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PURPOSE. More recently, literature has emerged providing findings about the novelty of
microRNAs (miR)-targeted therapeutics in the treatment of retinoblastoma (RB). The
prime objective of this study was to identify the potential role of miR-378a-3p and its
regulation in RB cells via forkhead box G1 (FOXG1).

METHODS. The expression of miR-378a-3p and FOXG1 in the clinical RB tissues was
determined using RNA quantitation and Western blot assays. The interaction between
miR-378a-3p and FOXG1 was identified using dual luciferase reporter gene assay. The
potential effects of miR-378a-3p on the RB cell biological processes were evaluated by
conducting gain- and loss-of-function studies of miR-378a-3p and FOXG1, followed by
cell viability, cell cycle progression, and apoptosis measurements. Furthermore, experi-
ments were performed in nude mice to assess its effects on tumor formation.

RESULTS. miR-378a-3p was poorly expressed, whereas FOXG1 was highly expressed in RB
tissues and cells. miR-378a-3p bound to the FOXG1 3′ untranslated region and negatively
modulated its expression. The overexpression of miR-378a-3p was found to decrease
RB cell viability and to promote cell apoptosis in vitro, whereas overexpressed FOXG1
reversed the regulatory effects of miR-378a-3p on RB cellular behaviors. In nude mice,
the restoration of miR-378a-3p by miR-378a-3p agomir was shown to play a role in the
reduction of tumor volume and size relative to nude mice injected with negative control-
agomir.

CONCLUSIONS. Our findings identified that increased miR-378a-3p exerted an inhibitory
effect on RB cell proliferation by targeting FOXG1, suggesting the role of miR-378a-3p
as a novel therapeutic target for RB.

Keywords: retinoblastoma, microRNA-378a-3p, forkhead box G1, apoptosis, proliferation,
cell cycle progression

Retinoblastoma (RB) is a childhood neoplasm that occurs
during the development of the retina.1 Patients suffer-

ing from RB commonly present with an abnormal white
leukocoria or strabismus.2 The inactivation of both copies
of the RB1 gene is the predominant initiating genetic lesion
in RB and is rate limiting for tumorigenesis.3 Local deliv-
ery of chemotherapy by intra-arterial and intravitreal admin-
istration has become the leading eye-sparing treatment in
the past decade in Western countries.4 Nevertheless, the
risk of immunogenicity and the hazardous integration of
chemotherapeutic agents such as melphalan and curcumin
in healthy cells is inevitable.5,6 Importantly, the implication
of microRNAs (miRNAs) in chemotherapy has been recog-
nized.7,8 Sage and VenturaHYPERLINK9 have described in a
previous study that the dysregulation of several miRNAs is
involved in a several of stages of RB and those miRNAs might
serve as the potential diagnostic and therapeutic biomarkers
for RB, providing insights into the advancement in treatment
approaches.

Several miRNAs have been identified as tumor suppres-
sors for RB, where RB tumorigenesis can be inhibited by the
overexpression of miR-125a-5p10 and miR-18311 in vitro. In
addition, miR-378a-3p has been documented to be involved
in the metastasis of melanoma.12 miR-378a-3p can poten-
tially impede the progression of esophageal squamous cell
carcinoma by negatively targeting Rab10, as shown in a
previous study.13 However, the specific role of miR-378a-3p
and its underlying mechanism in the onset and progression
of RB have not been elucidated yet. The prediction results
obtained from TargetScan database revealed that miR-378a-
3p could target FOXG1, hence leading to the hypothesis
that miR-378a-3p might exert its function through regulating
FOXG1. It has been shown that forkhead box G1 (FOXG1) is
highly expressed in glioblastomas and promotes the growth
of glioblastomas.14 FOXG1 is a nuclear cell transcription
factor involved in the development of the forebrain and
has been implicated in in neurogenesis and cancer pathol-
ogy.15 It has been demonstrated that FOXG1 has the abil-
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ity to promote the onset and progression of glioblastoma.16

Also, enhanced survival has been observed in intracerebel-
lar mice xenografts treated with medulloblastoma cells bear-
ing silencing of FOXG1,17 but whether FOXG1 could exert
the function in RB has been rarely studied. Therefore, the
present study was designed with an objective of investigat-
ing the interaction between miR-378a-3p and FOXG1 as well
as their functions in RB.

