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ABSTRACT
◥

The majority of human genes have multiple polyadenylation
sites, which are differentially used through the process of alter-
native polyadenylation (APA). Dysregulation of APA contributes
to numerous diseases, including cancer. However, specific genes
subject to APA that impact oncogenesis have not been well
characterized, and many cancer APA landscapes remain under-
explored. Here, we used dynamic analyses of APA from RNA-seq
(DaPars) to define both the 30UTR APA profile in esophageal
squamous cell carcinoma (ESCC) and to identify 30UTR short-
ening events that may drive tumor progression. In four distinct
squamous cell carcinoma datasets, BID 30UTRs were recurrently
shortened and BID mRNA levels were significantly upregulated.
Moreover, system correlation analysis revealed that CstF64 is a

candidate upstreamregulatorofBID30UTR length.Mechanistically, a
shortened BID 30UTR promoted proliferation of ESCC cells by
disrupting competing endogenous RNA (ceRNA) cross-talk, result-
ing in downregulation of the tumor suppressor gene ZFP36L2. These
in vitro and in vivo results were supported by human patient data
whereby30UTRshortening ofBID and lowexpressionofZFP36L2 are
prognostic factors of survival in ESCC. Collectively, these findings
demonstrate that a key ceRNA network is disrupted through APA
and promotes ESCC tumor progression.

Significance: High-throughput analysis of alternative polyade-
nylation in esophageal squamous cell carcinoma identifies recurrent
shortening of the BID 30UTR as a driver of disease progression.

Introduction
Alternative polyadenylation (APA) is an RNA-processing event

allowing for RNA polymerase II termination to occur at distinct
locations, thus generating diverse 30-ends (1). Nearly 70% of annotated

human genes have more than one polyadenylation site (PAS) suggest-
ing that APA is a major engine to drive transcriptomic diversity (2).
Although a subset of APA occurs to alter the coding potential within
C-terminal regions of proteins, the majority of APA events result in
altered length and content of the 30UTR. Although the coding
sequence (CDS) is unchanged, through modulation of 30UTR length,
the impact of APA is profound as it can influence mRNA stability,
mRNA translation, mRNA localization, and protein localization (1, 3).
Moreover, APA can also re-route miRNA, resulting in altered expres-
sion of many genes that are not even subject to APA (4).

The importance of APA is only beginning to be appreciated and has
been found to be involved in multiple biological processes and disease
states. As a general observation, 30UTRs show progressive lengthening
during development and cellular differentiation (5–8), whereas pres-
ent as broadly shortened in proliferating cells (9, 10). Dysregulated
APA contributes to human diseases through mutations or germline
variations that either create/destroy specific PASs (11–13) or through
altered expression of APA regulators, resulting in more broad changes
in PAS usage (1, 3). Among these disease states, cancer has been found
to be highly sensitive to 30UTR status where shortening is observed in
tumors relative to normal tissues (14, 15). The preponderant view is
that 30UTR shortening within tumors is a mechanism to activate
oncogenes through lost inhibition of miRNA (16). In addition, we and
others have shown that broad 30UTR shortening can disrupt com-
peting endogenous RNA (ceRNA) networks leading to the repression
of tumor suppressor genes through miRNA release and enhanced
targeting (4, 17). Taken together, these studies suggest that 30UTR
shortening may promote tumorigenesis in cis, in trans or in combi-
nation through multiple mechanisms, and underscore the complexity
of APA in regulating gene expression.

Mortality due to esophageal cancer ranks sixth all over the
world (18) and is particularly problematic in China where it is the
fourth leading cause of cancer-related death (19). The two primary

1Department of Etiology and Carcinogenesis, National Cancer Center/National
Clinical ResearchCenter/Cancer Hospital, ChineseAcademyofMedical Sciences
and Peking Union Medical College, Beijing, China. 2Department of Biochemistry
and Molecular Biology, The University of Texas Medical Branch, Galveston,
Texas. 3Fulgent Genetics, Houston, Texas. 4Sun Yat-sen University Cancer
Center, State Key Laboratory of Oncology in South China, Guangzhou, China.
5Jiangsu Key Laboratory of Cancer Biomarkers, Prevention and Treatment,
Collaborative Center for Cancer Personalized Medicine, Nanjing Medical Uni-
versity, Nanjing, China. 6CAMS Key Laboratory of Genetics and Genomic
Biology, Chinese Academy of Medical Sciences and Peking Union Medical
College, Beijing, China. 7Department of Biochemistry and Biophysics, School
of Medicine and Dentistry, University of Rochester, Rochester, New York.
8Center for RNABiology, University of Rochester, Rochester, NewYork. 9Wilmot
Cancer Institute, University of Rochester Medical Center, Rochester, New York.

Note: Supplementary data for this article are available at Cancer Research
Online (http://cancerres.aacrjournals.org/).

Current address for E.J. Wagner: Department of Biochemistry and Biophysics,
School of Medicine and Dentistry, University of Rochester, Rochester, NY

Corresponding Authors: Eric J. Wagner, The University of Rochester School of
Medicine and Dentistry, 14642 Rochester, NY. E-mail:
Eric_Wagner@urmc.rochester.edu; and Chen Wu, Department of Etiology and
Carcinogenesis, National Cancer Center/National Clinical Research Center/
Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union
Medical College, Beijing, China. Phone: 86-10-8778-7395; E-mail:
chenwu@cicams.ac.cn

Cancer Res 2021;81:5638–51

doi: 10.1158/0008-5472.CAN-21-1201

�2021 American Association for Cancer Research

AACRJournals.org | 5638

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/22/5638/3088011/5638.pdf by guest on 19 M

ay 2023

http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-21-1201&domain=pdf&date_stamp=2021-10-30
http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-21-1201&domain=pdf&date_stamp=2021-10-30


histologic subtypes are esophageal squamous cell carcinoma (ESCC)
and esophageal adenocarcinoma (EAC). In high-risk areas like China,
ESCC comprises over 90%of all esophageal cancer cases (18). Through
analysis of single-nucleotide variations (SNV) and copy-number
variations (CNV) along with gene expression, similar profiles and
patterns have been found among ESCC, head and neck squamous cell
carcinoma (HNSC) and lung squamous cell carcinoma (LUSC), but
not between ESCC and EAC (20, 21). This further supports the
characterization of ESCC as a squamous-like subtype (22), suggesting
that ESCC, HNSC, and LUSC may share some tumorigenic mechan-
isms and molecular signatures.

Despite the emerging evidence showing that APA plays a critical
role in tumorigenesis, the importance of APA in ESCC has not been
well described. In our previous work, we analyzed paired tumor and
nontumor tissues from 94 patients with ESCC using whole-genome
sequencing and high-depth RNA-seq and reported an integrated
analysis of genomic alterations, including SNVs, CNVs, and structural
variations, in these Chinese individuals with ESCC (20). BRCA1-
associated protein and TP53-induced glycolysis and apoptosis regu-
lator were shown to be overexpressed in ESCC due to copy-number
gain and have been demonstrated to be involved in ESCC progression
or chemoresistance (23, 24). This dataset (herein referred as “Chang
ESCC”) represents a robust and distinct resource to further investigate
molecular signatures in ESCC.

