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Abstract: The shortening of the 3’ untranslated regions (3'UTRs) due to alternative polyadenylation (APA) has be-
come an important characteristic of cancer. However, the function of APA-induced 3’UTR shortening in gastric can-
cer (GC) remains unclear. KHDRBS1 (sam68), as an RNA-binding protein (RBP), is significantly upregulated in GC.
In this study, we found that the 3'UTR of KHDRBS1 is generally shortened in GC tissues compared to paracancer
tissues. Moreover, KHDRBS1 mRNA with a shortened 3'UTR can escape the inhibitory effect of miRNAs, result-
ing in its increased expression in GC. Overexpression of KHDRBS1, especially KHDRBS1 with a shortened 3'UTR,
promotes the growth and metastasis of GC in vivo and in vitro. In conclusion, the experimental results show that
shortening of the KHDRBS1 mRNA 3’UTR can mediate the overexpression of KHDRBS1 in GC cells and promote the

progression of GC.
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Introduction

Gastric cancer is one of the deadliest human
malignant tumors in the world [1]. Although
advances in modern medicine have improved
the survival rate of GC patients, they still suffer
from a poor prognosis [2]. Unfortunately, due
to the lack of effective biomarkers, it is difficult
to make accurate early diagnosis and progno-
sis prediction for GC patients. In addition, the
treatment methods for GC are also relatively
limited, mainly including surgery and adjuvant
chemoradiotherapy [3]. Therefore, it is urgent
to further explore the pathogenesis of GC to
identify new diagnostic or prognostic biomark-
ers, which could promote the development of
target therapy and improve the clinical progno-
sis for GC patients.

RBPs play important roles in the posttranscrip-
tional regulation of RNA splicing, processing,
transport, nuclear export, translation, localiza-
tion, and stability [4-8]. Besides, RBPs are also
closely associated with tumors and play a key
role in malignant tumor progression and drug

resistance [9-11]. Reports showed that the pro-
tein expression of KHDRBS1 is elevated in a
variety of tumors [12]. Todaro et al. [13] showed
that inhibiting KHDRBS1 and Rad51 suppress-
es breast cancer stem-like cells. Tian et al. [14]
confirmed that KHDRBS1 can promote tumori-
genesis in lung adenocarcinoma by regulating
alternative splicing. Wan et al. [15] showed that
KHDRBS1 is required for the growth and sur-
vival of nonmelanoma skin cancer. However,
the function of KHDRBS1 and the underlying
mechanism in GC are not clear.

Previous studies have observed that when T
cells transition from a quiescent state to a pro-
liferating state, 3’'UTRs are globally shortened,
showing that alternative polyadenylation (APA)
is very important for T cell proliferation [16, 17].
Overexpression or activation of oncogenes pro-
motes the development of tumors, and studies
have reported that 3'UTR shortening of onco-
genes is sufficient to activate oncogenes to pro-
mote cancer transformation. This phenomenon
mainly occurs because the shortened 3'UTRs
evade the inhibitory effects of miRNAs [18-22],
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which process also plays important roles in
cancers [23, 24]. Since approximately half of
human genes have multiple APA sites [25], the
overexpression or activation of oncogenes cau-
sed by APA-mediated 3'UTR shortening may be
ubiquitous in malignancies [26]. Clinical data
also showed that in human breast, lung, col-
orectum and kidney cancer, the presence of
short 3'UTRs in tumors predicts a poor survival
prognosis for patients [26-29]. Begik et al.
defined specific subsets of APA events to effi-
ciently classify cancer types including gastric
cancer [30]. Lai et al. provided an effective
approach for genome-wide APA site profiling
and reveals a link between APA modulation and
gastric cancer metastasis [31]. Recently, Sun
et al. [32] confirmed that CPSF6 is highly
expressed in gastric cancer and inhibits the
apoptosis of gastric cancer cells. However, the
pathological function of APA-mediated 3'UTR
shortening in gastric cancer and the underlying
mechanism are still unclear.

