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Abstract
Cyclin B1 is an essential cyclin-dependent protein that involves in the G2/M transition. Multiple studies report that
cyclin B1 is upregulated in cancers and promotes cancer progression. However, the mechanism of cyclin B1
upregulation remains unclear. Here we report that the 5′UTR of cyclin B1 mRNA contains an internal ribosome entry
site (IRES) by using a bicistronic fluorescent reporter. We show that IRES can initiate the translation of cyclin B1, and
the IRES-mediated translation is further activated under cell stress. Interacting trans-acting factors (ITAFs) are
required by most IRES to initiate the translation. We find that PTBP1 promotes the IRES-mediated translation of
cyclin B1 by binding to the 5′UTR of cyclin B1. On top of that, PTBP1 promotes the malignancy of ESCC cells. Our
data suggest that the IRES-mediated translation of cyclin B1 plays an essential role in the cyclin B1 upregulation in
cancers.
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Introduction
The cell cycle is a regulated series of molecular events that dictate
cellular division and proliferation. The process of cell cycle is well
controlled by cyclins and Cdks. The protein levels of cyclins need to
be tightly regulated to ensure the cell cycle progresses appro-
priately. Several different cyclins are active in different parts of the
cell cycle, which causes the Cdk to phosphorylate different sub-
strates. Specifically, cyclin B1 is expressed predominantly during
the G2/M phase of the cell cycle. In the early stage of mitosis, cyclin
B1 and p34 (Cdk1) form the maturation-promoting factor (MPF).
The MPF is involved in chromosome condensation, nuclear envel-
ope breakdown, and spindle pole assembly. CyclinB1 is mainly
present in the cytoplasm before mitosis and relocates to the nucleus
in the late prophase. At the end of mitosis, cyclin B1 is targeted for
degradation by APC/CCdh1.

Cell cycle deregulation is a common feature of human cancer. De-
regulation of cyclin B1 will lead to an abnormal cell cycle. Several
studies have revealed that cyclin B1 is upregulated in breast cancer,
cervical cancer, gastric cancer, colorectal cancer, non-small cell

lung cancer, colon cancer, prostate cancer, and esophageal cancer
[1–5]. Furthermore, upregulation of cyclin B1 promotes the pro-
liferation of cancer cells and is associated with invasion and me-
tastasis [6]. In addition, the expression level of cyclin B1 is closely
related to the prognosis of cancer [1,3,4].

Translation can be initiated in cap-dependent and cap-in-
dependent manner. The cap-dependent translation begins with re-
cognizing the 5′ cap structure by a cap-binding protein eIF4E,
thereby scanning the mRNA transcripts. In addition to cap-depen-
dent translation, noncanonical cap-independent translation also
plays an essential role in translation. While in stress conditions,
such as hypoxia, nutrient limitation, and apoptosis, cap-in-
dependent translation will take place due to the inhibition of the
cap-dependent translation [7,8]. Internal ribosome entry site
(IRES)-mediated translation is a type of cap-independent transla-
tion. IRES was first identified in small RNA viruses (picornaviruses)
by Nahum Sonnenberg [9] and Eckard Wimmer [10] in 1988, and
soon it was found in eukaryotic cells [11]. After that, more IRES
have been identified by researchers in eukaryotic cells [12]. IRES is
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a specific sequence on the 5′UTR of mRNA, which can form a sec-
ondary structure to enter the ribosome to initiate translation with-
out cap structure recognition. Under physiological conditions, most
of the translations are driven in a cap-dependent manner in eu-
karyotic cells.

Thousands of human and viral sequences with cap-independent
translation activity have been found, which means that ~10% of
mammalian mRNAs may be translated by IRES-mediated transla-
tion [13]. Cellular IRESs can be classified into two types based on
the mechanisms of ribosome recruitment: type I IRESs interact with
ribosomes through ITAFs that bind to the RNA-binding motifs and
through N-6-methyladenosine (m6A) modification [14]. Type II
IRESs, on the other hand, have a short cis-element that pairs with
18S rRNA to recruit ribosomes [15]. Several studies revealed that
multiple essential proteins associated with cancer have IRES, such
as p53 [12] and c-myc [16].

