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ABSTRACT ARTICLE HISTORY
Retinoblastoma, often referred to as eye cancer, is a common primary pediatric intraocular Received 5 August 2021
malignancy. In this framework, micro ribose nucleic acids (miRNAs) play essential roles in retino- ~ Revised 25 February 2022
blastoma oncogenesis and development. However, the function and mechanism of the miR-141-  Accepted 26 February 2022

3p/sushi domain-containing protein 2 (SUSD2) axis in retinoblastoma are unclear. To address KEYWORDS
these issues, miR-141-3p and SUSD2 expressions between the retinoblastoma patients and the Retinoblastoma; SUSD2;
normal control are identified by analyzing the Gene Expression Omnibus (GEO) datasets. miR-141-3p
Moreover, bioinformatics analysis, a dual-luciferase reporter assay, functional loss, and gain

together with rescue experiments are employed to explore the biological function and molecular

mechanisms of the miR-141-3p/SUSD?2 axis in retinoblastoma oncogenesis and development. Our

data showed that SUSD2 levels are considerably decreased in retinoblastoma cells and tissues.

SUSD2 overexpression inhibited viability, promoting apoptosis of retinoblastoma cells and inhibit-

ing tube formation of primary human umbilical vein endothelial cells (HUVECs) in vitro. The
bioinformatics analysis and dual-luciferase reporter tests showed that SUSD2 is directly regulated

by miR-141-3p. The miR-141-3p inhibition suppressed retinoblastoma growth and angiogenesis,

while miR-141-3p overexpression increased retinoblastoma growth and angiogenesis, which is

partially reversed when SUSD2 is over-expressed both in vivo and in vitro. In conclusion, SUSD2 is

a tumor-suppressor in retinoblastoma. miR-141-3p/SUSD2 axis played an essential role in regulat-

ing angiogenesis and retinoblastoma progression, serving as a new biomarker for management of
retinoblastoma.

Upregulated miR-141-3p

SUSD?2 inhibition
in retinoblastoma cells and tissues

l

Promotes retinoblastoma growth
in vitro and in vivo

l

Promotes viability, migration and tube formation of
HUVECs in vitro and angiogenesis in vivo

1. Background . o . :
9 in practice, including chemoreduction, enuclea-

Retinoblastoma is the most common pediatric  tion, local treatments, such as freezing-, laser-,
intraocular malignancy. In this context, several and radiation-therapies, and systemic chemother-
comprehensive therapeutic strategies have been  apy. Despite applying various combinations of
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treatment strategies, the clinical management of
retinoblastoma is still unsatisfying and highly chal-
lenging due to the poor prognosis of patients,
especially in  developing countries  [1,2].
Therefore, it is required to discover novel thera-
peutic targets and diagnostic biomarkers toward
exploring molecular mechanisms underlying reti-
noblastoma  oncogenesis and  progression.
Furthermore, angiogenesis plays a critical role in
the oncogenesis and metastasis of various cancers,
including retinoblastoma. Moreover, it is evident
that angiogenesis is one of the most central factors
of malignant biological behaviors [1,3].

UHRF1 (ubiquitin-like with PHD and RING
finger domains 1), a protein-coding gene, is often
significantly increased in various cancer cells and
positively associated with aggressive phenotypes,
such as the increased proliferation ability and
decreased apoptosis rates. Inhibition of UHRF1
expression improves the therapeutic efficacy of
histone deacetylase inhibitors in retinoblastoma
[4,5], indicating the importance of UHRF1 in reti-
noblastoma oncogenesis and progression. After
identification of the differentially expressed mes-
senger ribose nucleic acids (DEMs) in the Gene
Expression Omnibus (GEO) dataset GSE135424,
between the UHRF1 control-knockdown (YT)
and UHRF1-knockdown (YS) Y79 retinoblastoma
cells based on [logFC|> 2 and P-value < 0.05, we
observed that UHRF1 knockout in Y79 retinoblas-
toma cells significantly upregulated the expression
of sushi domain-containing protein 2 (SUSD2)
gene. However, the function and mechanism of
SUSD2 in retinoblastoma oncogenesis and pro-
gression have yet remained to be reported.