Herein, we identified two novel short 3’'UTR
isoforms of KHDRBS1 generated by APA and
found that KHDRBS1 with a short 3'UTR could
escape the inhibitory effect of miRNAs, causing
increased expression of KHDRBS1 in GC. In-
terestingly, GC cells with overexpression of
the shorter 3'UTR KHDRBS1 isoform exhibited
increased proliferation and migration capaci-
ties. These results show that 3’'UTR shortening
allows KHDRBS1 mRNA to circumvent miRNA-
mediated repression and provides a mecha-
nism for the increased expression of KHDRBS1
in GC.

Materials and methods
Cell lines and culture

Human GC cells (BGC-823, AGS, SNU5, HGC-
27, MKN-45 and MGC-803) were acquired
from Shanghai Cell Bank (Shanghai, China) or
ATCC (the American Type Culture Collection). All
of the cell lines were cultured in RPMI-1640
medium (E600028, Sangon Biotech, Shanghai,
China) supplemented with 5% FBS (16010-159,
Gibco, Thermo Fisher Scientific, USA); and incu-
bated at 37°C in a humidified atmosphere with
5% CO,,.

Clinical samples

Sixteen human gastric cancer tissues and adja-
cent non-tumor tissues were obtained at the
first Affiliated Hospital of Anhui Medical Uni-
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versity (Hefei, Anhui, China) in 2020. This study
was carried out in accordance with the De-
claration of Helsinki and approved by the
Institutional Review Boards of Anhui Medical
University (PJ2016-09-07). All the patients pro-
vided written informed consent form.

Immunohistochemistry

Clinical tissue samples were fixed with formalin
and embedded in paraffin. The samples were
sliced and used for immunohistochemical (IHC)
staining. Staining was performed using anti-
bodies against KHDRBS1 (1:100, 10222-1-AP,
Proteintech Group, USA) and B-actin (1:200,
66009-1-1g, Proteintech Group, USA) and the
Rapid Immunohistochemical Kit (E-IR-R220,
Elabscience, China) according to standard pro-
cedures.

Western blotting analysis

Western blotting (WB) analysis was conduct-
ed as described previously [33]. The antibodies
against KHDRBS1 (1:1,000, 10222-1-AP, Pro-
teintech Group, USA), B-actin (1:2,000, 66009-
1-1g, Proteintech Group, USA) and secondary
antibodies (1:5,000, SAO0O001-2 and RP30009,
Proteintech Group, USA) were used.

Quantitative RT-PCR

The mRNA levels of KHDRBS1 and GAPDH were
detected using quantitative RT-PCR (RT-qPCR).
The primers sequences were as follows:
KHDRBS1 (F1: CAGAGGTGCCACTGTGACTC, R1:
GAGGTGGAGGCAAAGGTATC; F2: GACTATGGA-
CATGGGGAGG, R2: TGGGTGCTCTCTGTATGCTC;
F3: ACACACAAACCTGTTAGTTTC, R3: CTTTACG-
GGATGCCTCAAATC; F4: CCCAAACTAGGCTACA-
TTTC, R4: AGATTCAACCGCCATGTGC; F5: GAA-
GAGGTTGATGGTGGTG, R5: CAAGTGAACTTTTC-
ATGGAG; F6: AGGGACACTGCAGCTGAATG, Re6:
GGCAGACTTACACATGTAGC) and GAPDH (F:
CTGCCTCTACTGGCGCTG, R: GGTCAGGTCCACC-
ACTGAC).

Plasmid construction and transfection

The KHDRBS1 ORF was amplified from AGS
cDNA by PCR and cloned into the vector pSIN-
GFP. In order to ensure expression of the long
isoforms, the functional PAS signal motif
(AATAAA or ATTAAA) was mutated to ACACAC.
For the generation of stably transfected AGS
and BGC-823 cells, pSIN-KHDRBS1-CDS, pSIN-
KHDRBS1-CDS+3’UTRS, pSIN-KHDRBS1-CDS+
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3'UTRM, pSIN-KHDRBS1-CDS+3’UTRL or vec-
tor pSIN-GFP was transfected into 293T cells
with lentivirus plasmids. Lentivirus particles
were harvested and used to infect AGS and
BGC-823 cells. The stably transfected cells
were screened using 0.1 ug/mL puromycin.