To explore themechanism of aberrant regulation of gene expression
at posttranscriptional level, we leveraged this unique resource in ESCC,
and used the computational algorithm termed “Dynamic analyses of
APA fromRNA-Seq (DaPar),” to identify andquantify PASusage (14).
Through APA analysis of paired tumor/nontumor esophageal tissues
of 94 individuals in the Chang ESCC RNA-seq dataset, we find a
recurrent shortening of the BID 30UTR mRNA, which leads to over-
expression of BID in tumor tissues relative to nontumor controls. This
shift of PAS selection is most likely due to a broad upregulation of
CstF64 in tumors. Consequently, shortening of theBID 30UTR inhibits
the expression of tumor suppressor ZFP36L2 through disturbing the
ceRNA cross-talk between the BID and ZFP36L2 30UTR. Finally, we
demonstrate that 30UTR shortening of BID and low expression of
ZFP36L2 are correlatedwithworse survival in ESCC thereby providing
two new prognostic indicators of this aggressive disease. Overall, our
results reveal a critical and previously undetected ceRNA network that
consists of BID and ZFP36L2 30UTR that is disrupted in ESCC and
leads to increased tumor progression.

Materials and Methods
Detection of APA events

We used algorithm DaPars (https://github.com/ZhengXia/DaPars;
ref. 14) to characterize APA events using standard RNA-seq data. In
brief, DaPars uses a linear regression model to identify the de novo
proximal poly(A) site (pPAS) and estimates the abundance of long and
short form of 30UTRs, then calculates the percentage of distal PAS
usage index (PDUI) as relative PAS usage. The difference in PAS usage
between tumor andnontumor samples is then quantified as a change in
PDUI (DPDUI), whose negative or positive value represents shorten-
ing or lengthening of 30UTRs, respectively. We used the Wilcoxon
signed rank test to analyze paired tumor-normal sample sets and
Wilcoxon rank sum test to analyze unpaired sample sets. Genes with
FDR < 0.05 and DPDUI < �0.15 or > 0.15 in tumors comparing with
nontumor tissues were considered significantly 30UTR shortened or
lengthened genes, respectively.

Study subjects
Samples were collected from patients histopathologically defined

ESCC from Cancer Hospital, Chinese Academy of Medical Sciences
(Beijing) and Cancer Hospital of Zhejiang Province (Hangzhou)
between 2010 and 2014. A total of 94 patients underwent esopha-
gectomy without chemotherapy or radiotherapy before surgery were
involved in this study. Surgically removed tumors and paired adjacent
nontumor esophageal tissues (≥5 cm from tumor site) were collected
from each patient. Clinical information was obtained from medical
records and survival time of patients with ESCC was measured from
the date of diagnosis to the date of last follow-up or death (Supple-
mentary Table S1). Written informed consents were obtained from all
patients. This study was performed in accordance with the Helsinki
Declaration and was approved by the Institutional Review Board of
Cancer Hospital, Chinese Academy of Medical Sciences and Zhejiang
Cancer Hospital.

Public data resource
To compare APA usage of ESCC with other types of cancers, PDUI

data of HNSC (426 tumor and 42 nontumor), LUSC (220 tumor and
17 nontumor), cervical squamous cell carcinoma (CESC, 160 tumor
and 3 nontumor), and stomach adenocarcinoma (STAD, 285 tumor
and 33 nontumor) samples were obtained from a published article
using algorithm DaPars to analyze APA usage (25). To compare
the RNA level expression, RNA data of HNSC (521 tumor and 44
nontumor), LUSC (501 tumor and 51 nontumor), CESC (252 tumor
and 3 nontumor), and STAD (415 tumor and 35 nontumor) samples
were obtained from The Cancer Genome Atlas (TCGA) project
(http://gdac.broadinstitute.org, RRID: SCR_003193).

Cell lines and cell culture
Human ESCC cell lines KYSE30 (RRID: CVCL_1351), KYSE150

(RRID: CVCL_1348), KYSE180 (RRID: CVCL_1349) and KYSE450
(RRID: CVCL_1353) were kind gifts from Dr. Y. Shimada of Hyogo
College of Medicine (Japan). Cell lines were authenticated by DNA
finger printing analysis and confirmed to be free of Mycoplasma
infection by qRT-PCR. All cell lines were cultured in RPMI-1640
medium with 10% FBS (Hyclone) at 37�C in a humidified incubator
with 5% CO2. All experiments were performed within 2–8 passages
after thawing. We measured protein expression of BID and CstF64
in eight ESCC cell lines to exclude cell lines with too high/low level
of BID and CstF64 expression. In addition, considering that shorter
doubling time of cells is faster to get enough cells to perform
experiments, we finally chose KYSE30 and KYSE450 to perform
experiments.

Immunohistochemical analysis
We randomly selected 4 paraffin-embedded tissue sections for

immunohistochemical analysis of BID expression in ESCC. The
sections were incubated with primary antibody against BID (1:100,
Abcam Cat# ab32060, RRID: AB_725689) at 4�C overnight and then
detected with the ABC Kit (Pierce).

30-Rapid-amplification of cDNA ends
We used 30-Rapid-amplification of cDNA ends (30-RACE) to

determine the poly(A) sites (PAS) of BID with SMARTer RACE
50/30 kit (TaKaRa). The sequences of gene-specific primers used for
30-RACE are listed in Supplementary Table S2. The 30-RACE products
were then cloned and Sanger sequenced to accurately identify the
BID PASs.
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Plasmid construction and site-directed mutagenesis
The CDS together with 30UTR of BIDwas amplified and cloned into

pcDNA3.1 vector at EcoRI and XbaI sites, yielding pcDNA3.1-BID.
The resulting plasmid was used to test qRT-PCR primers for accuracy
in measuring common and extended 30UTRs of BID.

Reporter vectors in the psiCHECK-2 backbone (Promega) were
generated containing the 218- short or 1,440-bp longBID 30UTRusing
the restriction enzymes XhoI and NotI. To obtain expression of only
the long 30UTR of BID, the proximal poly(A) signal sequence was
mutated from AAUAUA to CCCCCC using the Muta-direct Kit (SBS
Genetech). The reporter vectors containing short or mutated long
30UTR were designated as psiCHECK2–BID-short or psiCHECK2–
BID-long, respectively. Reporter vector containing the 1917-bp
ZFP36L2 30UTR with the PmeI and NotI sites was also constructed
and designated as psiCHECK2-ZFP36L2. Plasmids with mutations at
the putative binding sites of miR-124–3p and miR-506–3p were also
constructed and designated as psiCHECK2-BID-long-mut or psi-
CHECK2-ZFP36L2-mut.

eGFP was PCR-amplified and used to replace Renilla luciferase in
psiCHECK2, psiCHECK2-BID-short, and psiCHECK2-BID-long at
NheI and XhoI sites. The resulting plasmids were named as psi-
CHECK2-eGFP, psiCHECK2-eGFP-BID-short, and psiCHECK2-
eGFP-BID-long and used to transfect KYSE450 cells together with
mCherry construct as cotransfected control. The fluorescence of eGFP
or mCherry were detected by fluorescence microscopy.

The CDS of CSTF2 (CstF64) was amplified and cloned into
pcDNA3.1 vector at KpnI and NotI sites, yielding transient over-
expressing plasmid pcDNA3.1-CstF64.