Previous reports identified that SUSD2 could
serve as a tumor suppressor in various cancers.
Moreover, it was evident that the SUSD2 could
be negatively correlated to the metastasis and posi-
tively correlated to the survival of high-grade ser-
ous ovarian cancer [6]. Moreover, the reduced
SUSD2 expression could be associated with shor-
tened survival time and an independent prognostic
factor for lung adenocarcinoma patients [7]. In
addition, the decreased SUSD2 expression acted
as a tumor suppressor in lung cancer and RCC
[8]. Accordingly, we speculated that SUSD2 might
function as a tumor suppressor in retinoblastoma.
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MicroRNAs (miRNAs), a type of short non-
coding RNAs, usually control target gene expres-
sion via binding with the 3'-untranslated region
(3'-UTR), thereby contributing to the regulation of
proliferation, differentiation, and apoptosis of cells
[9]. In recent times, several reports showed that
miRNAs were significant in the development, pro-
gression, and treatment of malignancies, such as
retinoblastoma [10,11]. Based on the TargetScan
bioinformatics assay, miR-141-3p has been evi-
denced to have a prospective binding site with 3'-
UTR of SUSD2. Nevertheless, the function and
mechanism of miR-141-3p in retinoblastoma
oncogenesis and progression remain unclear. By
identifying the overlapping differentially expressed
miRNAs in the retinoblastoma versus the normal
tissues (GSE7072) or serum (GSE41321), miR-141-
3p is identified to be considerably upregulated in
retinoblastoma patients. Therefore, we further
speculated that miR-141-3p might promote retino-
blastoma development by targeting SUSD2.

To address the above hypothesis, we explored
the potential function and mechanism of the miR-
141-3p/SUSD2 axis in retinoblastoma develop-
ment both in vitro and in vivo, as well as the
involvement of angiogenesis. After analyzing
miR-141-3p and SUSD2 expressions between the
retinoblastoma patients and the normal control
from the GEO datasets, we speculated that miR-
141-3p might promote retinoblastoma develop-
ment by targeting SUSD2. To explore these
aspects, bioinformatics analysis, a dual-luciferase
reporter assay, functional loss, and gain together
with rescue experiments were used, correlating to
retinoblastoma oncogenesis and development.

2. Experimental section

2.1. Microarray data information and data
processing of differentially expressed RNAs

GEO, a well-known open database of gene profile/
microarray/high throughput sequencing, was
employed to extract the gene expression profile
of GSE135424 (GPL16791Illumina HiSeq 2500,
Homo sapiens) between the UHRFI1 control-
knockdown (YT) and UHRF1-knockdown (YS)
Y79 retinoblastoma cell line. Further, the
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differentially expressed mRNAs (DEMs) between
UHRF1 control-knockdown (YT) and UHRFI-
knockdown (YS) Y79 retinoblastoma cells were
identified based on P-value < 0.05 and |logFC|> 2
and visualized by Heat map and Volcano plots.
The gene ontology (GO) and KEGG pathway
enrichment of DEMs were further evaluated
using the online DAVID tool.

The miRNA expression profiles of both
GSE7072 (GPL4879 Human miRNA 2k custom
array) between the retinoblastoma and normal
retina tissues and GSE41321 (GPL14767,
Agilent-021827 Human miRNA Microarray
G4470C, Feature Number version) between the
retinoblastoma and non-retinoblastoma serum
were extracted. Differentially expressed miRNAs
between retinoblastoma and non-retinoblastoma
patients were identified based on |logFC|> 2 and
P-value < 0.05, and in GSE7072 and GSE41321
datasets. Then, the overlapping differentially
expressed miRNAs in GSE7072 and GSE41321
datasets were identified by the online Venn soft-
ware. The differentially expressed miRNA with
log FC < 0 was referred to as a down-regulated
miRNA, while the differentially expressed
miRNA with log FC > 0 was indicated as an up-
regulated miRNA.

2.2. Patient specimens and informed consents

The current study was approved by the Ethical
Committee on Scientific Research of Shanghai
Eighth People’s Hospital. Retinoblastoma and self-
matched paracancerous tissues were collected from
retinoblastoma patients during surgery treatment
in our hospital and approved with written
informed consents for the use in this study.

2.3. Reagents

Endothelial Cell Growth Supplement (ECGS) and
Matrigel were procured from BD technologies
(New Jersey, USA). Fetal bovine serum (FBS),
DMEM, penicillin, and streptomycin were
obtained from HyClone Laboratories Inc. (Logan,
USA). Lipofectamine®3000, pmirGLO vector,
pcDNA3.1 vector, and Trizol reagent were pur-
chased from Invitrogen (Waltham, USA). The
cell counting kit (CCK)-8 test kit was acquired

from Dojindo Corp. Ltd. (Kyushu, Japan). Dual-
Luciferase Reporter assay system was obtained
from Promega Corp. Ltd. (Madison, USA). The
protein extraction kit was acquired from
Beyotime Technologies (Shanghai, China). PVDF
membranes from Millipore (Billerica, US), electro-
chemical luminescence (ECL) kit from Tanon
(Shanghai, China), antibodies against SUSD2,
ACTIN, VEGF and CD31 from Cell Signaling
Technology (Danvers, US), and Annexin
V-propidium iodide (PI) dual-staining apoptosis
test kit from Nanjing Keygen Biotech Co., Ltd.,
(Nanjing, China) were obtained.