Cell functional assays

For the MTT assay, cells were counted and plat-
ed in 96-well plates (1000 cells per well).
Seventy-two hours later, 0.1 mg MTT was added
to each well, and the absorbance at 570 nm
was measured.

For the cell colony formation assay, cells were
counted and seeded in 6-well plates (1000
cells per well). After 10-15 days, colony forma-
tion was examined.

For the Transwell assay, AGS and BGC-823
cells (5-10 x 10%) were added to the top cham-
ber with 8-um pores. For invasion assays,
Matrigel was added to chamber. The lower
chambers contained medium containing 10%
FBS. After 16-24 hours of incubation, the
inserts were fixed with methanol and washed
by PBS, and then they were stained with 0.1%
crystal violet solution for 5-10 min. The cells
were imaged with an Olympus IX-70 microscope
and counted.

Xenograft assays

Five weeks old male nude mice were purchas-
ed from Slack Experimental Animal Company
(Shanghai, China). Stably transfected AGS cells
(5 x 10°) were mixed with Matrigel and subcu-
taneously injected into the flanks of the ani-
mals. The tumor volume was measured every 3
days, and the tumors were harvested after 4-5
weeks.

Statistical analyses

We used SPSS 22.0 or GraphPad Prism 8.02
software to analyze the data. The data from cell
functional assays were analyzed using unpaired
two-tailed t-tests. P<0.05 was considered sta-
tistically significant.

Results
KHDRBS1 protein is elevated in GC

We detected the protein expression level of
KHDRBS1 in 19 pairs of paraffin-embedded tis-
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sue samples with immunohistochemistry ex-
periments. The results demonstrated that the
protein level of KHDRBS1 in GC tissues was
significantly increased versus paired paracan-
cer tissues (Figure 1A). We also collected 16
paired fresh GC and paracancer tissue samples
and detected the protein expression level of
KHDRBS1 by Western blotting analysis. The
experimental results showed that the protein
level of KHDRBS1 was higher in 12 GC tissues
than that in the paired paracancer tissues
(Figure 1B). In addition, the protein level of
KHDRBS1 was higher in most GC cell lines than
that in the GSE-1 normal gastric epithelial cell
line (Figure 1C).

3’UTR shortening promotes the expression of
KHDRBS1

By analyzing the characteristics of the KHD-
RBS1 sequence, it was found that there were
two 5’ proximal APA sites (PAS1 and PAS2) in
the 3’UTR. This suggested that KHDRBS1 has
two short 3’'UTR forms. For the upstream and
downstream regions of PAS1 and PAS2, we
designed 6 pairs of primers (F1/R1, F2/R2, F3/
R3, F4/R4, F5/R5 and F6/R6) (Figure 2A). The
real-time fluorescent quantitative PCR results
are shown in Figure 2B-E. In the five samples
(Cases 2, 4,9, 10, and 14), only the expression
of the KHDRBS1 transcript with a shortened
3'UTR was increased in the tumor tissues ver-
sus the paracancer tissues, while the expres-
sion level of the KHDRBS1 transcript with a
long 3’UTR was not obviously different (Figure
2B, 2D and 2E). In the other 8 samples (Cases
1, 3, 5, 6, 7, 8 15, and 16), the expression
levels of KHDRBS1 transcripts containing long
or short 3’'UTRs were significantly increased,
but the expression levels of KHDRBS1 tran-
scripts containing short 3'UTRs were increased
more than those of transcripts containing long
3'UTRs (Figure 2B, 2C and 2E). These experi-
mental results indicate that the expression lev-
els of KHDRBS1 transcripts containing short
3'UTRs were higher in GC tissues than in adja-
cent cancers. After comparing different tran-
scripts, we found that the long 3’UTR contained
more potential miRNA sites, which were pre-
dicted with TargetScan (Release 8.0) software
(Figure 2F) [34]. Therefore, we cloned the
3'UTRs of different lengths into the psiCHECK2
plasmid, and an experiment with a fluorescent
reporter vector confirmed that transcripts con-
taining shorter 3'UTRs had higher translation
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Figure 1. KHDRBS1 expression is increased in gastric cancer tissues. A. The protein expression levels of KHDRBS1
in 16 paired GC and paracancer tissues were detected by IHC staining. Scale bar, 50 um. B. The protein expression
levels of KHDRBS1 in 16 paired fresh GC and paracancer tissues were detected by WB. C. The protein expression
levels of KHDRBS1 in normal gastric epithelial cell and cancer cells were detected by WB. (**P<0.01, Student’s