A bicistronic fluorescent reporter system is a canonical method to
measure the activity of IRES. The reporter plasmid contains two
cistrons, with the first cistron encoding Renilla luciferase (RLuc)
and the second cistron encoding Firefly luciferase (FLuc). Typically,
in eukaryotic cells, only the first cistron of the bicistronic plasmid is
translated, and the translation will stop due to the presence of the
stop codon after the first cistron. However, if the sequence between
the two cistrons contains IRES, the translation can directly start
from the IRES. The second cistron will be expressed.

In this research, we found that cyclin B1 has an IRES and the IRES
can initiate the translation. The IRES-mediated translation is further
activated under cell stress. This is one of the reasons that cyclin B1
is upregulated in tumors. We also found that PTBP1 binds to the
5'UTR of cyclin B1 and promotes the IRES-mediated translation.

Materials and Methods
Cell lines and cell culture
Human esophageal squamous cell carcinoma cell lines YES-2, KYSE
150, and KYSE 30 were provided by Professor Shimada of Kyoto
University (Kyoto, Japan). The cells were cultured in RPMI 1640
medium (Gibco, Carlsbad, USA) supplemented with 10% fetal bo-
vine serum (FBS), 50 units/mL of penicillin, and 50 μg/mL of
streptomycin at 37°C with 5% CO2.

Plasmids
The plasmids used in this study were all constructed by Jikai Gene
Co., Ltd (Shanghai, China). The bicistronic fluorescent reporter
plasmid vector is CV094, the elements are CMV-Renilla-MCS-Fire-
fly-SV40-Puromycin, and the cloning site is BamHI/EcoRI. The 5′
UTRs of c-Myc and cyclin B1 were inserted between Renilla luci-
ferase and Firefly luciferase (pR-M-F and pR-B-F). phR-B-F plasmid:
a sequence that can form a stable neck ring structure was inserted
before the Renilla luciferase, and an additional stop codon was
added after the Renilla luciferase.

siRNA and cell transfection
Two micrograms of plasmid or 3 μL of 20 μM siRNA was used for
cells in a 6-well plate. Transfections were performed using lipo-
fectamine 2000 (Invitrogen, Carlsbad, USA) according to the man-
ufacturer′s instructions. Sequences are as following: siPTB-1
forward 5′-GCCUCAACGUCAAGUACAATT-3′, reverse 5′-UUGUA
CUUGACGUUGAGGCTT-3′; siPTB-2 forward 5′-GCGUGAAGAUC
CUGUUCAATT-3′, reverse 5′-UUGAACAGGAUCUUCACGCTT-3′;

siPTB-3 forward 5′-GCGUCGUCAAAGGAUUCAATT-3′, reverse 5′-
UUGAAUCCUUUGACGACGCTT-3′; si-scramble forward 5′-GCAAA
UACUCGUGCCUAUACATT-3′, reverse 5′-UGUAUAGGCACGAGUA
UUUGCTT-3′.

Luciferase reporter assay
Cells were harvested at 48 h after transfection, resuspended in luci-
ferase lysis buffer (Promega, Madison, USA), and then incubated on
ice for 10 min. Cell debris was removed by centrifugation at 20,000 g
at 4°C for 10 min, and the supernatants were used for the luciferase
assay. According to the manufacturer’s instructions, Firefly and
Renilla luciferase activities were determined using the Dual-Luci-
ferase® Reporter Assay System (Promega). The ratio of Firefly luci-
ferase to Renilla luciferase activity was defined as IRES activity.

RNA extraction and real-time qPCR
RNA was extracted by using TRIzol Reagent (Invitrogen). RNA
concentration was measured with a Nanodrop spectrophotometer
(Thermo Fisher Scientific, Waltham, USA). Total RNA (2 μg) was
used for cDNA synthesis using Superscript II reverse transcriptase
(Invitrogen) according to the manufacturer’s instruction. Real-time
qPCR was performed with the ABI 7300 Real-time PCR System
(Applied Biosystems, Foster City, USA) using the SYBR ® Premix Ex
TaqTM II (TaKaRa, Dalian, China). Primers used in real-time qPCR
are: Renilla luciferase forward 5′-GGTAACGCGGCCTCTTCTTA-3′,
reverse 5′-AAATGCCAAACAAGCACCCC-3′; Firefly luciferase for-
ward 5′-ACTGGGACGAAGACGAACAC-3′, reverse 5′-GGCGACGT
AATCCACGATCT-3′.