METHODS

Ethics Statement

The experiment was approved by the Ethics Committee
of The Second Hospital of Jilin University. All participants
provided the signed written informed consent documents
and the experimental procedures were performed in compli-
ance with the Declaration of Helsinki. All animal experi-
ments were performed in strict accordance to the recommen-
dations from the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health.

Microarray-Based Gene Expression Profiling

Screening of the potential miRNAs that could regulate
FOXG1 were performed using TargetScan database (www.
targetscan.org/vert_71/), miRSearch database (www.exiqon.
com/miRSearch), and miRNA database (www.microrna.org/
microrna/home.do?tdsourcetag=s_pcqq_aiomsg).

Patient Enrollment

Twenty-eight patients with RB (12 males and 16 females)
with the mean age of 2.9 years diagnosed at The Second
Hospital of Jilin University between March 2017 and May
2018 were enrolled in this study. No patient had received
chemoradiotherapy before the operation. Subsequently, RB
tissues and the matched normal retinal tissues were collected
from the enucleation. All samples were diagnosed by two
pathologists for further study.

Cell Culture

RB cell lines (Y79, SO-Rb50, SO-Rb70) (National Infrastruc-
ture of Cell Line Resource, Beijing, China; www.cellresource.
cn/) and human retinal astrocyte cell line HRA (Shanghai
Zhongqiaoxinzhou Biotech Co., Ltd., Shanghai, China) were
enrolled in our study. Western blot analysis was conducted
to determine the RB cell lines that presented with the highest
FOXG1 expression, which were then selected for subsequent
experiments.

Cell Transfection

RB cell lines were transfected with miR-378a-3p mimic,
miR-378a-3p inhibitor, overexpressed FOXG1 plasmid (oe-
FOXG1), short hairpin targeting FOXG1 (sh-FOXG1), or
their negative controls (NC mimic, sh-NC and oe-NC) to
alter the expression of miR-378a-3p and FOXG1. The RB
cells were seeded into 12-well plates at a cell density of
3 × 105 cells/mL per well. When cell confluence reached
about 80%, the cells were transfected according to the proto-
col provided on the Lipofectamine 2000 Kit (11668019,
Thermo Fisher Scientific, Rockford, IL).

TABLE. Primer Sequences for RT-qPCR

Primer Sequence

miR-378-3p F: 5’-CTCAACTGGTGTCGTGGAGT-3’
R: 5’-GGGACTGGACTTGGAGTC-3’

U6 F: 5’-CTCGCTTCGGCAGCACA-3’
R: 5’-AACGCTTCACGAATTTGCGT-3’

F, forward; R, reverse.

RT-qPCR

TRIzol reagent (Invitrogen Inc., Carlsbad, CA) was used
for total RNA extraction from RB tissues and cells using
TRIzol reagent (Invitrogen). RNA concentration and purity
were then determined using a NanoDrop 2000 microul-
traviolet spectrophotometer (1011U, NanoDrop Technolo-
gies, Wilmington, DE). Next, the RNA was reversely tran-
scribed into cDNA in accordance with the manufacturer’s
instructions of TaqMan MicroRNA Assays Reverse Transcrip-
tion Primer (4427975, Applied Biosystems, Carlsbad, CA).
The miR-378a-3p primer was designed and synthesized by
Takara Bio Inc. (Otsu, Shiga, Japan) (Table). The real-time
qPCR was performed with ABI7500 qPCR instrument (7500,
ABI Company, Oyster Bay, NY). The fold changes were calcu-
lated using the relative quantification (2−��Ct) method with
U6 as an internal control.16