The CDS of ZFP36L2 was synthesized by Tsingke Biological Tech-
nology and cloned into pcDNA3.1 backbone, yielding pcDNA3.1-
ZFP36L2. To construct plasmid containing both CDS and 30UTR of
ZFP36L2, linearized pcDNA3.1-ZFP36L2 vector was generated by
PCR using CloneAmp HiFi PCR Premix (Takara). The 30UTR of
ZFP36L2was amplified and cloned downstream of ZFP36L2 CDS into
pcDNA3.1-ZFP36L2 vector using In-FusionHDCloningKit (Takara),
yielding pcDNA3.1-ZFP36L2–3UTR.

The authenticity of all the constructs was verified by Sanger
sequencing. All primers used in plasmid construction are shown in
Supplementary Table S2.

RNA extraction and qRT PCR analysis
Total RNA extraction and reverse transcription were performed

using TRizol reagent (Invitrogen) and PrimeScript RT master mix
(TaKaRa), respectively. qRT-PCRwas accomplished in triplicate using
SYBR green reagent (Life Technologies). The accurate quantity of total
and long isoforms of BID was calculated by using an absolute qRT-
PCR method. We formulated standard curves with serial dilution
approaches using the plasmid pcDNA3.1-BID, containing both the
common and extended amplicons, as standard template. EachCt value
in the standard curve represents an exact quantity of common or
extended 30UTRs. The primer sequences used for qRT-PCR are shown
in Supplementary Table S2.

Luciferase reporter assays
Luciferase reporter assays was performed according to the manu-

facturer’s instructions (Promega). Briefly, ESCC cells were seeded at
5�10 � 104 cells per well in 48-well plates, and 200 ng of reporter
plasmid was transfected into cells or cotransfected into cells with 10
pmol of siRNA (Sigma-Aldrich) or 0.2, 1 or 5 pmol of miRNAmimics
or 10 pmol of miRNA inhibitors (JTS scientific) using Lipofectamine
2000 (Invitrogen). Cells were collected 24 hours after transfection.

Firefly luciferase activity was detected and used to normalize Renilla
luciferase activity.

RNA decay assays
ESCC cells were treated with actinomycin D (Selleck) and

RNA samples were collected at 0, 4, 8, and 12 hours after actinomycin
D treatment. The expression levels of total or long BID mRNA were
detected by qRT-PCR with primers located in the common or extend-
ed 30UTR, respectively. The expression of short BID mRNA was
calculated as the difference between total and long expression. The
relative RNA levels were normalized against GAPDH RNA.

RNA interference of gene expression
siRNAs targeting CstF64, CstF77, CPSF100, BID or ZFP36L2 were

purchased from Sigma-Aldrich. Transfections of each siRNA were
performed with Lipofectamine 2000 (Invitrogen). The siRNA sequences
used for RNA-interfering were given in Supplementary Table S2.

Western blot assays
Protein extracts from cells or tissue samples were subjected

to SDS-PAGE and transferred to polyvinylidene difluoride membrane
(Millipore). Antibody against BID (Cat# 2002, RRID: AB_10692485)
was fromCell Signaling Technology. Antibody against ZFP36L2 (Cat#
sc-365908, RRID: AB_10847357) was from Santa Cruz Biotechnology.
Antibody against CstF64 (Cat# A301–092A, RRID: AB_873014),
CstF77 (Cat# A301–096A, RRID: AB_873019), and CPSF100 (Cat#
A301–582A, RRID: AB_1078863) was from Bethyl Laboratories.
Membranes were incubated overnight at 4�C with primary antibody
and visualized with a phototope–horseradish peroxidaseWestern Blot
Detection kit (Thermo Fisher Scientific).

In silico analysis of RNA-miRNA binding interactions
The miRNAs that target BID or ZFP36L2 30UTRs were analyzed

in silico using miRmap (https://mirmap.ezlab.org, RRID:
SCR_016508; ref. 26). MiRmap combines thermodynamic, proba-
bilistic, evolutionary, and sequence-based features to predict the
miRNA repression strength as the “miRmap score.” We chose the
overlapping miRNAs potentially targeting both BID and ZFP36L2
and those with “miRmap score” >85 for further experiments.

Establishment of BID 30UTR-knockout cell lines by CRISPR
editing

The CRISPR/Cas9 system was used to generate genomic deletion of
extended region of BID 30UTR in KYSE450 cells. Single guide RNAs
(sgRNA)were designed and cloned into the sgRNA scaffold of plasmid
pU6-(BbsI)_Myc-Cas9-T2A-mCherry. The resulting plasmids were
cotransfected with a plasmid resistant to blasticidin intoKYSE450 cells
at 10:1. 24 hours after transfection, cells were selected with blasticidin
(Thermo Fisher Scientific) for 48 hours and seeded into a 96-well plate
for one cell per well. The cells were then genotyped and Sanger
sequenced to select clones that successfully deleted extended region
of BID 30UTR. Sequences of sgRNAs and primers for genotyping were
shown in Supplementary Table S2.

Detection of apoptosis
Dext and control KYSE450 cells were seeded in 6-well plates and

each well contains 5 � 105 cells. For induction of apoptosis, cells
were treated with 20 ng/mL TNFa (Sigma-Aldrich) for 24 hours.
Cells were then stained by the Annexin V-FITC/PI Apoptosis
Detection Kit (KeyGEN BioTECH) and subsequently analyzed by
flow cytometer.
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Cell viability and colony formation assays
For cell viability assays, Dext and control KYSE450 cells were plated

in 96-well plates and each well contains 4,000 cells in 100 mL cell
suspension. Cell viabilities were measured with the CCK-8 kit
(Dojindo) at 24, 48, 72, and 96 hours after cultivation. For colony
formation assays, 1,000 cells were seeded in 6-well plates and allowed
to grow until visible colonies formed. Cell colonies were thenfixedwith
methanol, stained with crystal violet, and counted.

Animal experiments
Male NOD-scidIL2Rgnull (NSG) mice ages 4–6 weeks (Beijing

IDMO Co., RRID: IMSR_JAX:005557) were subcutaneously injected
with Dext and control KYSE450 cells (2� 106) and raised for 30 days.
Tumor volume was measured every 5 days and calculated by 0.5 �
length � width2. Animal experiments were carried out in compliance
with approved protocols and guidelines from the Institutional Animal
Care andUseCommittee of the Chinese Academy ofMedical Sciences.

Statistical analysis
Spearman’s correlation was used to calculate the correlations

between the PDUI of BID and expression of BID or cleavage and
polyadenylation (CPA) members. Pearson correlation was used to
measure the correlations between expressions of two genes. Correla-
tions were considered significant when P < 0.05 and |r| > 0.30. Kaplan–
Meier analysis and log-rank test were used to compare survival by
different levels of PDUI or expression, which were divided by quartile.
Hazard ratios (HR) and 95% confidence intervals (CI) were calculated
using Cox proportional hazards models with age, sex, tumor stage,
smoking status, and drinking status as covariates. The Student t test
was used to compare the difference of two groupswhen the data show a
normal distribution; otherwise, the Wilcoxon rank sum test was used.
A P value of <0.05 was considered significant for all statistical analyses.

Data availability statement
The data generated in this study are available within the article and

its Supplementary Data files or available upon reasonable request from
the corresponding author.