Cell migration and invasion assays
Migration of cells was assayed in Transwell cell culture chambers
with 6.5-mm diameter polycarbonate membrane filters containing
8 μm pore size (Corning, New York, USA). Briefly, 4×104 cells in
100 μL of serum-free medium were added to the upper chamber of
the well, and the lower chamber was filled with 600 μL medium
containing 20% FBS, and then incubated at 37°C for 10–20 h. The
non-migration cells were removed from the upper surface of the
membrane with a cotton swab. The filters were then fixed in me-
thanol for 10 min, followed by staining with 10% crystal violet for
15 min. Five random microscopic fields were counted per well, and
the mean was determined. For the transwell invasion assay, the
membrane of the upper chamber was pre-coated with 50 μL of
2.5 mg/mL matrigel (Falcon/BD, San Diego, USA).

Colony formation assay
One thousand transfected cells were seeded into a 6-well plate and
incubated at 37°C with 5% CO2 for 10–14 days. After being washed
with pre-cooled PBS twice, cells were fixed in methanol for 10 min,
followed by staining with 10% crystal violet for 15 min. After taking
pictures through a microscope, the colonies numbers were counted
manually.

Cell proliferation assay
The proliferation ability of different cancer cells was monitored
using the xCELLigence Real-Time Cell Analyzer (RTCA)-MP sys-
tem. (Acea Biosciences/Roche Applied Science, Indianapolis, USA).
Culture medium (50 μL) was added to each well of E-Plate 96
(Roche Applied Science) to obtain equilibrium. Transfected cells
were incubated in 60 mm culture plates for 24 h, and 2000 cells in
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100 μL of culture medium were seeded in E-Plate 96. The E-Plate 96
was locked in the RTCA-MP device at 37°C with 5% CO2. The cell
index directly reflects cellular proliferation on biocompatible mi-
croelectrode-coated surfaces. The cell index was read automatically
every 15 min, and the recorded curve was shown as the cell index.

Western blot analysis
Cells were lysed in RIPA lysis buffer (Thermo Fisher Scientific)
supplemented with protease and phosphatase inhibitor cocktail
(Roche, Basel, Switzerland). Protein samples were separated by
electrophoresis in a 10%–15% SDS-PAGE gel and transferred to
PVDF membranes. The membranes were blocked with 5% BSA.
After that, the membranes were incubated with the following pri-
mary antibodies: anti-Cyclin B1 antibody (ab32053; Abcam, Cam-
bridge, UK), anti-PTBP1 antibody (12582-1-AP; Proteintech,
Rosemont, USA), anti-β-Actin antibody (sc-47778; Santa Cruz,
Santa Cruz, USA). After being incubated with HRP-conjugated
secondary antibodies (Golden Bridge Biotechnology, Beijing, Chi-
na), ECL was used to develop the membranes. Membranes were
scanned with the ImageQuant LAS (GE Healthcare Life Sciences,
Bethesda, USA), and quantification of bands was performed by
ImageJ. β-Actin was used as the loading control.

RNA immunoprecipitation assay
RNA immunoprecipitation (RIP) was performed using the Magna
RIP™ RNA-Binding Protein Immunoprecipitation Kit (Millipore,
Billerica, USA) according to the manufacturer′s instructions. Briefly,
3×107 cells were used for one reaction, RIP lysate with the same cell
volume was used, mixed with pipetting, and incubated on ice for
5 min, freezed at –80°C overnight, and samples were ready for the
subsequent steps.

RNA synthesis in vitro
Linearized plasmids with target sequence were used as templates.
Purification was performed by adding 1/20 volumes of 0.5 M EDTA,
1/10 volume of 3 M sodium acetate, 2 volumes of 100% ethanol,
and incubated at –80°C for 8 h, followed by centrifugation at 12,000
g at 4°C for 15 min. The plasmid was dissolved in RNase-free water,
and the concentration is determined with Nanodrop 2000 spectro-
photometer. Biotin-labeled CTP and UTP were used for in vitro
transcription. Purification was performed by LiCl precipitation.