Western Blot Analysis

Western blot analysis was conducted following the proto-
col provided by Liu et al.18 The antibodies used were the
primary antibody, rabbit monoclonal antibody to FOXG1
(1:1000, ab196868), rabbit antibody to bcl-2–associated X
protein (Bax, 1:1000, ab32503), rabbit antibody to B-cell
chronic lymphocytic leukemia/lymphoma 2 (Bcl-2, 1:2000,
ab182858), rabbit antibody to CCND2 (1:1000, ab207604),
and rabbit antibody to glyceraldehyde-3-phosphate dehy-
drogenase (internal reference, ab9485, 1:2500) and the
secondary antibody, horseradish peroxidase-conjugated
goat anti-rabbit IgG H&L (ab97051, 1:2000, Abcam Inc.,
Cambridge, UK) for 1 hour.

Cell-Counting Kit 8 (CCK-8) Assay

The RB cell viability was detected by CCK-8 assay (CK04,
Dojindo Laboratories, Kumamoto, Japan) using cell counter
kit. The cells were incubated with 10 μL CCK-8 reagent at
37°C for 3 hours at 0, 24, 48, and 72 hours after transfec-
tion, the cells were incubated with 10 μL CCK-8 reagent at
37°C for 3 hours. Then, the optical density values of each
well were measured at 450 nm wavelength on a microplate
reader.

TUNEL

RB cells in the logarithmic growth phase with cell density
of 1 × 106 cells/mL were seeded on a cover glass in 6-well
plates. The 1in Situ Cell Death Detection Kit (11684795910,
Roche Diagnostics, Basel, Switzerland) was applied for cell
apoptosis assessment in strict accordance with the protocol.
Finally, five high-power visual fields were randomly selected
and the number of TUNEL-positive cells was counted.

http://www.targetscan.org/vert71/
http://www.exiqon.com/miRSearch
http://www.microrna.org/microrna/home.do?tdsourcetagspcqqaiomsg
http://www.cellresource.cn/
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Flow Cytometry

After 48 hours of transfection, the cells in each group
underwent centrifugation and re-suspension with PBS to
a cell density of 1 × 106 cells/mL, followed by fixa-
tion with 70% cold ethanol at 4°C for 4 hours, after
which the ethanol was then removed through centrifuga-
tion. The cells were suspended in 40 μL phosphate sodium
citrate, and allowed to stand at room temperature for
30 minutes. Next, the cells were resuspended with
100 μL PBS after centrifugation, followed by the addition
with RNaseA to a concentration of 50 mg/mL. The cells were
then incubated at 37°C for 1 hour and stained with 50 μL
propidium iodide solution (50 mg/mL) avoiding light expo-
sure at 4°C for 30 minutes. Finally, flow cytometer (FACScal-
ibur, Becton Dickinson, Franklin Lakes, NJ) was used for the
analysis of the cell cycle distribution.

After 48 hours of transfection, the cells were centrifuged
and then resuspended with PBS at 3 × 105 cells/mL. A
total of 500 μL cell suspension was incubated at room
temperature for 15 minutes with 5 μL Annexin-V-fluorescein
isothiocyanate and 10 μL propidium iodide. Cell apoptosis
was detected using the flow cytometer (FACScalibur, Becton
Dickinson).

