated in an
alcohol gradient, immersed in 3% H,O,, and then incubated
with primary antibodies at 4°C overnight. The sections were
then developed using a DAB color kit. Sections were evalu-
ated by two independent pathologists. Positive staining of
MYBL2 was observed in the nuclei and cytoplasm:'® Ki67
in the nuclei,'® CDK1 and cyclin B1 mainly in the cyto-
plasm. Five fields of vision were randomly selected (with at
least 200 cells per field) per section at 400x magnification.
MYBL2, CDK1, and cyclin B1 staining were scored in terms
of percentage of positive cells (1, <30%; 2, 30%—70%;
3, >70%) and fluorescence intensity (0, negative; 1, weak; 2,
moderate; 3, strong). The product of the intensity score and the
distribution score was used as the staining score. Specimens
with a final staining score of 0—1 were considered negative and
those with scores =2 positive. The Ki67 index was defined
as the percentage of Ki67-positive cells and categorized as
having a low (<5% of cells with positive nuclear staining)
or high (=5% of cells with positive nuclear staining) value.

Quantitative real-time PCR

Total RNA was isolated using Trizol reagent (Takara,
Kusatsu, Japan) and cDNA synthesized with random prim-
ers and a HiScript IT Q RT SuperMix kit (Vazyme Biotech,
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Nanjing, China). Primer sequences used were MYBL2
(forward 5"-ATGTCCAGTGCCTGGAAGAC-3’, reverse
5’-GATGAGGGTCCGAGATGTGT-3") and GAPDH
(forward 5’-GCTGAACGGGAAGCTCACTG-3, reverse
5-GTGCTCAGTGTAGCCCAGGA-3"). mRNA-expression
levels were measured with quantitative PCR using the
SYBR Green method (Vazyme Biotech) and the 7500 Fast
real-time PCR system (Applied Biosystems, Foster City,
CA, USA).

Lentivirus-mediated RNA interference

An shRNA (5’-GCCCAAGAGCACACCTGTTAA-3") was
constructed to target MYBL2 in subsequent experiments.
Nonsilencing scrambled shRNA (5-TTCTCCGAACGT
GTCACGT-3’) was used as a negative control. ssMYBL2
and scrambled shRNA were inserted into a GenePharma
supersilencing vector () GLVH1/GFP + puromycin). Recom-
binant lentiviruses expressing MYBL2 shRNA or scrambled
shRNA (Lv-shMYBL2 and Lv-shNC, respectively) were
produced by GenePharma (Shanghai, China). EC9706 cells
were transduced with concentrated virus and stable MYBL2-
knockdown clones were then selected with puromycin
(Solarbio) for 2 weeks.

Construction of plasmids and transfection
Full-length MYBL2 ¢cDNA (GenBank accession number
NM_002466) was cloned into the LV5-expression vector
(GenePharma), which was then transfected into KYSES10
cells. These cells were cultured with puromycin for 2 weeks
to select stable MYBL2-expressing clones. Aspecific
sequence-transfected cells (NC) were used as a control.

Cell-proliferation assay

Approximately 0.8x10° EC9706 cells and 0.5x10°* KYSES10
cells were seeded onto 96-well plates. A CCKS8 assay
(Dojindo, Kumamoto, Japan) was used to assess cell pro-
liferation according to the manufacturer’s instructions.
Cell-proliferation curves were plotted using the absorbance
at each time point.

EdU-retention assays

A Fluor 555 5-ethynyl-2’-deoxyuridine (EdU) cell-prolifera-
tion assay kit (KeyGen, Nanjing, China) was used to examine
the effect of MYBL2 on DNA synthesis. ESCC cells were
then seeded onto 24-well plates at a density of 1-2x10* cells
per well and cultured for 24 hours. Cells were exposed to
50 uM EdU for 2 hours in an incubator, fixed in 4% parafor-
maldehyde for 30 minutes, permeabilized with 0.5% Triton

X-100 for 10 minutes, and then reacted with an Apollo
reaction cocktail (KeyGen) for 30 minutes. Subsequently,
the cellular DNA content was stained with Hoechst 33342
(KeyGen) for 30 minutes and visualized under fluorescence
microscopy.