RNA pull-down assay
The RNA was incubated at 70°C for 10 min and then put on ice. The
beads were washed with 1 mL washing buffer (10 mM HEPES,
50 mM KCl, 1.5 mM MgCl2, and 0.5% NP-40) three times. Each
protein lysate (50 μL) was added and incubated at room tempera-
ture for 30 min, followed by centrifugation to remove the super-
natant. Biotin-labeled RNA (2 μg) was added to protein lysate with
500 μL hybridization buffer (washing buffer supplemented with
2 mM DTT, 1 mM EDTA, 100 u/mL RNase inhibitor, and 100 μg/mL
tRNA) and rotated at room temperature for 1 h. A total of 50 μL
beads were added and rotated for 30 min at room temperature,
followed by three times wash with washing buffer. The beads were
boiled in 1×SDS loading buffer for 5 min, centrifuged, and the su-
pernatant was transferred to a new tube.

Cell cycle assay
Cells were fixed in 70% ethanol at 4°C overnight, washed with PBS

twice and resuspended in 300–500 μL PI (Roche)/Triton X-100
staining solution consisting of 10 mL of 0.1% (v/v) Triton X-100 in
PBS, 2 mg DNase-free RNase A (Sigma), and 0.4 mL of 500 μg/mL
PI. Cells were incubated at 37°C for 15 min, and then analyzed by
flow cytometry within 2 h.

In vivo tumor assay
Nude mice were obtained from Vital River Laboratory Animal
Technology Co., Ltd (Beijing, China), and all animal care and pro-
cedures were in accordance with national and institutional policies
for animal health and well-being and approved by Cancer Institute
and Hospital, Chinese Academy of Medical Sciences and Peking
Union Medical College (Beijing, China). KYSE 30 cells were col-
lected by trypsinization when the confluence reached 70%–80%.
The cell suspension was transferred to a sterile centrifuge tube and
centrifuged at 200 g for 5 min. The cells were washed twice with
PBS, and the cell concentration was adjusted to 1×107 cells/ml.
Cells were re-suspended in FBS-free medium. About 1×106 cells
were injected into the flank of nude mice by intraperitoneal injec-
tion. Thirty days after injection, tumors were harvested and the
tumor weight was measured.

Statistical analysis
Data were presented as the mean±standard deviation (SD). Un-
paired t-test was used for comparison between two groups and one-
way or two-way analysis of variance (ANOVA) for comparison
among multiple groups. All analyses were performed using
GraphPad Prism 8.0 Software. P<0.05 was considered to be sta-
tistically significant.

Results
The 5′UTR of cyclin B1 contains an IRES
The upregulation of cyclinB1 generally results in tumorigenesis. The
previous research in our lab demonstrated that cyclin B1 is aber-
rantly upregulated in esophageal squamous carcinoma (ESCC) and
cyclin B1 promotes the motility and migration of tumors [6].
Overexpression of cyclin B1 antagonizes chemotherapeutic-induced
apoptosis through the PTEN/Akt pathway in human ESCC cells
[17]. Here we showed the expression of cyclin B1 in ESCC by im-
munohistochemistry (IHC). The IHC result showed that cyclin B1
expression in ESCC tissue is higher than that in paracancerous tis-
sue (Figure 1A). The RNA-sequencing data showed that the RNA
expression level of cyclin B1 in ESCC tissue was higher than that in
normal tissue, but not as dramatic as its protein level (data not
shown). These data indicated that the translation of cyclin B1 may
be instrumental. In the cyclins family, cyclin D1 plays a crucial role
in the G1/S phase. Multiple studies showed that the upregulation of
cyclin D1 in cancers is caused by IRES-mediated translation [18,19].
Based on these findings, we hypothesize that the IRES-mediated
translation may contribute to the high expression level of cyclin B1
in cancer.