Dual Luciferase Reporter Gene Assay

Based on the results obtained from the TargetScan database
(www.targetscan.org/vert_71/), miR-378a-3p was predicted
as the miRNA that could potentially regulate FOXG1. The
cDNA fragment of FOXG1 3′-untranslated region contain-
ing miR-378a-3p binding site was inserted into pmirGLO
vector. The cDNA fragment of FOXG1 3′-untranslated region
with mutated binding site was constructed by a site-
directed mutagenesis method and then inserted into the
pmirGLO vector. The inserted sequence was confirmed to
be correct by sequencing. PmirGLO-FOXG1 or pmirGLO-
mutant FOXG1 recombinant vector were cotransfected with
miR-378a-3p mimic or NC mimic into HEK293T cells using
the liposome transfection method, respectively, which was
followed by a 48-hour incubation. After that, the cells were
collected and lysed. An amount of 100 μL lysate super-
natant was added with 100 μL Renilla luciferase detection
reagent in order to detect the Renilla luciferase activity. In
addition, 100 μL lysate supernatant was mixed with Firefly
luciferase detection reagent to determine the activity of Fire-
fly luciferase. A multifunctional microplate reader Spectra-
Max M5 was used to measure the activity of Renilla luciferase
and Firefly luciferase, respectively.

Xenograft Tumor in Nude Mice

Twelve specific-pathogen-free male BALB/c nude mice aged
6 weeks and weighing 15 to 18 g were purchased from
Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai,
China). The Y79 cells in the logarithmic growth phase
were dispersed into cell suspension at a cell density of
1 × 107 cells/mL. The prepared Y79 cell suspension
(1 mL) that was prepared was subcutaneously injected into
left armpit of the nude mice with a syringe.19,20

When the tumor tissue size reached 50 mm3, the nude
mice were injected with miR-378a-3p agomir or NC agomir
at a dosage of 10 nmol/mouse once every 5 days for a
total of 5 weeks, 6 mice per treatment group. Five weeks
later, the mice were euthanized, followed by the extraction

of subcutaneous xenotransplanted tumors with the tumor
weight recorded. Finally, the tumor tissues were extracted
and analyzed by Western blot analysis.

Statistical Analysis

All statistical analyses were conducted using the SPSS 21.0
statistical software (IBM Corp., Armonk, NY, USA). Measure-
ment data were expressed as mean ± standard devia-
tion. Comparisons between RB and matched normal reti-
nal tissues were conducted using paired t-test. Compar-
isons of normally distributed data between two groups were
analyzed by independent sample t-test. Data among multi-
ple groups were analyzed by one-way ANOVA, followed by
Tukey’s post hoc test. A P value of less than 0.05 was consid-
ered to be statistically significant.

RESULTS

FOXG1 Expresses Highly in RB Tissues and Cells

To reveal the role of FOXG1 in RB cells, Western blot analysis
was performed to examine the expression of FOXG1. The
results revealed a remarkable increase in FOXG1 expression
in the RB tissues compared with the matched normal retinal
tissues (Figs. 1A, B). Compared with the HRA cell line, the
RB cell lines Y79, SO-Rb50, and SO-Rb70 presented with
significantly elevated FOXG1 expression (Figs. 1B, C). These
findings suggested that FOXG1 was overexpressed in RB.

Downregulated FOXG1 Inhibits Cell Cycle
Progression and Facilitates Cell Apoptosis in RB

The expression of FOXG1 in Y79 and SO-Rb50 cell lines
was altered by transfection with oe-FOXG1, sh-FOXG1#1,
or sh-FOXG1#2, the transfection efficiency of which was
detected by Western blot analysis. The data showed a
significant increase in the expression of FOXG1 in Y79
and SO-Rb50 cells transfected with oe-FOXG1, whereas the
FOXG1 expression was drastically lowered following trans-
fection with either sh-FOXG1#1 or sh-FOXG1#2, as shown in
Figure 2A and Supplementary Figure S1A. Next, the protein
expression of apoptosis-related proteins Bax and Bcl-2, as
well as CCND2 in Y79 and SO-Rb50 cells that were trans-
fected with oe-FOXG1 and sh-FOXG1 was measured using
Western blot analysis. The results showed that the protein
expression of Bcl-2 and CCND2 was upregulated, and the
protein expression of Bax was inhibited in Y79 and SO-Rb50
cells transfected with oe-FOXG1, which was opposite to the
changes in Y79 and SO-Rb50 cells that were transfected
with sh-FOXG1 (Fig. 2B, Supplementary Fig. S1B). CCK-8
assay was used for the assessment of cell viability, which
was found to be remarkably elevated after transfection with
oe-FOXG1, and reduced after transfection with sh-FOXG1
(Fig. 2C, Supplementary Fig. S1C). Furthermore, TUNEL
assay data showed that Y79 and SO-Rb50 cells had lower
apoptotic ability after oe-FOXG1 transfection, and elevated
apoptotic ability after transfection of sh-FOXG1 (Fig. 2D,
Supplementary Fig. S1D). The cell cycle and cell apoptosis
were determined by flow cytometry, and the results revealed
that the overexpressed FOXG1 led to decreased proportion
of cells at G0/G1 phase, increased proportion of cells at
S phase, and reduced apoptosis rate of RB cells; silencing
FOXG1 resulted in increased proportion of cells at G0/G1
phase, lowered proportion of cells at S phase, and elevated