Flow-cytometry cell-cycle analysis

ESCC cells were harvested using 0.25% trypsin digestive
solution (Salab, Beijing, China) without EDTA. They were
then washed twice with PBS and fixed in 70% ethanol at 4°C
overnight. Cells were then washed with PBS and incubated
in a solution containing 10 mg/mL RNase and 1 mg/mL
propidium iodide (KeyGen) at 37°C for 30 minutes in the
dark. DNA content was determined using flow cytometry
(BD Biosciences), then the percentage of cells in the G /G,
S, and G,/M phases was determined using CellQuest acquisi-
tion software (BD Biosciences).

Western blotting

Cells were lysed using RIPA buffer (Solarbio) and protein
concentrations of cell lysates measured in terms of absorbance
(OD,,,) with a BCA protein-assay kit (Biotech Well, Shang-
hai, China). Total proteins were separated using SDS-PAGE
of appropriate density, then transferred onto a polyvinylidene
difluoride membrane at 90 mV for 1.5 hours. The blots were
blocked and incubated overnight with the primary antibody
at 4°C, and then incubated with the secondary antibody for
1.5 hours at room temperature. The primary antibodies and
their dilutions were anti-MYBL2 (1:1,000; Abcam), anti-
CDKl, anti-cyclin B1, anti-p21 (1:500; Proteintech), and
anti-B-actin (1:1,000; Proteintech). Secondary antibodies
(1:2,000) were purchased from Bioss (Shanghai, China).
All experiments were repeated three times.

Tumor xenografts

Five-week-old female BALB/c nu/nu mice were purchased
from Vital River, Beijing, China. All animal experiments
were approved by the Laboratory Animal Management
Committee of Zhengzhou University. The animal experi-
ments were conducted in accordance with institutional
guidelines and the Guide for the Care and Use of Laboratory
Animals (NIH 85-23, revised 1996). EC9706 cells transfected
with Lv-shNC or Lv-shMYBL2 were injected subcutane-
ously (5x10° per mouse) into the dorsal region of the mice
(n=5 per group). Tumor volume (length x width? x 0.5) was
monitored every 3 days postinjection. Mice were euthanized
22 days postimplantation. Tumors were weighed and tissue
processed for H&E staining and immunohistochemistry.
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Statistical analysis

SPSS software (version 23.0) was used for statistical analyses.
Pearson’s }? test was used to analyze the association of
MYBL2 expression with clinicopathological features.
We used Spearman’s rank-correlation coefficient to deter-
mine the correlation between MYBL2 and Ki67 index
values. Kaplan—Meier plots and log-rank tests were used
for survival analyses. Next, we conducted univariate and
multivariate analysis to analyze independent prognostic
factors. Two-tailed Student’s #-tests were used to compare
means of the groups. Values are presented as a means + SD
of three replicate assays, and P<<0.05 was considered statisti-
cally significant.

Results
Expression of MYBL2 and Kié7 in ESCC

The expression of MYBL2 and Ki67 was examined in cancer
tissue and adjacent noncancerous tissue from 107 patients.
Our results indicated that MYBL2 staining was localized to
the nuclei and cytoplasm in 71% (76 of 107) of the ESCC
tissue (Figure 1A) cells, which was significantly higher than
the staining observed in the corresponding nontumor tissue
(34 of 107 positivity, 31.8%; P=0.007; Table 2, Figure 1B).
Ki67, a cell-proliferation marker, was observed in nuclei in

ESCC tissue cells (71 of 107, 66.4%, Figure 1C), but was
barely expressed in corresponding nontumor tissue (propor-
tion of positive cells <5%, Figure 1D). Furthermore, high
MYBL2 expression was found to be significantly associated
with histological differentiation (P=0.022), tumor invasion
(P<0.001), lymph-node metastasis (P=0.01), and clinical
stage (P<<0.001, Table 2). High Ki67 expression was cor-
related mainly with histological grade (P=0.01, Table 2).