A bicistronic fluorescent reporter plasmid containing the cyclin
B1 5′UTR (pR-B-F) was constructed for the IRES activity (Figure 1B).
The Renilla luciferase (RLuc) sequence is the first cistron and the
second cistron encodes the Firefly luciferase (FLuc). The ratio of
firefly luciferase to Renilla luciferase (FLuc/RLuc) reflects the IRES
activity. Based on previous studies [20,21], we constructed a bi-
cistronic fluorescent reporter enzyme plasmid containing c-myc
5′UTR (pR-M-F) as a positive control (Figure 1B).
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Figure 1. The 5′UTR of cyclin B1 contains an IRES (A) The immunohistochemistry of cyclin B1 in esophageal squamous cell carcinoma (ESCC) and
paracancerous tissue. (B) The structure of bicistronic fluorescent reporter plasmid. There are two cistrons in the plasmid. The first cistron is Renilla
luciferase (RLuc), and the second cistron is Firefly luciferase (FLuc). Sequences of 5′UTR of cyclin B1 and c-myc are inserted into the plasmid
between the two luciferases. A hairpin and an additional stop code are inserted flank the first cistron to prevent the read-through translation. (C)
Four cell lines were transfected with the reporter plasmids. Dual-Luciferase® Reporter Assay System was used to measure the activity of the
Luciferase. The ratio of FLuc and RLuc indicates the activity of the IRES. Data are presented as the mean±SD of five independent experiments.
*P<0.05, **P<0.01, ***P<0.001. (D) The mRNA levels of the two luciferases. RNA was extracted from the four cell lines at 48 h after transfection.
Data are presented as the mean±SD of three independent experiments of real-time PCR. (E) The secondary structure of 5’UTR of cyclin B1 mRNA
predicted by the RNA Folding Form V2.3. (F) KYSE 30 cells were treated with medium contaning 5% FBS or CoCl2 (300 nM) for 48 h. The ratio of
FLuc and RLuc indicates the activity of the IRES. Data are presented as the mean±SD of three independent experiments. *P<0.05.
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In specific scenarios, the bicistronic fluorescent reporter system
will have false positives. The second cistron can be translated if the
inserted sequence contains hidden promoters or splicing sites. An-
other scenario is that if read-through occurs in the translation, it can
also result in the expression of the second cistron [22]. To exclude
the hidden promoter, the mRNA levels of Renilla luciferase and
firefly luciferase were measured by real-time qPCR. To exclude the
false positives caused by abnormal splicing and read-through, a
sequence that could form a stable hairpin structure was inserted
before the first cistron and an additional stop codon was added after
the first cistron (Figure 1B).

Three human ESCC cell lines YES-2, KYSE 30, and KYSE 150, as
well as one human non-small cell lung adenocarcinoma cell NCI-
H157 were transfected with the reporter plasmids. The cells were
collected at 48 h after transfection, and the ratio of Firefly luciferase
to Renilla luciferase (FLuc/RLuc) was measured by luciferase ac-
tivity assay (Figure 1C). The data showed that the reporter plasmid
containing cyclin B1 5′UTR has a significantly higher ratio than the
negative control (pRF). The phR-B-F plasmid, which has a hairpin
structure before the first cistron, has an even higher FLuc/RLuc
ratio. This result suggests that there is no false positive caused by
variable splicing and read-through (Figure 1C). To exclude the ef-
fect of the hidden promoters, we measured the mRNA level of the
two luciferases by real-time qPCR. No significant difference was
found between the RNA levels of these two luciferases (Figure 1D).
Typically, for IRES-mediated translation, a cloverleaf-like secondary
structure is needed to initiate the process [23]. We generated a
predicted secondary structure of the 5′UTR RNA of cyclin B1 by
using the RNA Folding Form V2.3 [24]. The cyclin B1 5′UTR can
form a cloverleaf-like structure, which is a typical structure of IRES
(Figure 1E). These results demonstrate that the cyclin B1 5′UTR has
an IRES.

The IRES activity is further induced under stress conditions such
as nutrient deficiency, DNA damage, and hypoxia [25]. To de-
termine the IRES activity of the cyclin B1 under stress conditions,
YES-2 cells were transfected with reporter plasmids and cultured in
a complete medium containing 10% FBS (as negative control),
medium supplemented with 5% FBS, and medium supplemented
with 10% FBS and 300 nM CoCl2. The 5% FBS is a nutrient-deficient
condition, and CoCl2 can induce hypoxia in cells. The cells were
harvested after 48 h, and the luciferase activity assay was per-
formed to measure the activity of IRES (Figure 1F). The results
showed that the ratio of Firefly luciferase activity to Renilla luci-
ferase activity (FLuc/RLuc) was significantly increased in cells
cultured in medium containing 5% FBS and in cells cultured in
medium containing CoCl2, compared with that in cells cultured in
medium containing 10% FBS. These results indicate that the IRES of
cyclin B1 is further activated under nutrient deficiency or hypoxia.