http://www.targetscan.org/vert71/
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FIGURE 1. FOXG1 is expressed at a high level in RB tissues and cells. (A and B) Western blot analysis of FOXG1 protein expression in RB
tissues and matched normal tissues (n = 28) normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Comparisons between
two groups were analyzed by paired t-test. * P < 0.05 versus matched normal tissues. (C and D) Western blot analysis of FOXG1 in human
retinal astrocyte cell line HRA and RB cell lines Y79, SO-Rb50, and SO-Rb70 normalized to GAPDH. Statistical values were measurement
data and expressed as mean ± standard deviation. One-way ANOVA was used for comparisons of data among multiple groups, followed by
a Tukey’s post hoc test. # P < 0.05 versus the HRA cells. The experiment was repeated three times independently.

FIGURE 2. Silencing of FOXG1 inhibits Y79 cell growth and facilitates Y79 cell apoptosis in RB. Y79 cells were treated with oe-FOXG1, sh-
FOXG1#1 or sh-FOXG1#2. (A) Western blot analysis of FOXG1 protein expression after oe-FOXG1 and sh-FOXG1 transfection normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (B) Western blot analysis of Bcl-2, Bax, and CCND2 proteins normalized to GAPDH.
(C) Cell viability detected by CCK-8 assay. (D) Cell apoptosis tested by TUNEL assay (original magnification ×200×). (E, F) Cell cycle
distribution and apoptosis assessed by flow cytometry. Statistical values were measurement data and expressed as mean ± standard deviation.
Independent t-test was used to compare the data between two groups. * P < 0.05 versus the oe-NC-transfected Y79 cells. # p < 0.05 versus
the sh-NC-transfected Y79 cells. The experiment was repeated three times independently.
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FIGURE 3. miR-378a-3p targets and negatively regulates FOXG1. (A) Prediction of regulatory miRNAs of FOXG1. The three circles in the figure
represent the predicted results of miRNAs regulating FOXG1 in TargetScan database, miRSearch database and miRNA database, respectively,
and the intersected area represents the intersected miRNAs. (B) The expression of miR-378a-3p and miR-422a in RB and normal tissues
detected by RT-qPCR. (C) The expression of miR-378a-3p and miR-422a in human retinal astrocyte cell line HRA and RB cell line Y79 tested
by RT-qPCR. (D) The binding of miR-378a-3p to FOXG1 verified by dual luciferase reporter gene assay. (E) The expression of miR-378a-3p
after miR-378a-3p mimic and miR-378a-3p inhibitor transfection measured by RT-qPCR. (F) Western blot analysis of FOXG1 protein after
miR-378a-3p mimic and miR-378a-3p inhibitor transfection. Statistical values were measurement data and expressed as mean ± standard
deviation. Independent sample t-test was used for comparison of data between two groups. * P < 0.05 versus the normal tissues or the HRA
cells. # P < 0.05 versus the NC mimic-transfected Y79 cells. & P < 0.05 versus the NC inhibitor-transfected Y79 cells. The experiment was
repeated three times independently.

apoptosis rate of RB cells (Fig. 2E). These findings indicated
that the downregulation of FOXG1 could contribute to the
suppression of cell viability and promotion of cell apoptosis
in RB.