2.4. Cells, culture conditions, and transfection

Human umbilical vein endothelial cells
(HUVEGCs) were purchased from PromoCell
GmbH (Heidelberg, Germany) and cultured in
fresh Ham’s Kaighn’s Modification F12 (F12K)
supplemented with 10% FBS, 2 mM
L-Glutamine, 0.05 mg/ml Endothelial Cell
Growth Supplement (ECGS), and 0.1 mg/ml
Heparin sodium salt from the porcine intestinal
mucosa. Human retinoblastoma cells (Y79 and
WERI-RB1) and normal human retinal pigment
epithelial cells (ARPE-19) were obtained from the
Cell Center of the Chinese Academy of Sciences
(Shanghai, China) and cultured in DMEM con-
taining 10% FBS, 100 ug/mL streptomycin, and
100 U/mL penicillin in 5% CO, cell culture incu-
bator at 37°C.

miR-141-3p inhibitors, inhibitor negative con-
trol (NC inhibitor), miR-141-3p mimics, and miR-
141-3p negative control (NC mimics) were
acquired from GenePharma Co., Ltd. (Shanghai,
China). SUSD2 3’-UTR sequence covering mutant
(mut) or wild-type (WT) binding sites of miR-141-
3p were respectively cloned into dual-luciferase
reporter plasmid (pmirGLO). Lipofectamine 3000
was used for cell transfection in a serum-free
medium. Full-length SUSD2 ¢DNA was cloned
into the pcDNA3.1 vector. Empty (NC) and
SUSD2 containing pcDNA3.1 plasmid (OE-
SUSD2) were respectively transfected into retino-
blastoma cells using lipofectamine®3000, and stably
transfected cells were screened with 2 mg/ml of
G418 [12,13].



2.5. Tube form ation assay

Initially, HUVECs at a density of 2 x 10* in 100 pl
of retinoblastoma cell-conditioned medium
(supernatant) were plated in each well of a 96-
well cell culture plate containing 50 ul Matrigel
and incubated at 37°C for 4 h with 5% CO,.
Further, the tube formation images were acquired
under an inverted microscope, and the branch
points in each frame were enumerated.

2.6. Dual-luciferase reporter evaluation

Based on the TargetScan bioinformatics assay, it
was evident that the miR-141-3p showed a poten-
tial binding site with 3-UTR of SUSD2. The
pmirGLO vector was used to confirm the direct
binding between miR-141-3p with 3-UTR of
SUSD2. Constructs of mutant (mut) reporter of
pmirGLO/SUSD2  3'-UTR-mut  (Luci-SUSD2-
mut) and wild-type reporter of pmirGLO/SUSD2
3'-UTR (Luci-SUSD2-WT) were co-transfected
with miR-141-3p mimics (miR-141-3p) or miR-
141-3p negative control (NC) in Y79 cell line.
Finally, the luciferase activity was determined
with a dual-luciferase reporter assay system after
48 h of transfection, following the manufacturer’s
instructions [14].

2.7. qRT-PCR assay

Initially, the Trizol reagent was applied for total
RNA extraction, followed by cDNA reverse tran-
scription for mRNA with PrimeScrip™ RT Master
Mix and for miRNAs with PrimeScript miRNA
cDNA Synthesis Kit. Further, the primers pro-
vided by Sangon Co., Ltd. (Shanghai, China)
were employed, and the relative RNA expression
was determined by the 2722C" method [12]. The
primers used are listed in Table 1.

Table 1. Primers used in this study.

Type Sequence (5" - 3") Product size
SUSD2 forward GATGGAGAAGAGCGAGTTGG  176bp
reverse  TTGCAGTCCACTCCTGTGAG
miR-141-3P forward GCGGCGGTAACACTGTCTGG
reverse  AACGCTTCACGAATTTGCGT
GAPDH forward ACAACTTTGGTATCGTGGAAGG
reverse  GCCATCACGCCACAGTTTC
u6 forward CTCGCTTCGGCAGCACA
reverse  AACGCTTCACGAATTTGCGT
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2.8. Cell viability

Initially, cells at a density of 2 x 10* were seeded in
each well of a 96-well cell culture plate. At the
corresponding transfection time period, the working
CCK-8 solution (10 pL/well) was added into cells.
After 2 h incubation, the absorbance (OD) value of
each well was acquired at 450 nm wavelength with a
microplate reader [12]. Further, the viability curve
was built according to optional density (OD) values.