To assess the association between MYBL2 expression
and Ki67 index in patients with ESCC, patients were divided
into two groups based on MYBL2-expression levels. Expres-
sion of Ki67 was dramatically higher in ESCC tissue with
high MYBL2 expression (57 of 76, 75%) when compared
to tissue with low MYBL2 expression (14 of 31, 45.2%;
P=0.003; Table 2). Additionally, MYBL2 protein expression
was positively correlated with Ki67 index values measured
by Spearman’s rank-correlation test (Spearman’s y=0.286,
P=0.003; Table 1).

High MYBL2 expression correlated
positively with poor outcomes in ESCC

patients
Kaplan—Meier analysis showed that elevated MYBL2
expression in ESCC tissue was negatively associated with

Figure | (Continued)
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Figure | MYBL2 overexpression correlated with Kié7 index and poor clinical outcomes in ESCC patients.

Notes: (A, B) In situ expression levels of MYBL2 in ESCC tissue and adjacent noncancerous tissue; (C, D) in situ expression levels of Ki67 in ESCC tissue and adjacent
noncancerous tissue; (E) Kaplan—Meier survival curve of ESCC patients based on MYBL2 expression in ESCC tissue; (F) Kaplan—Meier survival curve of ESCC patients based
on MYBL2 expression in ESCC tissue and adjacent noncancerous tissue (G) Kaplan—Meier survival curve of ESCC patients based on MYBL2 expression and Kié7 expression

in ESCC tissue.
Abbreviation: ESCC, esophageal squamous-cell carcinoma.

postoperative OS in ESCC patients (P<<0.001, Figure 1E).
We divided patients into four groups according to the expres-
sion of MYBL2 in ESCC tissue and adjacent noncancerous
tissue. Patient groups that were positive for MYBL2 in both
ESCC tissue and adjacent noncancerous tissue showed the
worst prognosis for OS (P=0.002, Figure 1F). We further
divided patients into four groups according to the expression of
MYBL2 and Ki67. The MYBL2-positive patient group exhib-
iting higher expression of Ki67 in ESCC tissue showed the
worst prognosis for OS (P=0.003, Figure 1G). Univariate Cox

regression analysis confirmed that histological differentiation
(P=0.005), tumor invasion (P=0.02), lymph-node metastasis
(P<<0.001), clinical stage (P=0.025), and high Ki67 (P=0.046)
and MYBL2 expression (P=0.001) were negatively correlated
with postoperative survival in ESCC patients. Variables
associated with OS obtained from univariate Cox regression
analysis were included in the multivariate analysis using Cox’s
proportional-hazard model. The result further confirmed that
MYBL2 expression was negatively correlated with postopera-
tive survival, indicating that MYBL2 expression (HR 5.977,;
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Table 2 Relationship between MYBL2 and Kié7 expression and clinicopathological parameters in ESCC patients