FOXG1 Is a Target Gene of miR-378a-3p

Microarray-based gene expression profiling was performed
to predict the potential mechanism of FOXG1 in RB progres-
sion. The upstream regulatory miRNAs of FOXG1 were
predicted by TargetScan database, miRSearch database, and
miRNA database. Two intersected miRNAs were found,
namely, has-miR-422a and has-miR-378a-3p (Fig. 3A). Based
on the results from the RT-qPCR, RB tissues showed signif-
icantly reduced expression of has-miR-422a and has-miR-
378a-3p, in comparison with normal tissues and HRA cells,
whereas the expression of has-miR-378a-3p presented with
a larger fold change than that of has-miR-422a (Figs. 3B,
C). The results from dual luciferase reporter gene assay
displayed the decrease in the luciferase activity of FOXG1-
wild type was caused upon miR-378a-3p mimic trans-
fection, whereas the luciferase activity of FOXG1-mutant
remained unaffected following miR-378a-3p mimic trans-
fection (Fig. 3D), indicating that miR-378a-3p could bind
to FOXG1. miR-378a-3p expression in RB cell line Y79
was upregulated by transfection with miR-378a-3p mimic or
downregulated by transfection with miR-378a-3p inhibitor

to further investigate the regulation of miR-378a-3p on
FOXG1 (Fig. 3E). Subsequent Western blot analysis provided
data that FOXG1 protein expression in Y79 cells trans-
fected with miR-378a-3p mimic was notably lowered, while
it was elevated when transfected with miR-378a-3p inhibitor
(Fig. 3F). These findings suggest that FOXG1 could be
targeted and downregulated by miR-378a-3p.

miR-378a-3p Downregulates FOXG1 to Inhibit
Cell Viability and Promote Cell Apoptosis in RB

Y79 and SO-Rb50 cells were cotransfected with NC-mimic
and oe-NC, miR-378a-3p mimic and oe-NC, or mir-378a-3p
mimic and oe-FOXG1 to further investigate the regulatory
effect of miR-378a-3p on FOXG1 and its impact on RB. The
protein expression of FOXG1, Bax, Bcl-2, and CCND2 in each
group was evaluated by Western blot analysis. Compared
with cotransfection with NC-mimic and oe-NC, the FOXG1
expression was significantly decreased after cotransfection
with miR-378a-3p mimic and oe-NC. However, the expres-
sion of FOXG1 was profoundly increased upon cotrans-
fection with miR-378a-3p mimic and oe-FOXG1 relative to
cotransfection with miR-378a-3p mimic and oe-NC (Fig. 4A,
Supplementary Fig. S2A). The results from Western blot
analysis demonstrated that the protein expression of Bcl-
2 and CCND2 was remarkably downregulated, and the
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FIGURE 4. Upregulated miR-378a-3p results in hindered viability and promoted apoptosis of Y79 cells by inhibiting FOXG1. Y79 cells were
cotransfected with NC-mimic and oe-NC, miR-378a-3p mimic and oe-NC, or miR-378a-3p mimic and oe-FOXG1. (A) Western blot analysis of
FOXG1 protein normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (B) Western blot analysis of Bcl-2, Bax, and CCND2
proteins normalized to GAPDH. (C) Cell proliferation assessed by CCK-8 assay. (D) Cell apoptosis measured by TUNEL assay (original
magnification ×200). (E, F) Cell cycle distribution and apoptosis detected by flow cytometry. Statistical values were measurement data and
expressed as mean ± standard deviation. One-way ANOVA was used for comparison of data among multiple groups, followed by a Tukey
multiple comparisons post-test. * P < 0.05 versus Y79 cells cotransfected with NC-mimic and oe-NC. # P < 0.05 versus Y79 cells cotransfected
with miR-378a-3p mimic and oe-NC. The experiment was repeated three times independently.