2.9. Colony formation assay

Cells to be tested were seeded in the 6-well plates
(1000/well) and cultured in complete medium for
7-10 days. Colonies were fixed with 10% formalin
and stained with crystal violet. [12] Finally, the
resultant colonies were observed.

2.10. Transwell migration assay

Cells to be tested were seeded at a density of
5 x 10%well in a 200 pl serum-free medium in
the insert of the 12-well transwell plates with
300 pl of 10% FBS in the lower chamber. After
24 h, the migrated cells were fixed with 4% paraf-
ormaldehyde stained with 1% crystal violet solu-
tion for 10 min and snapped with a
microscope [12].

2.11. Cell apoptosis assay

Cells to be tested were analyzed by using the
Annexin V/PI double-staining apoptosis test kit.
Briefly, 5 ul of reagent was added into the cells,
mixed, and incubated at room temperature for
15 min in the dark. After being mixed with
400 ul of 1x binding buffer, apoptosis of the cells
was analyzed with flow cytometry (CytoFLEX flow
cytometer; CytExpert 2.1 Beckman Coulter Inc.
Brea, USA) [12].

2.12. Western blotting

Total protein was isolated with a protein
extraction kit, followed by measuring the pro-
tein concentration with the BCA method and
separating 20 pg with sodium dodecyl sulfate-
polyacrylamide gel electrophoresis  (SDS-
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PAGE). After being transferred onto PVDF
membrane, blocked in 5% skimmed milk for
1 h at RT, cultured with primary antibody at
4°C overnight, washed with TBST, cultured
with the second antibody for 1 h at RT, the
protein bands were developed with ECL reagent
[12].

2.13. Establishment and treatment of xenografts

4-week-old BALB/c-nu mice were bought from
Shanghai SLAC Laboratory Animal Co., Ltd
(Shanghai, China). Xenograft mouse models
bearing retinoblastoma were generated by sub-
cutaneous injection of 100 mL Matrigel with
1 x 107 Y79 retinoblastoma cells transfected
with miR-141-3p inhibitor, NC inhibitor, miR-
141-3p mimic, NC mimic, or miR-141-3p mimic
+ OE-SUSD2, into BALB/c-nu mice (n = 4). The
longest and the shortest diameters of tumors
were determined with Vernier Calipers every
5 days, and the tumor volumes were calculated
with the formulation: V = Y:(longest diameter x
shortest diameter)?. The entire tumors of sacri-
ficed mice were removed entirely and weighed.
All animal experiments were approved by the
Institutional Animal Care and Use Committee
of Huazhong University of Science and
Technology and completed following the institu-
tional rules [15].

2.14. Immunohistochemical (IHC) assay

After deparaffinization, antigen retrieval, and
nonspecific binding block, the sections were
incubated with a primary antibody, a secondary
antibody, and then the chromogen diaminoben-
zidine for immunohistochemical staining.
Positive staining was observed under a light
microscope [15].

2.15. Statistical analysis

Statistical analyses were conducted with SPSS 22.0
(SPSS Inc., Chicago, US). The measured data were
shown as mean * standard deviation (S.D.). Notably,
the differences between groups were compared with

the Student’s two-tailed t-test at a defined level of
statistical significance of P < 0.05 [15].

3. Results

The aim of this study was to investigate the
function and mechanism of the miR-141-3p/
SUSD2 axis in retinoblastoma. After analyzing
miR-141-3p and SUSD2 expressions between
the retinoblastoma patients and the normal con-
trol from the GEO datasets, we speculated that
miR-141-3p might
development by targeting SUSD2. To address

promote retinoblastoma

the above hypothesis, bioinformatics analysis,
dual-luciferase reporter assay, functional loss,
and gain together with rescue experiments were
applied to explore the biological function and
molecular mechanisms of miR-141-3p/SUSD2
oncogenesis  and

axis in retinoblastoma

development.