Results
BID 30UTR APA is found in squamous cell carcinomas

APA has been commonly observed in cancers (14, 15) but the
importance in ESCC is poorly understood. To systematically describe
theAPA landscape in ESCC,DaPars (14) was used to analyze RNA-seq
data from 94 paired tumor and nontumor tissues of the Chang ESCC
dataset (20). APA usage was quantified as the PDUI. The difference
between tumor and nontumor samples was then described as DPDUI.
Initially, we analyzed theRNA-seq data in theChangESCCdataset and
found 90 genes had their 30UTRs shortened in tumors and 24 genes
exhibited 30UTR lengthening (mean |DPDUI| > 0.15, FDR < 0.05).
Among the 30UTR shortened genes, BH3 interacting domain death
agonist (BID) displayed the greatest difference in 30UTR length
between tumor and nontumor tissues with the most significant FDR,
whereas 30UTR of SPRR2G was the most lengthened (Fig. 1A). The
30UTR has been shown to be the primary target for miRNA inhibi-
tion (27), thus genes that have shorter 30UTRs are posited to exhibit
higher expression. Among the 90 genes exhibiting 30UTR shortening
within our paired-patient sample cohort, we found that 20 genes also
displayed higher expression in the tumor samples (Fig. 1B; Supple-
mentary Table S3). Among these 20 candidate genes with increased
expression and 30UTR shortening, we further observed that 98.9%

(93/94) of patients with ESCC had at least one 30UTR shortening event
(DPDUI <�0.15) within this group. Importantly, themost commonly
shortened gene was BID where it could be detected in 82 out of 94
(87.2%) patient samples (Fig. 1C).

To further verify our findings using an independent collection of
RNA-seq datasets, we performed a similar analysis inHNSCandLUSC
datasets from TCGA. In all three datasets, BID was the only gene that
exhibited both 30UTR shortening and higher expression in tumors
relative to normal controls (Fig. 1D; Supplementary Table S4). To
investigate whether this phenomenon is specific in squamous cell
carcinoma (SCC), TCGA RNA-seq datasets for both CESC and STAD
were also analyzed using DaPars. Surprisingly, we found the BID
30UTR to be significantly shortened in tumor versus nontumor tissues
in all four SCC sample sets, but not in STAD (Fig. 1E; Supplementary
Fig. S1A).We further found thatBIDmRNA level was also expressed at
higher levels in all SCCs (Fig. 1F; Supplementary Fig. S1B). Moreover,
we observed that 30UTR length was inversely correlated with BID
mRNA levels in the Chang ESCC dataset, as well as the LUSC and
CESC datasets from TCGA (Fig. 1G; Supplementary Fig. S1C), sug-
gesting that overexpression of BIDmay result from 30UTR shortening
in tumors. Finally, we conducted Western blot analysis in 12 pairs of
randomly selected ESCC and their matched nontumor controls to test
the protein level of BID in ESCC. The results showed that 11 of 12
(91.7%) tumor tissues had higher BID expression than the matched,
nontumor counterparts (Fig. 1H). By IHC in 4 sections that containing
ESCC and nontumor tissue in a single section, we observed a remark-
ably high BID staining signal in tumor tissues compared with the
nearby nontumor tissues (Fig. 1I; Supplementary Fig. S1D). Overall,
these results suggest that 30UTR shortening of BID and higher
expression of BID may represent a pan-SCC–specific phenomenon.

30UTR shortening leads to upregulation of BID
Given the recurrent shortening of the BID 30UTR in SCCs, we

decided to focus on characterizing the molecular mechanism of this
phenomenon. To verify whether upregulation of BID is caused by its
30UTR shortening, we first performed BID 30-RACE using mRNA
from the ESCC cell line KYSE450 and found that two distinct 30UTR
isoforms of BID were present (Fig. 2A and B). The two 30-RACE
products were cloned and Sanger sequenced to accurately identify and
confirm the annotatedBID pPAS anddistal PAS (dPAS) are being used
(Fig. 2C). On the basis of this information, we designed PCR ampli-
cons to measure the common and extended 30UTRs of BID (Fig. 2A;
Supplementary Fig. S2A) and quantified the relative usage of the two
BID 30UTRs in four different ESCC cell lines (Fig. 2D; Supplementary
Fig. S2B). In both KYSE30 and KYSE450 cell lines, we observed less
expression of the lengthened BID 30UTR relative to the total mRNA,
indicating that BID 30UTR shortening is occurring in tumor cells
(Fig. 2D). To verify shortening of the BID 30UTR, we performed
qRT-PCR in 11 pairs of randomly selected ESCC and the matched
nontumor tissues and found 10 out of 11 (90.0%) tumor tissues had
shorter 30UTRs compared with nontumor tissues (Fig. 2E). To
determine whether the BID 30UTR shortening can impact BID
expression, we first constructed a heterologous dual luciferase
reporter system where the Renilla luciferase ORF is placed upstream
of either the short or long 30UTR of BID (Supplementary Fig. S2C).
Notably, the construct containing the long BID 30UTR also had a
mutated proximal poly(A) signal sequence to ensure that only the
dPAS is used. Within the same plasmid, a control firefly luciferase
ORF using a vector-derived PAS was constitutively expressed
and was used to normalize transfection efficiency. Transfection of
these reporter plasmids revealed that the short 30UTR showed
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significantly higher luciferase activity relative to the long 30UTR
(Fig. 2F; Supplementary Fig. S2D). To further confirm the rela-
tionship between the expression and 30UTR length using an orthog-
onal reporter system, we used GFP to fuse to the short or long BID
30UTR and monitored GFP expression (Supplementary Fig. S2E).
Cells transfected with the short form of the BID 30UTR showed
stronger GFP signal than cells expressing GFP containing the long
BID 30UTR (Fig. 2G). Through RNA decay assays, we found that
BID mRNAs with short 30UTRs were significantly more stable than
those with long 30UTRs (Fig. 2H). Overall, these results indicate
that 30UTR shortening is sufficient to induce expression of BID by
increasing the stability of mRNA.

CstF64 is an upstream regulator of BID 30UTR APA in ESCC
Tofind a candidate upstream regulator ofBID poly(A) site selection,

we analyzed the correlation between mRNA level expression of the 15
core members of the CPA machinery and PDUI of BID in the Chang
ESCC dataset. Within this comparison, we found that CPSF100,
CstF64, and CstF77 showed significant negative correlation with the
PDUI of BID (Fig. 3A; Supplementary Table S5). We expanded our
analysis to include not only measuring the expression of the CPA
members within the Chang ESCC dataset but also the three SCC
datasets from TCGA and found that CPSF100, CstF64, and CstF77
were overexpressed in at least three out of the four datasets. Notably,
among these three CPA factors, CstF64 expression was most elevated

Figure 1.