protein expression of Bax was markedly increased as a
result of miR-378a-3p overexpression, all of which were
reversed by overexpression of FOXG1 (Fig. 4B, Supple-
mentary Fig. S2B). CCK-8 assay data displayed that the
viability of RB cells was significantly decreased after the
overexpression of miR-378a-3p, which was then reversed
upon overexpression of FOXG1 (Fig. 4C, Supplementary
Fig. S2C). Results of the TUNEL assay revealed a remarkable
increase in cell apoptosis following miR-378a-3p elevation,
while this increase induced by miR-378a-3p overexpression
was decreased when the expression FOXG1 was restored
(Fig. 4D, Supplementary Fig. S2D). Similar results were
obtained by flow cytometry, which showed that the propor-
tion of cells was notably increased in G0/G1 phase, then
decreased in S phase, and the cell apoptosis rate was signif-

icantly increased when miR-378a-3p was elevated. However,
the changes triggered by miR-378a-3p overexpression were
all reversed upon upregulation of FOXG1 (Fig. 4E, Supple-
mentary Fig. S2E). These findings showed that miR-378a-3p
could restrain the cell cycle progression and promote the
apoptosis of RB cells, and the overexpression of FOXG1
could reverse the inhibitory effect of miR-378a-3p on RB
cells.

Elevated miR-378a-3p Delays Tumor Growth in
RB In Vivo

A xenograft model was established in nude mice and tumor
formation was observed and recorded to further elucidate
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FIGURE 5. Restored miR-378a-3p leads to suppression of tumor
growth in RB in vivo. (A) Xenograft tumors in nude mice after
injection with NC-agomir or miR-378a-3p agomir. (B and C) Quan-
titative analysis of tumor volume and weight after injection with
NC-agomir or miR-378a-3p agomir. (D) Western blot analysis of Bcl-
2, Bax and CCND2 proteins in response to overexpression of miR-
378a-3p normalized to glyceraldehyde-3-phosphate dehydrogenase.
Statistical values were measurement data and expressed as mean
± standard deviation. Independent t-test was used for comparison
of data between two groups. * P < 0.05 versus the tumor-bearing
nude mice injected with NC-agomir (n = 6).

the effect of miR-378a-3p on RB in vivo. The results
suggested that compared with the tumor-bearing nude mice
injected with NC-agomir, the tumor volume and weight of
tumor-bearing nude mice injected with miR-378a-3p agomir
were remarkably reduced (Figs. 5A–C). The expression of
Bcl-2 and CCND2 in tumor tissues from tumor-bearing nude
mice detected by RT-qPCR markedly decreased, whereas
the expression of Bax was significantly upregulated follow-
ing the overexpression of miR-378a-3p (Fig. 5D). Thus, we
concluded that miR-378a-3p overexpression could result in
the inhibition of tumor growth in vivo.

DISCUSSION

RB is the most common intraocular malignancy among
children across the globe, with hereditary or nonheredi-
tary (sporadic) malignant forms.21 Systemic chemotherapy
is the first-line therapeutic treatment, and considering the
efficiency of the target tumor by systemic chemotherapy,
local anticancer drug administration would be beneficial to
increase the local drug concentration and minimize side
effects of chemotherapy.22 Notably, small molecules are
reported to be attractive treatment targets with regard to
their therapeutic significance to RB.23,24 The present study
found highly expressed FOXG1 in RB, and FOXG1 was
confirmed as one target gene of miR-378a-3p. The main find-
ings indicated that miR-378a-3p exerted an inhibitory effect
on RB cell proliferation by targeting FOXG1.