Total MYBL2, n (%) Kié7, n (%)
- + P-value - + P-value
Normal mucosa 107 73 (68.2%) 34 (31.8%) 0.007** 107 (100%) 0 -
ESCC 107 31 (29.0%) 76 (71.0%) 36 (33.6%) 71 (66.4%)
Sex
Male 66 17 (25.8%) 49 (74.2%) 0.352 23 (34.8%) 43 (65.2%) 0.738
Female 41 14 (34.1%) 27 (65.9%) 13 (31.7%) 28 (68.3%)
Age (years)
<60 43 10 (23.3%) 33 (76.7%) 0.285 16 (37.2%) 27 (62.8%) 0.522
=60 64 21 (32.8%) 43 (67.2%) 20 (31.3%) 44 (68.8%)
Tumor size (cm)
<5 87 25 (28.7%) 62 (71.3%) 0911 30 (34.5%) 57 (65.5%) 0.702
=5 20 6 (30.0%) 14 (70.0%) 6 (30.0%) 14 (70.0%)
Histological differentiation
Good 13 8 (61.5%) 5 (38.5%) 0.022%* 9 (69.2%) 4 (30.8%) 0.010%*
Moderate 70 17 (24.3%) 53 (75.7%) 22 (31.4%) 48 (68.6%)
Poor 24 6 (25.0%) 18 (75.0%) 5 (20.8%) 19 (79.2%)
T stage
Tis-T|I 22 14 (63.6%) 8 (36.4%) <0.00 [#¥* 8 (36.4%) 14 (63.6%) 0.762
T2-T3 85 17 (20.0%) 68 (80.0%) 28 (32.9%) 57 (67.1%)
Lymph-node metastasis
Present 37 5 (13.5%) 32 (86.5%) 0.010* 9 (24.3%) 28 (75.7%) 0.138
Absent 70 26 (37.1%) 44 (62.9%) 27 (38.6%) 43 (61.4%)
TNM stage
0- 26 16 (61.5%) 10 (38.5%) <0.00 |#¥* 11 (42.3%) 15 (57.7%) 0.283
(1] 8l 15 (18.5%) 66 (81.5%) 25 (30.9%) 56 (69.1%)
Ki67 index
Negative 36 17 (47.2%) 19 (52.8%) 0.003%* - - -
Positive 71 14 (19.7%) 57 (80.3%) - -

Notes: *P<<0.05; **P<<0.01; ***P<<0.001.
Abbreviation: ESCC, esophageal squamous-cell carcinoma.

95% CI 1.770-20.185; P=0.004; Table 3) is an independent
prognostic marker in ESCC patients.

MYBL2 promoted ESCC-cell proliferation
in vitro

Next, we analyzed MYBL2 mRNA and protein levels in TE7,
EC9706,EC109,and KYSES510 cell lines (Figure 2A). To exam-
ine the function of MYBL2 in ESCC cells, we transduced

the EC9706 cell line with Lv-shNC and Lv-shMYBL2 to
suppress MYBL2 expression. Further, KYSES510 cell lines
were transfected with an MYBL2-expression vector to
overexpress MYBL2. The effect of MYBL2 overexpression
on ESCC-cell proliferation was measured by CCKS8 assay.
Results revealed that cell growth was inhibited in cells
transfected with Lv-shMYBL2 shRNA in comparison to the
cells transfected with control shRNA (P<<0.05, Figure 2B).

Table 3 Univariate and multivariate analyses of prognostic factors in ESCC patients

Univariate analysis Multivariate analysis

HR (95% CI) P-value HR (95% CI) P-value
Sex (female/male) 0.537 (0.274—-1.054) 0.071 - -
Age (<60/=60 years) 0.651 (0.353-1.203) 0.171 - -
Tumor size (<5 cm/=5 cm) 2.277 (1.114-4.653) 0.024 3.662 (1.642-8.166) 0.002
Histological differentiation (good/moderate/poor) | 2.149 (1.261-3.663) 0.005 1.429 (0.795-2.571) 0.233
Tumor invasion (Tis—T 1/T2-T4) 3.415(1.216-9.597) | 0.020 1.643 (0.556-4.856) | 0.369
Lymph-node metastasis (present/absent) 5.364 (2.837-10.142) | <0.001 4.238 (2.164-8.300) <0.001
TNM stage (0-I/I1-11)* 2.688 (1.129-6.400) | 0.025 - -
Ki67 expression (low vs high) 2.122 (1.012-4.448) | 0.046 0.899 (0.401-2.015) | 0.899
MYBL2 expression (low vs high) 5.513 (1.960-15.503) | 0.001 5.977 (1.770-20.185) | 0.004

Note: *Not included in multivariate analysis, because this variable is a confounding factor of tumor invasion and lymph-node metastasis.

Abbreviation: ESCC, esophageal squamous-cell carcinoma.
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Figure 2 Effect of MYBL2 expression on the growth and DNA synthesis of ESCC cells.
Notes: (A) MYBL2 mRNA and protein levels were detected by quantitative PCR and Western blotting in ESCC cell lines. (B) Cell-growth rate was measured by CCK8
cell-viability assays at various time points (*P<<0.05; **P<<0.01). Data presented as means + SD (n=5). (C, D) EdU retention assay in cells underexpressing (EC9706) or

overexpressing (KYSE510) MYBL2. Representative fluorescence images are shown. Numbers of EdU-positive cells depicted in bar chart (*P<<0.05). Data presented as means
+SD (n=3).