BID undergoes 30UTR shortening in
three squamous cell carcinoma data-
sets. A, Volcano plot showing the
difference of 30UTR lengths between
tumor and nontumor tissues. Blue
dots represent 30UTR-shortened
genes, whereas red dots represent
lengthened ones.B, Flowchart of can-
didate gene selection. Genes with
shorter 30UTRs and higher expression
in tumor were selected as candidate
genes. C, Significant shortened genes
are ordered by 30UTR shortening
frequency. Each column denotes an
individual tumor sample, whereas
each row denotes a gene. Right,
percentage of patients with 30UTR
shortening events for each gene.
30UTR shortening, lengthening, and
unchanged events are shown by color
as indicated. D, BID is the only gene
with a shortened 30UTR and high
expression among ESCC, HNSC, and
LUSC. E, 30UTRs of BID were signifi-
cantly shorter in SCCs, but not STAD.
���� , P < 0.0001 of the Wilcoxon
signed rank test; ns, not significant.
F, BIDmRNA levels were significantly
higher in tumors. ���� , P < 0.0001 of
the Student t test. G, Negative corre-
lations between 30UTR lengths and
mRNA level expressions of BID. H and
I, BID has higher protein level expres-
sion in tumor than nontumor tissues
detected by Western blot (H) or
immunohistochemical staining (I);
scale bar, 100 mm. T, tumor tissues;
N, nontumor tissues; ESCC,esophageal
squamous cell carcinoma; HNSC, head
and neck squamous cell carcinoma;
LUSC, lung squamous cell carcinoma;
STAD, stomach adenocarcinoma.
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Figure 2.

BID 30UTR status can dictate protein expression. A, Schematic of short and long BID transcripts. Primers used in 30-RACE and RT-qPCR are shown. GSP,
gene-specific primer. B, 30-RACE identified long and short 30UTRs of BID. C, Sanger sequencing confirms the precise APA sites within BID. D, Quantification
of long and short 30UTRs of BID by RT-qPCR. The values are the means � SEM (n ¼ 3). �� , P < 0.01; ���� , P < 0.0001 of the Student t test. E, BID has
shorter 30UTRs in tumors compared with nontumor tissues as detected by qRT-PCR. The values are the means � SEM (n ¼ 3). �� , P < 0.01; ���, P < 0.001;
���� , P < 0.0001 of the Student t test. F, Luciferase reporter with short 30UTR of BID has significantly increased luciferase activity, whereas the long 30UTR
reduces luciferase activity. The values are the means � SEM (n ¼ 3) of the Student t test. G, Fluorescence of KYSE450 cells transfected with GFP constructs
harboring either a short or a long BID 30UTR. Constructs with mCherry were used as a transfection control. The representative image shown is from three
independent experiments; scale bar, 50 mm. H, RNA decay assays of BID mRNA in ESCC cells treated with actinomycin D determined by qRT-PCR. The values
are the means � SEM (n ¼ 3). � , P < 0.05; �� , P < 0.01; ��� , P < 0.001 of the Student t test.
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in LUSC and CESC (Fig. 3B; Supplementary Fig. S3A). To determine
which of these three CPA proteins is capable of functionally regulating
BID PAS selection, we transfected KYSE30 and KY450 cells with
siRNAs targeting CstF64, CstF77, or CPSF100 as well as a control
siRNA. The knockdown efficiency of each siRNA was confirmed by
Western blot (Fig. 3C; Supplementary Fig. S3B). We quantified BID
poly(A) site usage using qRT-PCR analysis and found that knockdown
of CstF64 led to the most significant lengthening of the BID 30UTR
(Fig. 3D; Supplementary Fig. S3C), and additional siRNA was used to
confirm the on-target effect (Supplementary Fig. S3D and S3E). As a
consequence of BID 30UTR lengthening in CstF64 knockdown cells,
expression of BID was significantly reduced (Supplementary Fig. S3D).

Conversely, overexpression of CstF64 both shortened the BID 30UTR
and increasedBIDexpression (Fig. 3E andF).Overall, these data suggest
that CstF64 expression is a critical determinant of BID 30UTR length.

ZFP36L2 acts as ceRNA partner of BID
BID has not been experimentally demonstrated to function as an

oncogene and is not present on recent cataloguing of oncogenes. In
light of this, we explored the hypothesis that BID 30UTR shortening
may promote tumor cell growth through repression of tumor-
suppresser genes in trans by disruption of their ceRNA cross-talk (4).
To find a potential ceRNA partner of BID in the Chang ESCC dataset,
we designed an analysis pipeline (Fig. 4A). We posited that candidate

Figure 3.

CstF64 is a key regulator of BID 30UTR shortening. A, Scatterplots of CPSF100, CstF64, and CstF77 expression versus PDUI of BID showing negative correlation.
B, Heatmap of gene expression fold change of CPA member in four squamous cell carcinoma cohorts. The number in each rectangle represents the fold change
between tumor andpaired nontumor tissues of eachCPAmember in one cohort. ACPAmember is considereddifferentially expressed if its fold change is >1.2 or<0.8 and
the P value is < 0.05. Red and blue rectangles indicate the significantly upregulated and downregulated genes, respectively. White rectangles represent nonsignificant
genes. C andD,Western blot analysis (C) orBIDAPA usage as assessed by qRT-PCR analysis (D) of KYSE30 and KYSE450 cells transfectedwith either control siRNA or
siRNAs targetingCstF64, CstF77, or CPSF100. The values are themeans� SEM (n¼ 3). �,P<0.05; �� ,P<0.01; ���� ,P<0.0001of the Student t test.E andF,Western blot
analysis (E) orBIDAPA usage as assessed by qRT-PCR analysis (F) of KYSE30 and KYSE450 cells with CstF64 overexpression. The values are themeans� SEM (n¼ 3).
� , P < 0.05; �� , P < 0.01 of the Student t test.
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genes would demonstrate coexpression with BID in nontumor tissues
but would lose this coexpression in tumor tissues as BID undergoes
30UTR shortening. Moreover, we predicted that the genes demon-
strating disruption of coexpression in tumors will also be down-

regulated in tumor samples. These initial filtering criteria resulted in
the identification of 93 genes as potential ceRNA for BID. To further
refine the list, we added two more filters where a gene must have been
predicted to be a tumor suppressor by Tumor Suppressor and

Figure 4.

BID 30UTR shortening represses ZFP36L2 in trans.A, Flowchart of ceRNA partner selection. B, Pearson correlation of BID and ZFP36L2 expression in nontumor (left)
and tumor (right) tissues.C, Expression level of ZFP36L2 in the Chang ESCC dataset aswell as the HNSC, LUSC, and STAD from TCGA. ���� , P <0.0001 of the Student
t test; ns, not significant.D, Schematic diagram showing target sites of four siRNAs of BID, two of which are located in CDS and two are located in extended 30UTR of
BID. E, Protein level of ZFP36L2 after knockdown of BID using four independent siRNAs. F, Protein level of BID after knockdown of ZFP36L2 using two independent
siRNAs. G, Relative luciferase activity from KYSE450 cells transfected with a luciferase reporter containing 30UTR of ZFP36L2 and siRNAs targeting BID. H, Relative
luciferase activity fromKYSE450 cells transfectedwith a luciferase reporter containing long 30UTR ofBID and siRNAs targeting ZFP36L2. The values are themeans�
SEM (n ¼ 3). ��� , P < 0.001; ���� , P < 0.0001 of the Student t test.
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Oncogene Explorer (28) and should have common miRNA-binding
sites with BID. These additional criteria yielded the identification of
ZFP36L2 as the single candidate ceRNA partner of BID (Fig. 4A).
mRNA decay activator protein ZFP36L2 is an RNA-binding protein
and binds to the AU-rich elements in the 30UTRs of target genes to
promote deadenylation and degradation (29). Numerous studies have
showed that ZFP36L2 plays a tumor suppressor function, such as
ZFP36L2 has been suggested as a candidate target gene of p53 and
participate in p53-dependent apoptosis (30). Deletion of ZFP36L2
perturbs thymic development and leads to T lymphoblastic leuke-
mia (31). Loss-of-function mutations in ZFP36L2 are found to be
enriched in metastatic colorectal cancer and associated with poor
overall survival. Moreover, loss of ZFP36L2 has been shown to
promote metastasis of colorectal cancer cells (32). Altogether, these
previous studies indicate the ZFP36L2 could be a tumorigenesis-
promoting target for ceRNA disruption though BID 30UTR
shortening.