The data obtained from Western blot analysis revealed an
increase in FOXG1 expression in the RB tissues and cells.
FOXG1, as a member of forkhead box family considered to
be the key regulator of self-renewal and differentiation of
neural stem cells, was also identified as one of the factors
involving neurodevelopmental transcription.25 Upregulated
levels of FOXG1 was found in glioma tissues, and its upreg-
ulation was positively linked to glioma malignancy.26 FOXG1
expression was also found to have a positive correlation with
the disease progression of glioblastoma multiforme, which
is one of the most common malignancies of the brain.27

Previous research demonstrated that the decreased expres-
sion of FOXG1 inhibited the tumor growth in a xenograft
mouse model of medulloblastoma.17 The downregulation
of FOXG1 has been proven to prevent the occurrence of
carcinogenicity of brain tumor-initiating cells.14 Given the
importance of FOXG1 in the brain tumor glioblastoma and
medulloblastoma, it was inferred that FOXG1 would also
have a role in the neuronally originated RB. In the present
study, downregulation of FOXG1 was found to have the abil-
ity to restrain cell growth and cell cycle entry, while promot-
ing cell apoptosis in RB, which was consistent with previous
studies.

Additionally, miRNAs have been elucidated to be func-
tional to the clinical management of glioblastoma and
medulloblastoma.28,29 Therefore, subsequent attempts were
made to explore the regulatory potential of miRNAs in RB.
The results from RT-qPCR assay in our study revealed that
miR-378a-3p was downregulated in RB cells. This result
was in line with a previous study that showed downregu-
lated miR-378a-3p expression in ovarian cancer,30 as well
as in CRC cells.31 Wu et al.32 also suggested that the ectopic
expression of miR-378a-3p resulted in the inhibition of cellu-
lar proliferative and colony-forming abilities, and induced
apoptosis along with G1-phase cell cycle arrest in colorec-
tal cancer. The enforced expression of miR-378a-3p has also
been shown to contribute to the reduction in cell prolifer-
ation and proliferation-associated proteins in lung cancer.33

Similarly, accumulating data have implied that the implica-
tions of miRNAs in the progression of RB, such as miR-22-3p
and miR-443,34,35 supporting the validation of our findings.
In this study, we provided evidence that enhanced miR-378a-
3p could inhibit RB cell growth and induce cell apoptosis,
which further supports the aforementioned tumor suppres-
sive role of miR-378a-3p. Furthermore, miR-378a-3p role of
suppressing the growth of RB cells was further confirmed
by in vivo experiments.

In addition, the dual luciferase reporter gene assay data
revealed that FOXG1 was a target of miR-378a-3p and nega-
tively regulated by miR-378a-3p. FOXG1 is also reported to
be regulated by other miRNAs and underlies the regulation
of miRNAs in other diseases. An example of such is that miR-
9 can regulate Cajal-Retzius cell differentiation and neuro-
genesis in telencephalon by targeting FOXG1.36 Meanwhile,
the rescue experiments in the present study suggested that
elevated levels of miR-378a-3p impeded cell cycle progres-
sion and promoted cell apoptosis in RB through the down-
regulation of FOXG1. The overexpression of miR-378a-3p
could enhance the sensitivity of breast cancer cells to tamox-
ifen via negatively regulating the oncogene GOLT1A.37 miR-
378a-3p could strengthen the sensitivity of ovarian cancer
cells to cisplatin by targeting MAPK1/GRB2 and exerting
its antitumor effect.30 Similarly, miR-378a-3p played a role
as a tumor suppressor by targeting Rab10 to slow the
progression of esophageal squamous cell carcinoma.13 All
of these findings from previous studies partially supported
the conclusion of our results indicating that miR-378a-3p
might function as an anti-tumor miRNA in RB by targeting
FOXG1.

Taken together, the key observations of our data
suggested that miR-378a-3p could downregulate the expres-
sion of FOXG1, thereby restraining the cell growth and
inducing cell apoptosis of RB cells. Therefore, the identi-
fication of miR-378a-3p and its potential role in mediating
FOXG1 may provide insights into understanding the mech-
anisms and pathogenesis of RB. However, more in-depth
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investigations are required to elucidate the specific mech-
anisms of miR-378a-3p that interplays with FOXG1 in the
biology of RB.
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