Abbreviations: ESCC, esophageal squamous-cell carcinoma; EdU, 5-ethynyl-2"-deoxyuridine.

In contrast, overexpression of MYBL2 accelerated cell — of EdU-positive EC9706 cells with downregulated MYBL2
growth in KYSES510 cells (P<<0.05, Figure 2B). We further =~ was significantly decreased when compared to the control
investigated the effect of MYBL2 expression on ESCC-cell  cells (P<<0.05, Figure 2C and D). In contrast, KYSE510 cells
proliferation using the EdU-retention assay. The percentage  overexpressing MYBL2 exhibited increased percentages of
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EdU-positive cells compared to the control cells (P<<0.05,
Figure 2C and D). Therefore, MYBL2 promoted proliferation
and DNA synthesis in ESCC cells.

Effect of MYBL2 expression on cell cycle

in ESCC
The effect of MYBL2 expression on ESCC cell-cycle pro-
gression was measured by flow cytometry. We found that
the proportion of cells in the G,/M phase was increased in
EC9706 cells knocked down for MYBL2. In contrast, the
proportion of cells in the S phase was increased in ESCC
cells overexpressing MYBL2 (Figure 3A). Furthermore,
we detected the expression of the cell-cycle-related G,/M
proteins CDK1 and cyclin B1 in ESCC using Western blot.
Loss of MYBL2 caused a reduction in CDK1 and cyclin B1
levels in ESCC cells, whereas these proteins were upregu-
lated in KYSES10 cells overexpressing MYBL2 (Figure 3B).
We also analyzed the protein expression of the cell-cycle-
related gene CDKNIA (p21). We found that p21 level was
upregulated in cells with suppressed MYBL2 and downregu-
lated in cells overexpressing MYBL2 (Figure 3B). These
results demonstrated that MYBL2 protein levels played a
vital role in regulating cell-cycle progression in ESCC.
Next, we used LinkedOmics (http:/www.linkedomics.org)
to assess correlations between MYBL2, CyclinB1, CDKI and
p21 mRNA levels in ESCC patients (Figure 3C). We found
that MYBL?2 was positively correlated with Cyclin Bl and
CDK1 and negatively correlated with p27. These findings

further confirmed our observations in ESCC cell lines under-
or overexpressing MYBL2.

MYBL2 promoted ESCC-cell growth in a

xenograft mouse model

In order to assess the effect of MYBL2 on ESCC cells in vivo,
we established a xenograft mouse model where EC9706
cells transfected with Lv-shNC or Lv-shMYBL2 were
injected subcutaneously into the dorsal region of the mice.
We found that in mice that received MYBL2-depleted cells,
the xenograft tumors were significantly reduced in terms of
weight and volume when compared to the control xenografts
(P<0.05, Figure 4A). In addition, immunohistochemistry
analysis indicated that MYBL2-depleted tumor tissue had
a marked decrease in Ki67 expression, suggesting that the
loss of MYBL2 inhibited tumor proliferation (Figure 4B
and C). We also found that MYBL2-depleted tumor tissue
had a marked decrease in cyclin B1 and CDK1 expression
(Figure 4B and C), which further confirmed our findings in
vitro. Taken together, our results suggest that MYBL2 plays a
role in tumor growth and cell-cycle progression in ESCC cells.

Discussion

MYBL2 is upregulated in various cancer types and has
been implicated in cancer pathogenesis.® 2 Previous studies
have found that MYBL2 promotes tumor-cell proliferation
in breast cancer and gallbladder cancer.'”'® In our study,
elevated MYBL2 expression was observed in ESCC tissue
when compared to corresponding nontumor tissue in ESCC
patients. This is consistent with a previous study suggest-
ing that MYBL2 may contribute to tumor development in
ESCC patients."