PTBP1 promotes IRES-mediated translation of cyclin B1
Interacting trans-acting factors (ITAFs) are required by most IRES to
initiate the translation. Typically, ITAFs can directly bind to IRES
and promote translation. For example, ITAFs such as PTBP1,
hnRNPC2/C2, HuR, Unr, PCBP1, and La have been reported to be
involved in IRES-mediated translation [10,26]. An RNA pull-down
assay was performed to find ITAFs involved in cyclin B1 IRES-
mediated translation. The 5′UTR sequence of cyclin B1 was syn-
thesized with biotin-labeled UTP and CTP by in vitro transcription
assay (Figure 2A). After screening several classical ITAFs involved

in the IRES initiation (data not shown), RNA pull-down assay
showed that PTBP1 binds to the 5′UTR of cyclin B1. Meanwhile, the
5′UTR sequence of c-myc was used as a positive control and the
sequence of HAV 617-740 was used as a negative control [27,28]
(Figure 2B). These data were confirmed by RIP assay. PTBP1 was
precipitated by a specific antibody, and the bound RNAs were
measured by real-time PCR. There was significantly more cyclin B1
bound to the PTBP1 than bound to the control (Figure 2C). All these
results support the conclusion that PTBP1 binds to cyclin B1 5′UTR.

PTBP1 belongs to the subfamily of ubiquitously expressed het-
erogeneous nuclear ribonucleoproteins (hnRNPs). PTBP1 is asso-
ciated with pre-mRNAs in the nucleus and influences pre-mRNA
processing and other mRNA metabolism and transport aspects. To
further investigate the function of PTBP1 in cyclin B1 translation,
we transfected KYSE 30 cells with siRNA of PTBP1. The result
showed that the expression level of cyclin B1 was decreased after
PTBP1 knockdown (Figure 2D). To determine whether the decrease
of cyclin B1 expression is caused by inhibition of the IRES-mediated
translation, we performed the bicistronic fluorescent reporter assay
in the KYSE 30 cells after PTBP1 knockdown. As expected, the IRES
activity of cyclin B1 was impaired after the knockdown of PTBP1
(Figure 2E). These results suggest that PTBP1 promotes the IRES-
mediated translation of cyclin B1.

PTBP1 is upregulated in tumors and correlated with
cyclinB1
To further investigate the function of PTBP1 and the relationship
between PTBP1 and cyclin B1, we used the expression data from the
pan-cancer analysis database. The GEPIA website provides a user-
friendly analysis and visualization of the results based on the TCGA
database. Data showed that PTBP1 is upregulated in most kinds of
cancers (Figure 3A). Several research groups have reported that
PTBP1 promotes cancer cell growth, as well as malignant and
chemotherapy resistance in breast cancer, pancreatic cancer, and
bladder cancer [29–31]. However, the function of PTBP1 in ESCC
remains unclear, which made us focus on the function of PTBP1 in
ESCC. The RNA-seq data of 91 ESCC patients showed that the ex-
pression of PTPB1 was significantly higher in ESCC tissue than in
the paracancerous tissue (Figure 3B). The correlation analysis of
PTBP1 and cyclin B1 in 91 ESCC tissue and TCGA databases showed
that PTBP1 and cyclin B1 had a positive correlation (Figure 3C,D).
All these findings suggest that PTBP1 plays an important role in
ESCC.

To investigate the function of PTBP1 in ESCC cells, KYSE 30 cells
were transfected with PTBP1 siRNA and cell proliferation assay was
performed. The cell growth rate was monitored by the xCELLigence
RTCA MP system. Results showed that cells with PTBP1 knock-
down grew more slowly than cells transfected with the si-scramble
(Figure 4A). Typically, the inhibition of proliferation is caused by
abnormal cell cycles of the cell. To determine the cell cycle of
PTBP1-knockdown cells, the DNA of cells was stained by PI and
analyzed by flow cytometry. The cell cycle assay showed that
PTBP1-knockdown cells had more cells in the G0/G1 phase and
fewer cells in the G2/M phase than the NC cells and si-scramble cells
(Figure 4B). This result indicates that PTBP1 is required to maintain
the accelerated cell cycle and proliferation rate in cancer cells.