3.1. Downregulated SUSD2 expression is
identified in retinoblastoma patient tissues and
cells

To explore the key factors involved in oncogen-
esis and progression of retinoblastoma, we first
extracted the GSE135424 datasets from GEO
and identified the differentially expressed
mRNAs (DEMs) between the UHRF1 knock-
down and the control retinoblastoma Y79 cells
based on LogFC>2 and P < 0.05. Among the
identified 519 DEMs, 383 DEMs were signifi-
cantly up-regulated while 135 were significantly
down-regulated. The identified DEMs were
shown as the cluster heat map (Figure 1(a))
and the volcano plots (Figure 1(b)). The Gene
Ontology (GO) function annotation (Figure
1(c)) and the KEGG pathway enrichment
(Figure 1(d)) of the DEMs were performed,
respectively. SUSD2 was found to be signifi-
cantly up-regulated in UHRF1 silenced Y79
cells. Therefore, we hypothesized that SUSD2
might be a tumor suppressor since UHRF1 has
been reported to be overexpressed in different
human cancers, including retinoblastoma [5].
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Figure 1. SUSD2 is downregulated in retinoblastoma tissues and cells. Identification of differentially expressed mRNAs (DEMs)
between the UHRF1 knockdown and the control retinoblastoma Y79 cells (GSE135424) with LogFC=2, P < 0.05. (a) Heat map of
DEMs. Green, low expression; Red, high expression. (b) Volcano plot indicated DEM distribution. (c) KEGG pathway enrichment
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Figure 2. SUSD2 promotes apoptosis and inhibits proliferation of retinoblastoma cells. SUSD2 was successfully overexpressed (a) or
silenced (b) in Y79 cells, along with (c) viability, (d) colony proliferation, and (e) apoptosis of Y79 cells. ***P < 0.001.

Furthermore, the SUSD2 expression profile in
retinoblastoma patient tissues was investigated,
confirming  significant downregulation of
SUSD2 expression at mRNA (Figure 1(e)) and
protein (Figure 1(f)) levels in retinoblastoma
patient tissues.

3.2. SUSD2 promotes apoptosis and inhibits the
proliferation of retinoblastoma cells

To determine the function of SUSD2 in retinoblas-
toma oncogenesis, Y79 cells were transfected with
pcDNA3.1 vector containing SUSD2 sequence to



overexpress SUSD2, in which the empty
pcDNA3.1 vector was served as the negative con-
trol (NC). The qRT-PCR and Western blotting
analyses revealed that SUSD2 was successfully
overexpressed in Y79 cells after transfection of
SUSD2 containing pcDNA3.1 vector versus the
NC (Figure 2(a)). Meanwhile, the qRT-PCR ana-
lysis showed that SUSD2 was successfully silenced
in Y79 cells after transfection of si-SUSD2 vs. the
NC (Figure 2(b)). The aggressive retinoblastoma
phenotypes in Y79 cells were detected after SUSD2
was overexpressed. Moreover, the viabilities (0-
96 h) of Y79 cells were detected with the CCK-8
assay, indicating that the time-dependent SUSD2
overexpression inhibited the cell viability com-
pared with the OE-NC. In contrast, SUSD2 silen-
cing time-dependently promoted cell viability
compared with the si-NC (Figure 2(c)).
Moreover, the colony proliferation ability was
determined by colony formation assay, demon-
strating that SUSD2 overexpression inhibited the
colony proliferation ability compared with the OE-
NC, while SUSD2 silence promoted the colony
proliferation ability compared with the si-NC
(Figure 2(d)). Finally, the cell apoptosis rate was
determined by flow cytometric assay, which
showed a significant increase of apoptosis after
SUSD2 overexpression while a decrease of apop-
tosis after SUSD2 silence in Y79 cells (Figure 2(e)).

3.3. SUSD2 overexpression promotes blood
vessel formation in vitro

Since solid cancer progression and distant metas-
tasis count on the formation of cancer-related
blood vessels to provide required oxygen and
nutrients, more specifically, angiogenesis is essen-
tial for cancer growth, invasion, and metastasis
[16]. Therefore, we further examined the viability,
the tube formation ability, the colony proliferation
ability, and the migration ability of HUVECs after
culture with a conditioned medium of Y79 cells. It
was observed from the experimental results that
the viability (Figure 3(a)), the tube formation abil-
ity (Figure 3(b)), the colony proliferation ability
(Figure 3(c)), and the migration ability (Figure
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3(d)) of HUVECs were significantly inhibited
with SUSD2 overexpression while significantly
increased with SUSD2 silence in Y79 cells
(P < 0.001)

3.4. SUSD2 acts as a specific target of miR-141-
3p

Since the miRNAs play a major role in oncogen-
esis by regulating the cancer-related genes, we
analyzed the DEMs between retinoblastoma tissues
and normal retinal tissues from the GEO dataset
(GSE7072). Simultaneously, we also analyzed the
serum DEMs between the retinoblastoma patients
and the normal control from the GEO dataset
(GSE41321). The overlapping DEMs between
GSE7072 and GSE41321 datasets were further
screened by Venn online tool (http://bioinfor
matics.psb.ugent.be/webtools/Venn), in which 6
significantly up-regulated miRNAs (Figure 4(a),
Table 2) and 7 significantly down-regulated
(Figure 4(b), Table 3) genes were identified. To
further explore the potential miRNAs harboring
complementary binding sequences with SUSD2-
3'UTR, bioinformatics analysis was performed
using the online tool TargetScan, to regulate the
SUSD2 in retinoblastoma oncogenesis. Moreover,
miR-141-3p was identified to harbor specific bind-
ing sites with SUSD2-3'UTR (Figure 4(c)). Thus,
we assumed that miR-141-3p might directly inter-
act and regulate SUSD2.