To characterize the relationship betweenZFP36L2 andBID, we found
a positive correlation in their expression in nontumor tissues (r¼ 0.40,
P< 0.0001;Fig. 4B, left),whereasZFP36L2wasuncorrelatedwithBID in
tumor tissues, in agreement with 30UTR shortening of BID (r ¼ –0.04,
P ¼ 0.69; Fig. 4B, right). Moreover, in the Chang ESCC dataset, we
observed that ZFP36L2mRNA levels were significantly lower in tumor
than in their nontumor counterparts (Fig. 4C, left). We further inves-
tigated the expression of ZFP36L2 in HNSC, LUSC, and STAD from
TCGA.Weobserved thatZFP36L2was downregulated inHNSC,LUSC,
andCESC, but not in STAD(Fig. 4C; Supplementary Fig. S4), consistent
with the results of BID 30UTR length in SCCs and STAD, which is
similarly suggestive of a pan-SCC–specific phenomenon.

To directly test whether BID and ZFP36L2 exist as part of a ceRNA
network, wefirst examined the regulatory relationship between the two
genes. We designed four siRNAs to knockdown BID, the first two
target the CDS of BID and the other two target the extended region of
BID 30UTR (Fig. 4D). Notably, siRNA#1 and siRNA#2 can target both
BID isoforms whereas siRNAs #3 and siRNA#4 only target the BID
long 30UTR. We transfected KYSE30 and KYSE450 cells with each of
the four siRNAs and found that, as expected, siRNAs targetingCDS led
tomore significant reduction of BID expression than siRNAs targeting
extended 30UTR. Despite the observed difference in BID knockdown
efficiency, all four siRNAs could decrease the expression of ZFP36L2
comparably, suggesting that the BID long 30UTR isoform is the more
potent ceRNA toZFP36L2 (Fig. 4E).Moreover, transfection of siRNAs
targeting ZFP36L2 results in the downregulation of ZFP36L2 as well as
BID (Fig. 4F). Furthermore, we cotransfected KYSE450 cells with a
reporter plasmid fusing the 30UTR of ZFP36L2 and along with two
siRNAs targeting BID. Knockdown of BID significantly repressed the
luciferase activity of ZFP36L2 reporter (Fig. 4G). We also conducted
the reciprocal experiment and found that that luciferase activity of a
reporter with the long BID 30UTR was inhibited after knockdown of
ZFP36L2 in KYSE450 cells (Fig. 4H). These results indicate that
endogenous protein expression of BID and ZFP36L2 is interdepen-
dent, and their respective 30UTRs are sufficient to mediate this
coexpression.

ZFP36L2 competes with BID for miR-124–3p and miR-506–3p
To identify miRNAs that target both BID and ZFP36L2, we con-

ducted an in silico analysis withmiRmap (26). Using this approach, we
identifiedmiR-124–3p, miR-143–5p, miR-506–3p, miR-3944–5p, and
miR-4796–3p as potential shared miRNAs (Supplementary Fig. S5A;
Supplementary Table S6). Putative binding sites of each miRNA are
shown in distinct colors (Fig. 5A).We cotransfectedBID short, long or

ZFP36L2 30UTR luciferase reporters with miRNA mimics of each of
these candidate miRNAs and found that miR-124–3p and miR-506–
3p could potently inhibit luciferase activity fromboth theBID long and
ZFP36L2 reporters but not from the BID short reporter (Fig. 5B).
Notably, the repression of the BID long and ZFP36L2 reporters is dose
dependent (Fig. 5C). These results suggest that shortening of the BID
30UTR abrogates the binding sites of miR-124–3p and miR-506–3p,
inducing BID expression by escaping the inhibition of miRNAs. In
addition, transfection of inhibitors of miR-124–3p and of miR-506–3p
together could increase the luciferase activity of both BID long and
ZFP36L2 reporters (Supplementary Fig. S5B). To further validate the
specific inhibitory effect of miR-124–3p and miR-506–3p, the pre-
dicted binding sites of miR-124–3p and miR-506–3p were mutated in
the reporter plasmids of the BID long and ZFP36L2 30UTR (Supple-
mentary Fig. S5C). Mutation of the putative binding sites diminished
the effect of miR-124–3p and miR-506–3p mimics, resulting in
reduced repression (Fig. 5D). Together, these results suggest that BID
and ZFP36L2 act as ceRNA partners by competitive binding of miR-
124–3p and miR-506–3p.

Shortening of the BID 30UTR promotes ESCC cell growth by
downregulating ZFP36L2

Our results, thus far, indicate that BID 30UTR shortening can
enhance tumorigenesis through disruption of a ceRNA network with
ZFP36L2. To directly determine the biological consequences of BID
30UTR loss, we performed CRISPR/Cas9 genome-editing to construct
a KYSE450 cell line that lacks the extended region of the BID 30UTR.
Our rationale was that although KYSE450 cells preferentially express
the short BID 30UTR, there are still significant levels of the long 30UTR
BID isoform, thus deletion of this extended region could result in a
greater release ofmiRNA causing further downregulation of ZFP36L2.
Using two sgRNAs targeting regions flanking the extended region of
BID 30UTR, we isolated and validated two independent BID 30UTR
deletion clonal lines, which we named “Dext#1 and Dext#2” (Fig. 6A;
Supplementary Fig. S6A). Comparingwith control (parental) cell lines,
luciferase activity of reporter with ZFP36L2 30UTR was reduced in
Dext cells (Fig. 6B). Furthermore, protein levels of BID were upre-
gulated, whereas ZFP36L2 were downregulated in Dext cells relative to
control cells (Fig. 6C). These results further indicate that BID and
ZFP36L2 expressions are coregulated and that this ismediated through
the BID 30UTR.

We then examined the effects of 30UTR shortening on tumor cell
growth and observed that the proliferation of Dext cells was signifi-
cantly enhanced relative to control cells (Fig. 6D). The increased
proliferation was unlikely to be caused by alterations in cell death as we
observed no difference at the level of apoptosis between Dext and
control cells (Supplementary Fig. S6C). Moreover, we also observed
that colony formation was markedly increased in Dext cells compared
with control cells (Fig. 6E). Finally, we transplanted Dext and control
cells subcutaneously into NOD-scidIL2Rgnull (NSG) mice and found
that xenograft tumors derived from Dext cells had significantly higher
tumor volumes (Fig. 6F and G) and tumor weights (Fig. 6H) than
control cells.