PTBP1 promotes malignancy of ESCC cells
Invasion and migration are two central factors of tumor cells. Most
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deaths from cancer are caused by metastases. To determine if
PTBP1 promotes invasion and migration in ESCC, transwell inva-

sion and migration assays were performed. The data showed that
knockdown of PTBP1 resulted in the inhibition of migration and

Figure 2. PTBP1 promotes IRES-mediated translation of cyclin B1 (A) The RNA bands of cyclin B1 and c-myc 5′UTR. RNA sequence of cyclin B1
and c-myc 5′UTR were transcriptions from DNA template using the MEGAscript® kits. CTP and UTP were labeled with biotin. (B) RNA pull-down
assay of cyclin B1 5′UTR. The RNA sequences were synthesized by in vitro transcription. Biotin UTPs and CTPs were added to the reaction. The
MYC 5′UTR sequence was used as a positive control and the HAV 617-740 sequence as a negative control. (C) RNA IP assay of PTBP1. The
experiment was performed by using the Magna RIPTM RNA-Binding Protein Immunoprecipitation kit. The cell lysate was from KYSE 30 cells. Data
are shown as the mean±SD of three independent experiments of real-time qPCR. GAPDH is a negative control. ***P<0.001. (D) Knockdown of
PTBP1 in KYSE 30 cells. Three siRNAs were used to knock down the PTBP1. (E) Dual-luciferase reporter assay after knockdown of PTBP1. The
activity of IRES was measured after the knockdown of PTBP1. The ratio of FLuc and RLuc indicates the activity of the IRES. Data are presented as
the mean±SD of five independent experiments. *P<0.05.
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Figure 3. PTBP1 is upregulated in tumors and correlated with cyclin B1 (A) RNA expression of PTBP1 from TCGA and the visualization chart from
the GEPIA. (B) RNA-seq data of 91 ESCC patients. Values are tested for statistical difference by paired t-test. ***P<0.0001. (C) Correlation of PTBP1
and cyclin B1 in 91 ESCC tissues analyzed by the Pearson correlation coefficient analysis. R=0.3696, P=0.0003, N=91. (D) Correlation of PTBP1
and cyclin B1 analyzed by Pearson correlation coefficient analysis of pan-cancer database from TCGA. R=0.5850, P<0.0001, N=8386.
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invasion in ESCC cells (Figure 5A,B). In addition to the increased
invasion and migration, unlimited proliferation and increased col-
ony formation abilities are critical for cancer cells to survive and
progress. Therefore, colony formation assay was further performed
after PTBP1 knockdown, and the result showed that knockdown of
PTBP1 impaired the colony formation ability of ESCC cells (Figure
5C).

As PTBP1 was found to promote the IRES-mediated translation of
cyclin B1, we therefore infer that PTBP1 may act as a cancer-pro-
moter by regulating the expression of cyclin B1. A rescue experi-
ment was performed to verify this hypothesis. After the knockdown
of PTBP1, cyclin B1 was overexpressed in the ESCC cells. The in-
vasion and migration assay showed that overexpression of cyclin B1
can reverse the inhibition of invasion and migration in PTBP1-
knockdown ESCC cells (Figure 6A). To confirm the function of

PTBP1 in ESCC cancer, the PTBP1-knockdown cells were injected
into the nude mice. Data showed that knockdown of PTBP1 im-
paired the ESCC cell’s tumor growth in vivo (Figure 6B). These data
indicate that PTBP1 has a cancer-promoting function in ESCC cells.