Moreover, dual-luciferase reporter activity was
employed to validate specific binding between
miR-141-3p with SUSD2 3'-UTR by sub-cloning
mutated or WT SUSD2 3'-UTR reporter gene into
dual-luciferase  reporter vector (pmirGLO).
Notably, the luciferase activity of the pmirGLO-
SUSD2 3'-UTR-WT reporter gene in Y79 cells was
considerably reduced after transfecting miR-141-
3p mimics, remaining unchanged when predicted
miR-141-3p binding sites in SUSD2 3'-UTR were
mutated (Figure 4(d)). To further identify the
involved mechanism, miR-141-3p expression in
retinoblastoma was investigated, showing that
miR-141-3p expression in retinoblastoma was sig-
nificantly upregulated vs. paracancerous normal
tissues (Figure 4(e)). Meanwhile, the qRT-PCR
analysis showed that the miR-141-3p expression
was found to be significantly upregulated in
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Figure 3. SUSD2 overexpression in Y79 cells promotes blood vessel formation of HUVECs in vitro. (a) Viability, (b) tube formation, (c)
colony proliferation, and (d) migration of HUVECs after culture with conditioned medium of Y79 cells. ***P < 0.001.

retinoblastoma Y79 and WERI-RB1 cells than in
normal human retinal pigment epithelial ARPE-19
cells (Figure 4(f)). Moreover, SUSD2 expression
was identified by qRT-PCR and Western blotting
in Y79 cells after miR-141-3p overexpression with
miR-141-3p mimics or silence with miR-141-3p
inhibitor, revealing that the mRNA (Figure 4(g))
and the protein (Figure 4(h)) expressions of
SUSD2 were reduced with miR-141-3p mimic,
while increased with miR-141-3p inhibitor.
Together, these experimental results suggested
the specific binding between miR224-3p with

SUSD2-3'UTR down-regulated SUSD2 expression
in retinoblastoma cells.

3.5. miR-141-3p promotes proliferation and
suppresses apoptosis of retinoblastoma cells, as
well as promotes angiogenesis of endothelial
cells by targeting SUSD2 in vitro

To further explore the function and mechanism
of the miR-141-3p/SUSD2 axis in retinoblastoma
oncogenesis, we determined the functional gain
and loss, as well as the rescue experiments in
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Figure 4. miR-141-3p specifically targets SUSD2. The overlapping DEMs in retinoblastoma versus normal tissues (GSE7072) or serum
(GSE41321). Venn maps to identify (a) the up-regulated overlapping DEMs. (b) The down-regulated overlapping DEMs with LogFC>2,
P < 0.05, in GSE7072 and GSE41321 datasets. (c) lllustration of potential miR-141-3p binding sites in SUSD2 3'UTR predicted by
TargetScan database and the mutation sites used for specific binding assay. (d) Dual-luciferase reporter gene activity in Y79 cells
transfected with wild type (WT) or mutated (Mut) reporter of SUSD2 3'UTR in the presence of miR-141-3p mimics (miR-141-3p) or
negative control (NC). (e) miR-141-3p expression in retinoblastoma tissues was significantly higher compared with paracancerous
normal tissues (n = 25). (f) miR-141-3p expression in retinoblastoma (Y79 and WERI-RB1) cells was significantly higher vs. normal
human retinal pigment epithelial cells (ARPE-19) detected by qRT-PCR. SUSD2 expression detected by gRT-PCR (g) and Western
blotting (h) in Y79 cells after miR-141-3p overexpression with miR-141-3p mimics or miR-141-3p science with miR-141-3p inhibitor.
**P < 0.01 and,***P < 0.001.
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Y79 cells, followed by analyzing the viability and
apoptosis of Y79 cells, tube formation ability of
endothelial cells after being cultured with Y79
cell-conditioned medium. The experimental
results showed a significantly inhibited angio-
genesis with SUSD2 overexpression in Y79
cells. As depicted in Figure 5(a), miR-141-3p
expression was considerably decreased after
transfection of miR-141-3p inhibitor compared
with transfection of NC inhibitor. Moreover,
miR-141-3p expression was considerably upregu-
lated after transfection of miR-141-3p mimics vs.
transfection of NC mimics. Inhibition of miR-
141-3p by employing the miR-141-3p inhibitor
repressed the OD values of Y79 cells (0-96 h).
To this end, the overexpression of miR-141-3p
by miR-141-3p mimics increased OD values of
Y79 cells (0-96 h). Nevertheless, the increased
OD values by miR-141-3p mimics were partly
reversed when SUSD2 was overexpressed
(Figure 5(b)). Similarly, inhibition of miR-141-
3p also presented the reduced colony prolifera-
tion ability of Y79 cells, while overexpression of
miR-141-3p by miR-141-3p mimics increased
colony proliferation ability of Y79 cells. In con-
trast, the increased colony proliferation ability
by miR-141-3p mimics was partly reversed
when SUSD2 was overexpressed (Figure 5(c)).
In addition, the miR-141-3p inhibition by miR-
141-3p inhibitor stimulated Y79 cell apoptosis,
while miR-141-3p overexpression by miR-141-3p
mimics decreased apoptosis of Y79 cells, and the
decreased apoptosis by miR-141-3p mimics was
partly reversed when SUSD2 was over-expressed
(Figure 5(d)). Tube formation ability of
HUVECs was repressed after being cultured
with a conditioned medium of miR-141-3p inhi-
bitor transfected Y79 cells. Moreover, the tube
formation ability of HUVECs was increased after
being cultured with a conditioned medium of
miR-141-3p mimics transfected Y79 cells, and
the increased tube formation ability by miR-
141-3p mimics was partly reversed when
SUSD2  was  over-expressed (OE-SUSD2)
(Figure 5(e)).