We measured levels of the Ki67 proliferation marker in
ESCC tissue and found that MYBL2 expression was posi-
tively correlated with Ki67. We also observed that elevated
expression of MYBL2 was significantly associated with
clinical stage, lymph-node metastasis, and poor outcomes in
ESCC patients. Additionally, we found that MYBL2-positive
patients who also exhibited a higher expression of Ki67 in
ESCC tissue had the worst prognosis in OS. These findings
are in agreement with other research that correlated MYBL2
with poor prognosis in patients with colorectal cancer® and
human glioma."!

Considering the relationship between MYBL2 and ESCC
proliferation based on our findings, we used in vitro and
in vivo experiments to study the effect of MYBL2 on cell
proliferation further. Previous studies have shown that the
mechanism of carcinogenesis is related to the cell cycle."”
Our flow-cytometry and Western blot analyses demonstrated
that suppression of MYBL2 induced G,/M-phase arrest and
inhibited the expression of CDK1 and cyclin B1 proteins,
which are critical for entry into and progression through
mitosis.** In contrast, MYBL2 overexpression caused an
increase in the number of cells in the S phase and promoted
the expression of CDK 1 and cyclin B1. These results are con-
sistent with previous studies showing that MYBL?2 together
with MuvB and FoxM1 regulates the expression of several
key proteins required for G,/M transition.”*"** However, our
results showed that MYBL?2 overexpression also resulted in
an increase in cells in the G/M phase. As the expression of
G,/M-phase checkpoint proteins cyclin Bl and CDK1 were
increased in cells overexpressing MYBL2, we concluded that
the increase in G,/M-phase cells was not due to G,/M-phase
arrest. Increases in G,/M-phase cells after overexpression
of MYBL2 may be due to a large increase in S-phase cells,
which may result in more cells entering the G,/M phase.
However, to distinguish between these possibilities, further
analysis of cell-cycle progress is needed.

In addition to the classical role of MYBL2 as a tran-
scription factor in G,/M-transition, our results indicate that
MYBL2 may also be involved in processes related to DNA
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Figure 4 MYBL2 silencing inhibited growth and tumor-progression ability of ESCC in vivo.

Notes: (A) Representative images of tumors from nude mice implanted with either MYBL2-knockdown or control EC9706 cells. Graphs show tumor growth and average
tumor weights. ¥P<<0.05, **P<<0.01, based on Student’s t-test. (B, C) MYBL2, Ki67, cyclin BI, and CDKI expression levels in harvested tumor tissue were determined by
immunohistochemistry assay. Graphs show relative expression of MYBL2 Ki67, cyclin B, and CDKI in tumor tissue (means * SD, n=3; **P<<0.01).

Abbreviation: ESCC, esophageal squamous-cell carcinoma.

synthesis or repair in ESCC. Our results suggested that over-
expression of MYBL2 caused an increase in the number of
cells in the S phase and promoted DNA synthesis in ESCC
cell lines. Furthermore, immunohistochemical analysis of
xenograft tumors demonstrated that the level of Ki67 expres-
sion was consistent with MYBL2 expression. Collectively,
these results suggest another mechanism by which MYBL2
may contribute to the aggressive behavior of ESCC cells by

influencing DNA synthesis in the S phase. The direct link
between MYBL2 and this potential downstream pathway
needs to be studied further.

Conclusion

Our study shows that MYBL2 was overexpressed in ESCC
tissue and positively correlated with Ki67, with poor clinical
outcomes in patients with ESCC. It played a crucial role in
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ESCC-cell proliferation in vitro and in vivo. Furthermore, we
propose that MYBL2 may play an important role in ESCC
progression through regulation of the cell cycle at the S and
G,/M phases. Our study reveals a novel mechanism by which
MYBL2 may exert its oncogenic role in the progression of
ESCC. Our study also suggests that MYBL2 may be utilized
as a potential prognostic marker of ESCC and a target for
therapeutic intervention in the treatment of ESCC.
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