Discussion
The viral IRESs are well understood, but the function and me-
chanisms of cellular IRES remain to be further explored. Recently,
with the improvement of next-generation sequencing and bioin-
formatics algorithms, a new type of endogenous RNAs has become
the focus of the transcriptome research. Circular RNAs (circRNAs)
are non-coding RNAs formed by covalently closed loops through
back splicing. CircRNAs play essential roles in various biological
processes as transcriptional regulators and microRNA sponges
which bind with RNA-binding proteins [32–34]. Recent studies

Figure 4. PTBP1 promotes the proliferation of ESCC cells (A) Cell proliferation assay. KYSE 30 cells were transfected with PTBP1 siRNA. The cell
growth rate was monitored by the xCELLigence RTCA MP system. The cell index was normalized by the index of 6 h after plating. *P<0.05, n=5.
(B) Cell cycle analysis. KYSE 30 cells were transfected with PTBP1 siRNA. After fixation with 70% ethanol, the nuclei were stained with Propidium
Iodide (PI), cells were analyzed by flow cytometry. *P<0.05, n=3. NC: untransfected cells.
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Figure 5. PTBP1 promotes migration, invasion, and colony formation of ESCC cells (A,B) KYSE 30 and YES 2 cells were transfected with the siRNA
of PTBP1. Cell invasion and migration were measured using transwell plates coated with and without matrix gel respectively. Data are presented
as the mean±SD of three independent experiments. **P<0.01; ***P<0.001. (C) KYSE 30 cells were transfected with PTBP1 siRNA. Cells were
plated into 6-well plates at the density of 1000 cells per well at 24 h after the transfection and cultured for 14 days. The number of colonies was
counted. Data are presented as the mean±SD of three independent experiments **P<0.01.
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have indicated that some cytoplasmic circRNAs can be effectively
translated into detectable peptides, and IRES has been suggested as
the potential mechanism for circRNA translation [35,36]. These
new findings imply that IRES translates not only the canonical
protein but also unique peptides. However, the new challenge is
that we need better methods to identify the new peptides translated
from the circRNA, and we also need more research to understand
the functions of these unique peptides. Therefore, IRES-mediated
translation is more critical than expected, which may be a potential
therapeutic target for cancer treatment.

Sustaining proliferative signaling is one of the hall markers of
cancer cells. The abnormal cell cycle is a critical reason for sus-
taining proliferation. Cyclin B1, as an essential cyclin-dependent
protein, plays a crucial role in the G2/M transition. In this study, we

reported that the 5′UTR of cyclin B1 contains an IRES. The IRES
activity of cyclin B1 is further activated under stress conditions. We
propose that the IRES-mediated translation of cyclin B1 is one of the
reasons that cyclin B1 is overexpressed in cancer cells.

Furthermore, we demonstrated that PTBP1 can promote cyclin B1
IRES-mediated translation by binding to the 5′UTR of cyclin B1
transcript. Our work also revealed that PTBP1 is upregulated, which
promotes cancer malignancy in ESCC cells. Our results suggest that
PTBP1 may be a cancer-promoting gene in ESCC cells by promoting
the IRES-mediated translation of cyclin B.

The cap-dependent translation is generally suppressed in cancer
cells because most cancer cells are under stress conditions. In ad-
dition, IRES-mediated translation is activated in cancer cells as a
supplementary of cap-dependent translation. Cyclin B1 has been

Figure 6. Overexpression of cyclin B1 can rescue the PTBP1-knockdown phenotype in ESCC cells (A) Transwell migration and invasion assays.
After knockdown of PTBP1, cyclin B1 was overexpressed in the ESCC cells. KYSE 30 cells were used for the transwell migration and invasion
assays as previously described. (B) In vivo tumorigenesis assay. A total of 1×106 KYSE 30 cells were injected into the flank of nude mice by
intraperitoneal injection. Tumors were harvested 30 days after injection. n=5.
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found to be overexpressed in multiple cancers and promote cancer
progression. However, due to the important role of cyclin B1 in cell
cycle, it is hard to use cyclin B1 as a therapeutic target, because the
cell cycle of a normal cell will also be affected, and this will cause
unpredictable side effects. In contrast, we can use IRES-mediated
translation as a therapeutic target, which can suppress cyclin B1
expression in cancer cells and keep normal cells unaffected.

In conclusion, we provide new insights into the mechanism of
cyclin B1 overexpressed in cancer cells. IRES-mediated translation
may be a new and better potential therapeutic target which can
inhibit cyclin B1 expression with less toxicity and side effects.
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