3.6. miR-141-3p stimulates retinoblastoma
growth and angiogenesis by targeting SUSD2 in
vivo

To further confirm the function and mechanism
of miR-141-3p/SUSD2 axis in retinoblastoma
oncogenesis in vivo, xenograft mouse models
bearing retinoblastoma were generated by sub-
cutaneous injection of Y79 cells transfected with
miR-141-3p inhibitor, NC inhibitor, miR-141-3p
mimic, NC mimic, or miR-141-3p mimic + OE-
SUSD?2. Similar to the results in vitro, the mass
(Figure 6(a)), volume (Figure 6(b)), and the
weights (Figure 6(c)) of retinoblastoma tumors
were significantly inhibited by miR-141-3p inhi-
bitor, increased by miR-141-3p mimics. In con-
trast, the increased mass (Figure 6(a)), volume
(Figure 6(b)), and the weights (Figure 6(c)) of
tumors by miR-141-3p mimics were partly
reversed when SUSD2 was over-expressed (OE-
SUSD?2), indicating that the miR-141-3p stimu-
lated retinoblastoma growth in vivo via targeting
SUSD2.

Moreover, immunohistochemistry, Western blot-
ting, and qQRT-PCR assays confirmed that the expres-
sions of VEGF and CD31, the two key factors of
blood vessel formation, were significantly inhibited
by miR-141-3p inhibitor and increased by miR-141-
3p mimics. At the same time, the increased expres-
sions of VEGF and CD31 by miR-141-3p mimics
were partly reversed when SUSD2 was over-
expressed (OE-SUSD2) (Figure 6(e,f)). The SUSD2
protein expression was also determined by Western
blotting assay, indicating that SUSD2 protein expres-
sion was significantly upregulated by miR-141-3p
inhibitor, downregulated by miR-141-3p mimics,
and reversed by SUSD2 over-expression (Figure
6(e)). These findings indicated that the miR-141-3p
stimulated blood vessel formation in vivo via target-
ing SUSD2. SUSD2 expression was identified by
qRT-PCR and Western blotting in Y79 cells after
miR-141-3p  overexpression with miR-141-3p
mimics, revealing that the mRNA and protein
expressions of SUSD2 were reduced with miR-141-
3p mimic.
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Figure 5. miR-141-3p promotes proliferation and suppresses apoptosis of retinoblastoma cells, as well as promotes angiogenesis of
endothelial cells by targeting SUSD2 in vitro. (a) After successful knockdown of miR-141-3p with miR-141-3p inhibitor, over-
expression of miR-141-3p using miR-141-3p mimic with or without SUSD2 overexpression using OE-SUSD2 in Y79 cells, (b) viability,
(c) colony proliferation, and (d) apoptosis of Y79 cells. (e) Tube formation ability of HUVECs after culture with conditioned medium of
Y79 cells. **P < 0.01 and ***P < 0.001.
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Figure 6. miR-141-3p promotes retinoblastoma growth and angiogenesis by targeting SUSD2 in vivo (n = 4). (a) Mass, (b) volume.
(c) weights of the xenograft tumors. Key factor expressions by immunohistochemistry (d), Western blot assay (e), and qRT-PCR (f)
analysis. **P < 0.01 and ***P < 0.001.