To explore whether the phenotype of Dext cells is induced by
downregulation of ZFP36L2, we transfected Dext cells with a plasmid
bearing the CDS of ZFP36L2 and found that overexpression of
ZFP36L2 could inhibit proliferation of Dext cells back to the level of
control cells (Fig. 6I; Supplementary Fig. S6D). To further investigate
whether the ceRNA disruption contributes to the phenotypic changes
in Dext cells, we constructed plasmids bearing the ZFP36L2 CDS
together with its 30UTR (ZFP36L2–3UTR) or the extended BID 30UTR
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(BID-ext). We observed that transfection of ZFP36L2–3UTR raised
the level of ZFP36L2 protein and could also reduce cell proliferation
(Fig. 6J). Importantly, we also observed that cotransfection of the
inhibitors of miR-124–3p and miR-506–3p could further increase
ZFP36L2 expression and cause an even greater reduction in cell growth
(Fig. 6J). We also found that cotransfection of the BID-ext plasmid
could increase the expression of ZFP36L2 protein and further reduce
cell proliferation (Fig. 6K). Collectively, these results show that 30UTR
shortening of BID is sufficient to drive ESCC tumorigenesis, which is
mediated, at least in part, by trans inhibition of ZFP36L2.

30UTR shortening of BID and low expression of ZFP36L2 predict
worse survival in ESCC

To investigate the clinical relevance of this ceRNA regulatory
network, we examined the relationships between survival of all the
94 patients with ESCC and 30UTR length of BID, expression of
ZFP36L2, or expression of BID. The results showed that only the BID
30UTR length and ZFP36L2mRNA level expression were significantly
correlated with the 94 patients with ESCC survival time, whereas the
expression of BID was not correlated (Fig. 7A). We found that the
30UTR shortening of BID, quantified by lower PDUI value, had an
excess HR for death compared with BID long 30UTRs in Chang ESCC
dataset (HR, 2.07; 95% CI, 1.10–3.88; P ¼ 0.024; Fig. 7A, left).
Furthermore, low expression of ZFP36L2 also had an excess HR (HR,

1.91; 95% CI, 1.14–3.19; P ¼ 0.014; Fig. 7A, middle). These data
suggest that the 30UTR shortening of BID (as opposed to BID over-
expression)may play a role in tumorigenesis and this is likelymediated
through misregulation of ZFP36L2 in trans.

We also conducted a stratified analysis of the Chang ESCC patients’
dataset and found that correlations between short survival time and
30UTR shortening of BID or low repression of ZFP36L2 were not
detected in early patients with ESCC (stage II; shortBID: HR, 1.53; 95%
CI, 0.41–5.78; P ¼ 0.53; Fig. 7B, left; low ZFP36L2: HR, 1.09; 95% CI,
0.35–3.38; P¼ 0.89; Fig. 7B, middle), but only occurred in progressed
patients with ESCC (stage III and IV; short BID: HR, 3.23; 95% CI,
1.39–7.55; P ¼ 0.0066; Fig. 7C, left; low ZFP36L2: HR, 2.60; 95% CI,
1.43–4.74; P¼ 0.0018; Fig. 7C, middle). Overall, these results indicate
that 30UTR shortening of BID and low expression of ZFP36L2 can
predict worse survival, acting as new clinical predictors. Furthermore,
the prediction power becomes more significant in patients with ESCC
of stage III and IV, suggesting that 30UTR shortening of BIDmay be a
more important feature in advanced tumors.

Discussion
Our model, on the basis of the ceRNA theory, shows that BIDmay

compete with ZFP36L2 for miR-124–3p and miR-506–3p inhibition
(Fig. 8). In tumor cells, upregulated CstF64 may contribute to the

Figure 5.

ZFP36L2 and BID compete for miR-124–3p andmiR-506–3p.A, Schematic showing putative binding sites of indicated miRNAswithin the 30UTRs of BID or ZFP36L2.
B, Relative luciferase activity of constructs containing short or long 30UTRs of BID or 30UTR of ZFP36L2 in KYSE450 cells cotransfected individually with 5 different
miRNAmimics. C, Relative luciferase activity of constructs containing BID long or ZFP36L2 30UTR in KYSE450 cells cotransfected with miR-124–3p andmiR-506–3p
mimics using increasing doses. D, Relative luciferase activity of psiCHECK2 vector bearing BID long or ZFP36L2 30UTR with mutations at putative binding site
of miR-124–3p and miR-506–3p in KYSE450 cells cotransfected with miR-124–3p and miR-506–3p mimics. Shown are mean � SEM; �� , P < 0.01; ��� , P < 0.001;
���� , P < 0.0001 of the Student t test; ns, not significant.
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shortening of the BID 30UTR. This shortening, in turn, allows BID
mRNA to escape the inhibition of miRNAs binding on its extended
30UTR, releasing miR-124–3p and miR-506–3p, thereby breaking the
balance between BID and ZFP36L2. The lost ceRNA network ulti-
mately results in downregulation of ZFP36L2 expression. Decreased
ZFP36L2 promotes the proliferation of tumor cells and also predicts
poor survival of patients with ESCC.

RNA-seq has become a common method for gene expression
analysis and has been involved in numerous large-scale genomic
studies. RNA-seq data available from TCGA have become especially
valuable to retrospective cancer investigations. However, one potential
limitation to the TCGA repository is a relative dearth of comparative

nontumor tissue RNA-seq relative to what is available for tumors. Our
Chang ESCC dataset is particularly useful to analyze in parallel with
TCGA as it includes 94 tumor tissues and 94 paired nontumor tissues,
which enabled our study here to effectively discover 30UTR shortening
genes in esophageal tumors compared with nontumor tissue. Our
analysis in the Chang ESCC and TCGA datasets revealed a pattern of
BID 30UTR length and ZFP36L2 expression similar in ESCC, HNSC,
LUSC, and CESC, but differing with STAD (Figs. 1E and 4C; Sup-
plementary Fig. S1A and S4), consistent with our previous finding that
gene expression pattern in ESCC is similar to that inHNSC and LUSC,
but differs from that in STAD (20), suggesting that SCCs may share
some molecular mechanisms of pathogenesis.

Figure 6.