t-test).
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activity (Figure 2G). Furthermore, we cloned
KHDRBS1 with different 3’'UTRs into gene
expression plasmids. The experimental results
showed that transcripts containing shorter
3’UTRs had higher expression efficiency than
transcripts containing longer 3'UTRs. Invari-
ably, the experimental results showed that the
3'UTR of the KHDRBS1 gene was shortened by
APA, which led to its escape of miRNA-mediat-
ed inhibition and promoted the expression of
KHDRBS1 (Figure 2H). In order to understand
the impact of miRNAs including miR-142-3p,
miR-200b-3p, mMiR-204-5p and miR-203a-3p
on KHDRBS1, we detected the translation
activity of KHDRBS1 3’UTRs using luciferase
activity assay. The results showed that the
miR-142-3p, miR-200b-3p and miR-204-5p sig-
nificantly inhibited the translation activity of
KHDRBS1 isoform with long 3’'UTR, but did not
affect the translation activity of the isoform
with short or medium 3'UTR (Figure 2I). Fur-
thermore, MiR-203a significantly inhibited the
translation activity of the KHDRBS1 isoform
with long and medium 3’UTR, but did not affect
the translation activity of the isoform with short
3'UTR (Figure 2I). This luciferase activity assay
partially explains why the mRNA with short
3'UTR has higher translation activity than the
mRNA with long 3'UTR. Recent studies have
confirmed that miR-200b-3p, miR-203a and
miR-204-5p can directly inhibit the expression
of KHDRBS1 through 3'UTR [35-37].

3’UTR shortening promotes cell proliferation
in GC

To confirm whether ectopic expression of KH-
DRBS1 promotes the proliferation of GC, we
first cloned KHDRBS1 with different 3'UTRs
into a plasmid and established BGC-823 and
AGS cells that stably overexpressed KHDRBS1.
Then, we performed the cell counting, MTT, and
colony formation assays. The results demon-
strated that overexpression of KHDRBS1 pro-
moted GC cells proliferation (Figure 3A, 3B)
and colony formation rates in vitro (Figure 3C,
3D). Besides, we found that KHDRBS1 tran-
scripts with longer or shorter 3'UTRs promoted
GC cell proliferation, but KHDRBS1 transcripts
with shorter 3’'UTRs had a greater impact. In a
word, these results indicated that the overex-
pression of KHDRBS1, especially 3’'UTR short-
ening, can promote cell proliferation in GC.
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3’UTR shortening promotes the migration and
invasion in GC cells

In order to determine whether ectopic expres-
sion of KHDRBS1 promotes the migration and
invasion in GC cells, we performed Transwell
assays. The results indicated that overexpres-
sion of KHDRBS1 promoted GC cell migration
(Figure 4A, 4B) and invasion (Figure 4C, 4D) in
vitro. Moreover, we found that KHDRBS1 tran-
scripts with longer or shorter 3'UTRs promoted
GC cell migration and invasion, but KHDRBS1
transcripts with shorter 3'UTRs had a greater
impact. Therefore, above results indicated th-
at the overexpression of KHDRBS1, especially
3’'UTR shortening, can promote the migration
and invasion in GC cells.

KHDRBS1, especially its shorter 3’'UTR tran-
script, promotes GC growth and metastasis in
Vivo

To clarify the impact of overexpression of
KHDRBS1 on GC growth and metastasis in
vivo, we injected AGS cells stably transfected
with the KHDRBS1 or control plasmid into
the flanks of mice to construct subcutaneous
tumorigenesis model. The results showed that
the overexpression of KHDRBS1 significantly
promoted GC growth and the transcript with a
shorter 3'UTR had a more obvious impact
(Figure 5A, 5B). Furthermore, we injected AGS
cells into the tail vein to explore whether the
abnormal expression of KHDRBS1 affects the
metastatic ability of GC cells in vivo. The results
showed that KHDRBS1 transcripts with 3'UTRs
of diverse lengths could promote cell lung
metastasis, but KHDRBS1 isoform with a short-
er 3’'UTR had a more significant impact (Figure
5C). Therefore, the above results confirmed
that the overexpression of KHDRBS1, especial-
ly its transcript with a shorter 3'UTR, promotes
cell growth and lung metastasis in GC.