Table 2. The up-regulated miRNAs in serum of retinoblastoma
patients.

GSE7072 GSE41321

logFC P-Value logFC P-Value
hsa-miR-125b 2.777662 0.00194063 3.0801596 0.02872106
hsa-miR-194 2423533 0.02168143 1.7672128 0.0468465
hsa-miR-142-3p  2.271763 0.00556885 4.0019713 0.04320535
hsa-miR-135b 1.975067 0.04585844 4.6064425 0.03341275
hsa-miR-375 1.904721 0.03241823 1.34709 0.01804264
hsa-miR-141-3p  1.786833 0.02364128 3.2278954 0.01673942

Table 3. The down-regulated miRNAs in serum of retinoblas-
toma patients.

GSE7072 GSE41321

logFC P-Value logFC P-Value
hsa-miR-200a* —3.9196 —2.09459 —1.1872459 0.0112473
hsa-miR-340 —3.0639 —-1.948785 —1.2537009 0.00942933
hsa-miR-222 -3.1111  -1.693513 —1.6265228 0.00265672
hsa-miR-34a —3.3829 -2.660605 —2.0145753 0.04799701
hsa-miR-191 —3.8274 -1.830833 —2.72435 0.0014761
hsa-miR-373* —3.8418 —1.587982 —2.9664911 0.02904644
hsa-miR-372 —2.9956 -2.471378 —3.7348176 0.02186476

4. Discussion

Indeed, the prognosis of retinoblastoma is still unsa-
tisfying even under the comprehensive clinical man-
agement strategies. Therefore, understanding the
fundamental molecular mechanisms in retinoblas-
toma oncogenesis and progression is essential.
Recent shreds of evidence reported that miRNAs
were essential in retinoblastoma development
toward identifying new diagnostic, therapeutic, and
prognostic biomarkers in the clinical management of
retinoblastoma patients [10,11]. In this context,
UHRF1 has greatly attracted the attention of
researchers in the field of cancer research, not only
as a vital epigenetic regulator for histone modifica-
tions and DNA methylation but also as a critical
regulator for cancer cell survival [4]. Notably, the
UHREF1 expression is upregulated in retinoblastoma
and contributes to retinoblastoma development.

To further explore the valuable biomarkers in
retinoblastoma development, bioinformatical ana-
lysis was performed in the current study on the
basis of the GEO dataset GSE135424. SUSD2 was
found to be significantly upregulated when
UHRF1 was silenced in Y79 retinoblastoma cells,
indicating the importance of SUSD2 in retinoblas-
toma progression. This hypothesis was further
confirmed by the following findings. SUSD2 was
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first discovered to be significantly downregulated
in retinoblastoma cells and tissues, indicating the
tumor suppressor role of SUSD2.

In recent vyears, the regulatory effects of
miRNAs in key factors associated with cancer
oncogenesis and progression have attracted
increased attention. Thus, we subsequently per-
formed the bioinformatics assay based on the two
GEO datasets (GSE7072 and GSE41321), followed
by Venn software analysis, in which 13 commonly
changed miRNAs were identified with 6 upregu-
lated and 7 downregulated in retinoblastoma
patients. Moreover, bioinformatical analysis by
TargetScan showed that miR-141-3p, one of the 6
significantly upregulated miRNAs, had the poten-
tial binding sites in the 3’-UTR sequences of
SUSD2. These findings were further verified by
dual-luciferase activity. Furthermore, the expres-
sion of SUSD2 was found to be negatively regu-
lated by miR-141-3p expression in retinoblastoma
cells. Moreover, SUSD2 overexpression reversed
miR-141-3p mimics promoted aggressive pheno-
types of retinoblastoma cells and retinoblastoma-
related angiogenesis. Together, the current work
provided new shreds of evidence supporting the
importance of the miR-141-3p/SUSD?2 axis in reti-
noblastoma development

5. Conclusion

In summary, our current study explored the dis-
covery of a tumor suppressor, SUSD2, in retino-
blastoma, which was regulated by miR-141-3p.
Notably, the miR-141-3p/SUSD2 axis regulated
retinoblastoma growth, as well as the angiogenesis
of HUVECs both in vitro and in vivo. Therefore,
targeting miR-141-3p/SUSD2 would provide novel
biomarkers for early diagnosis, therapeutics, and
prognosis in retinoblastoma management.
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