Shortening of the BID 30UTR promotes
proliferation in ESCC by downregulat-
ing ZFP36L2. A, Schematic of wild-
type and 30UTR knockout cell lines
using CRISPR/Cas9 genome editing.
The 30UTR of BID was divided into
common and extended regions by
proximal poly(A) site (pPAS). The
extended 30UTR knockout cell line was
namedDext and two independent lines
were created (#1 and #2). B, Luciferase
reporter assays in control and Dext cell
lines. The values are the means � SEM
(n ¼ 3). ��� , P < 0.001 of the Student
t test. C, Protein level of BID and
ZFP36L2 in control and Dext cell lines.
D and E, Proliferation (D) and colony
formation assays (E) in control and
Dext cell lines. E, Top, data (means �
SEM) from three independent ex-
periments; bottom, representative
pictures from colony formation
assays. �� , P < 0.01; ��� , P < 0.001;
���� , P < 0.0001 of the Student t test.
F, Representative images of xeno-
graft tumors isolated from either
six control or six Dext cell lines at
day 30. G, Tumor growth curves
measured every 5 days after injection
of control and Dext cells. Tumor
volume ¼ 0.5 � length � width2.
�� , P < 0.01 from the Wilcoxon rank
sum test. H, Tumor volumes mea-
sured at the end day of the experi-
ments. �� , P < 0.01 from the Wilcoxon
rank sum test. I, Proliferation assays
(top) and Western blot (bottom)
analysis in control and Dext cells with
or without ZFP36L2 overexpression.
J and K, Proliferation assays (top)
and Western blot (bottom) analy-
sis in Dext cells. Cotransfection of
ZFP36L2–3UTR plasmid with inhibi-
tors of miR-124–3p and miR-506–3p
(J) or BID-ext plasmid (K) significantly
repressed the proliferation of Dext
cells than with control. ���, P < 0.001;
���� , P < 0.0001 of the Student t test.
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The polyadenylationmachinery is mainly composed of four protein
subcomplexes, CPA specificity factor (CPSF), cleavage stimulation
factor (CstF), cleavage factor I (CFI) and cleavage factor II (CFII).
Modulation of the expression levels of core polyadenylationmachinery
components has been revealed as an important mechanism of APA
regulation (33). Among these factors, the CstF complex includes
subunits of 50, 64, and 77 kDa with the CstF64 subunit directly
contacting the G/U-rich region typically located downstream of the
poly(A) signal (3).Modulation of CstF64 expression has been found to
alter PAS selection and this was first demonstrated where induction of
CstF64 is sufficient to increase the use of upstream intronic PAS of the
IgM heavy chain transcript during B-cell differentiation (34). Con-
sistently, others have found that depletion of CstF64 leads to an
increase of relative use of distal PAS (35). In our studies, we find that
CstF64 is overexpressed in Chang ESCC dataset and LUSC and CESC
from TCGA, and the CstF64 expression levels are particularly elevated
in LUSC and CESC (Fig. 3B). Our results mirror those from others
where CstF64 is reported to be upregulated in tumor tissues relative to
nontumor in five out of seven measured cancer types (14). Moreover,
CstF64 was shown to have the greatest correlation between gene
expression fold change and the number of 30UTR shortening events
per sample in tumors (14). Furthermore, mRNA level expression of
CstF64 has been reported to be negatively correlated with 30UTR
lengths (r ¼ �0.72). This observation contrasts with what was
observed for the paralog of CstF64, CstF64tau, whichwas uncorrelated
(r¼�0.01; ref. 15). These studies are consistent with our results where
CstF64 but notCstF64tau is negatively correlatedwith 30UTR length of
BID in ESCC (Supplementary Table S5). Collectively, our data suggest

Figure 7.

Prognostic power of 30UTRshorteningofBID and lowexpression ofZFP36L2.A–C,Kaplan–Meier estimates of survival timeby30UTR lengthofBID (left), expressionof
ZFP36L2 (middle), or expression of BID (right) in all 94 patients with ESCC (A), phase II (B), and phase III/IV patients (C).

Figure 8.

A proposed model for aberrant shortening of the BID 30UTR in ESCC prolifer-
ation. In tumor cells, upregulation of CstF64 shortened 30UTR of BID, released
miR-124–3p and miR-506–3p to repress its ceRNA partner ZFP36L2 in trans.
Decreased tumor suppressor ZFP36L2 promotes cell proliferation.
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that upregulation of CstF64 alone may be powerful enough to shorten
30UTRs without any additional changes in CstF64tau expression in
tumors.

Initially, it was not expected that BID 30UTR shortening would play
such a prevalent role in ESCC tumor progression. BID is well-
described as a pro-apoptotic member of BCL2 family and is cleaved
by caspase 8 into its active form, truncated BID (tBID), linking the
extrinsic, and intrinsic apoptosis pathway (36, 37). Although resistance
to apoptosis is considered as a hallmark of cancer (38), increasing
studies have found that proapoptotic proteins can also contribute to
the development of tumor, notably both CD95 and PUMA (39, 40).
This is also the case for BID as its depletion in mice significantly
delayed tumor development, suggesting a tumor-promoting role of
BID (41–44). Furthermore, in a diethylnitrosamine-induced hepato-
cellular carcinoma model, hepatocyte-specific BID depletion is
thought to protect mice from tumorigenesis by suppressing inflam-
mation-related compensatory proliferation (42). This phenotype is
likely related to a nonapoptotic function of BID in full-length form,
which produces inflammatory cytokines in response to nucleotide-
binding and oligomerization domain (NOD) activation (45). Overall,
these studies may explain our finding that BID is overexpressed in
ESCC (Fig. 1H and I) but does not promote apoptosis (Supplementary
Fig. S6C), supporting an oncogenic potential in ESCC through its non-
apoptotic function.

Despite being assigned a Gene Ontology term and pathway analysis
indicating ZFP36L2 as involved in cell cycle regulation, its role in
tumorigenesis remains less well characterized (28). In a study char-
acterizing ESCC and EAC, ZFP36L2 has been recognized as an
important tumor suppressor gene specific to ESCC (21). Both the
downregulation and the antiproliferation phenotypes are shown to be
specific to ESCC but not EAC. Furthermore, the downregulation of
ZFP36L2 in SCCs has been attributed to SCC-specific hypermethyla-
tion in its super-enhancer (21). Here, we provide a distinct mechanism
of ZFP36L2 repression in SCCs. We find that downregulation of
ZFP36L2 (Fig. 4C; Supplementary Fig. S4) and 30UTR shortening of
BID (Fig. 1E; Supplementary Fig. S1A) coordinately occur in a variety
of SCCs, but not in STAD, suggesting a SCC-specific ceRNA cross-talk
between BID and ZFP36L2. Moreover, both 30UTR shortening of BID
and low expression of ZFP36L2 are correlated with worse survival of
ESCC, whereas expression of BID is not correlated (Fig. 7A), support-
ing the hypothesis that shortening of the BID 30UTR promotes
tumorigenesis primarily through inhibiting ZFP36L2 rather than
upregulating its own expression.

Revealing the proproliferation effect and prognostic power of BID
30UTR shortening, our study provides the potential of a novel ther-
apeutic strategy through restoring 30UTR length of BID. Approaches
promoting distal poly(A) signal usage of specific genes by blocking
access of the CPAmachinery to proximal poly(A) signal are emerging.
In particular, antisense oligonucleotides (ASO) could target proximal
poly(A) signal by complementary base pairing, leading redirection of
CPA complex to distal poly(A) signal (46). Indeed, others have shown
that ASOs can treat prostate cancer by blocking an intronic poly(A)
signal to restore full-length androgen receptor expression and inhibit

androgen-independent proliferation (47). Thus, further functional
experiments could contribute to the development of a new therapeutic
strategy targeting poly(A) signal of BID.

In summary, our data reveal a recurrent shortening of the BID
30UTR in SCCs and a previously unidentified ceRNA network that
connects the BID and ZFP36L2 30UTRs. As ESCC undergoes tumor
progression, we propose that shortening of the BID 30UTR leads to
both the upregulation of BID and downregulation of ZFP36L2. Dele-
tion of 30UTR of BID promotes the proliferation activity of ESCC cells
through disrupting the ceRNA cross-talk of BID and ZFP36L2. In
addition, our study identified a significant association between poor
survival and 30UTR shortening of BID or downregulation of ZFP36L2
in patients with ESCC. Although overexpression of CstF64 is partially
responsible for the 30UTR shortening of BID, the complete set of
factors that determine BID PAS selection remains undetermined and
could represent novel therapeutic targets. Overall, ourfindings provide
evidence for the first time that 30UTR shortening of BID and down-
regulation of ZFP36L2 are widespread phenomenon specifically in
SCCs and may serve as prognostic markers and therapeutic targets in
ESCC.
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