Discussion

In eukaryotic cells, the polyadenylation (polyA)
tails are ubiquitous in mRNAs. The 3'UTR of a
particular gene has multiple different polyA
sites, which is called alternative polyadenyl-
ation (APA) of the 3'UTR. At present, approxi-
mately half of human genes have been found to
have APA sites [38]. In recent years, it has been
discovered that APA regulatory factors, such as

Am J Transl Res 2022;14(9):6574-6585
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NUDT21, CSTF2, CPSF6 and PCF11, are closely
related to tumor progression. The expression
level of NUDT21 is significantly reduced in glio-
ma and liver cancer, and NUDT21 can inhibit
the progression of tumors by regulating the APA
process of downstream genes [20, 39, 40].
CSTF2 promotes 3'UTR shortening of the down-
stream gene RAC1 through APA and promotes
bladder cancer progression [41]. The expres-
sion of CPSF6 is elevated in liver cancer, and its
overexpression promotes 3'UTR shortening of
the downstream gene NQO1 and regulates the
abnormal metabolism of liver cancer cells [42].
Low expression of PCF11 in neuroblastoma
predicts a better survival prognosis for patients
[43].

Increasing evidences have demonstrated that
3'UTR shortening is a common phenomenon in
cancer and is closely associated with the poor
prognosis of many malignancies [18, 44, 45].
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3'UTRs contain binding sites for a variety of
cis-regulatory elements, such as miRNAs. The
shortening of the 3'UTR may cause the loss
of these regulatory elements and affect the
expression level of genes, which in turn leads to
many biological dysfunction [46]. The shorten-
ing of the IMP1 3’UTR due to APA resulted in
the loss of multiple miRNA binding sites, includ-
ing the let-7 binding site. Experimental results
show that IMP1 transcripts with a shorter 3’'UTR
have a higher ability to promote cell transfor-
mation in fibroblasts [18]. IMP1 isoform with
a shorter 3'UTR promotes colorectal cancer
(CRC) metastasis [47]. The shorter 3’'UTR of
FNDC3B allows it to escape the inhibitory
effects of miRNAs and leads to an increase in
the expression of FNDC3B in nasopharyngeal
carcinoma. In particular, the overexpression of
FNDC3B transcripts with shorter 3’'UTR promot-
ed the development of nasopharyngeal carci-
noma [48].

Am J Transl Res 2022;14(9):6574-6585
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(**P<0.01, Student’s t-test).

KHDRBS1 is an RNA-binding protein and plays
an important role in the progression of various
cancers [12]. Early studies have shown that
acetylation may positively regulate the binding
of KHDRBS1 to RNA substrates and enhance
its function in promoting tumor cell prolifera-
tion [49]. So far, many studies have found the
impacts of KHDRBS1 on cancers. A study dem-
onstrated that knockdown of KHDRBS1 in pros-
tate cancer can delay prostate cancer cell cycle
progression and inhibit cell proliferation [50].
Another study found that KHDRBS1 are signifi-
cantly upregulated in cervical cancer and the
upregulation of KHDRBS1 indicates the poorer
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prognosis of patients. Moreover, KHDRBS1 pro-
motes the migration and invasion of cervical
cancer cells through the Akt/GSK-33/Snail
pathway [51]. Besides, elevated expression of
KHDRBS1 and localization of the protein to
the nucleus of CRC cells both predict disease
progression and poor patient prognosis [52].
KHDRBS1 plays a key role in the progression of
colon tumors by regulating NF-kB [53]. High
expression of KHDRBS1 in lung cancer predicts
poor survival prognosis, drives the splicing of
the hnRNPA1-dependent oncogene PKM, and
then promotes the progression of lung cancer
[14, 54]. KHDRBS1 inhibits the apoptosis of
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