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microRNA-124-3p inhibits the progression of congenital
hypothyroidism via targeting programmed cell death protein 6
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Abstract. The incidence of congenital hypothyroidism
(CH) in newborn infants ranges from 1 in 3,000 to 1 in
4,000. Previous studies have indicated the neuroprotective
role of microRNA (miR)-124-3p, however the expression
and role of miR-124-3p in CH remain unclear. Therefore,
the present study was performed to investigate the role
and precise molecular mechanism of miR-124-3p in CH.
Propylthiouracil (50 mg/day) was injected into the stomach
of pregnant rats from gestational day 15 until parturition in
order to establish a thyroid hypofunction model. Newborn
rats were divided into the following four groups: The control
group; the thyroid hypofunction group; the miR-124-3p
mimic group; and the miR-124-3p negative control group.
Reverse transcription-quantitative polymerase chain reaction
indicated that miR-124-3p was significantly decreased in the
hippocampus of the thyroid hypofunction group compared
with the control group. Bioinformatics software was used
to predict mRNA targets recognized by miR-124-3p and the
programmed cell death protein 6 (PDCD6) 3' untranslated
region (UTR) was demonstrated to exhibit the seed sequence
of miR-124-3p. The interaction between miRNA-124-3p and
PDCD6 was then verified using a dual-luciferase reporter
assay system. PDCDG6 expression was significantly increased
in the hippocampus of rats with CH compared with the
control group. Flow cytometry was performed to investigate
the effects of miR-124-3p on neuronal cell apoptosis and the
results indicated that the apoptosis rate in the thyroid hypo-
function group was significantly increased compared with the
control group; this increase was reversed by transfection with
miR-124-3p mimics. Western blot analysis was used to detect
the levels of cleaved poly [ADP-ribose] polymerase (PARP),
full-length PARP, caspase-3, B cell lymphoma-2 (Bcl-2)
and Bcl-2-associated X protein (Bax) proteins. The results
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indicated that the expression of cleaved PARP, caspase-3
and Bax protein were significantly increased and the expres-
sion of full-length PARP and Bcl-2 protein was significantly
decreased compared with the control group. These effects
were reversed by miRNA-124-3p mimic transfection. Taken
together, the results of the present study demonstrate that
miRNA-124-3p serves a protective role in CH via targeting
PDCDG6.

Introduction

Congenital hypothyroidism (CH) is defined as thyroid hormone
deficiency at birth and is one of the most frequent preventable
causes of mental retardation; however, the majority of infants
with CH do not exhibit obvious clinical manifestations at
birth (1). In hypothyroidism, type 2 deiodinase is adapted to
increase the conversion of the prohormone thyroxine to the
biologically active triiodothyronine (2). Thyroid hormone
serves a pivotal role in the development of the mammalian
brain and its dyssynthesis, paracrisis or lack of biological
effects may be caused by hypothyroidism (3). CH results
in various developmental disorders (4). The incidence in
newborn infants ranges from 1 in 3,000 to 1 in 4,000 (5)
and is markedly higher in preterm compared with full term
infants (6).

Previous studies have demonstrated the importance of
timely treatment for neurologic outcome, which was indicated
by an inverse correlation between intelligence quotient and
the age of diagnosis (7,8). Despite early diagnosis of CH,
neurologic maldevelopment may also occur when treatment
is not optimized in the first 2-3 years of life (9). It is therefore
important for patients with CH to receive early treatment and
close follow up.

MicroRNAs (miRNAs or miRs) are short non-coding
RNAs, which regulate post-transcriptional gene
silencing (10). Thousands of miRNAs have been identified
in a variety of species (11). Binding of miRNA to the 3'
untranslated region (UTR) may degrade target mRNA and
block translation (12). Previous studies have suggested the
role of miRNAs in nervous system diseases, including auto-
immune neuroinflammation (13), Alzheimer's disease (14)
and Parkinson's disease (15). miR-124-3p may also attenuate
matrix metalloproteinase-induced neuronal injury via
regulating signal transducer and activator of transcription 3
expression in SH-SYSY cells (16). Huang et al (17) suggested
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that miR-124-3p may inhibit neuronal inflammation
induced by traumatic brain injury and contributes to neurite
outgrowth. Furthermore, miR-124-3p serves a neuroprotec-
tive role in the 6-hydroxydopamine-induced cell model of
Parkinson's disease via regulating ANAXS5 (18). miR-124
was also demonstrated to protect neurons from apoptosis in
newborn rats with thyroid hypofunction (19). However, the
expression and role of miR-124-3p in thyroid hypofunction
remains unclear. Therefore, the present study was performed
to investigate the role and precise molecular mechanism of
miR-124-3p in CH.

Materials and methods

Animal model. A total of 12 pregnant Sprague Dawley
rats (body weight, 200+10 g; ~6 week old) were kept in
Qingdao Women and Children's Hospital (Shandong, China)
in appropriate-sized cages at room temperature and a
humidity of 55%. Mice were subjected to a 12 h light/dark
cycle and had ad libitum access to standard pellet feed and
water. Propylthiouracil (50 mg/day; Beyotime Institute of
Biotechnology, Haimen, China) was injected intraperitone-
ally into pregnant rats at gestational day 15 each day until
parturition in order to establish the thyroid hypofunction
rat model as previously described (20). Following anesthe-
tization with intraperitoneal injection of 2% pentobarbital
sodium (40 mg/kg), newborn rats (12 days old) were fixed
on stereotaxic apparatus and their skulls were opened
at 1.0 mm from the former fontanel and 1.7 mm from the
mid-line. Thereafter, a micro syringe was inserted verti-
cally 3.8 mm at 15 gm/sec and mice were injected with 5 ul
1 nmol/l miR-124-3p mimic solution or miR-124-3p nega-
tive control (NC) solution (Shanghai GenePharma Co., Ltd.,
Shanghai, China) as previously described (21). Newborn
rats were divided into the following four groups (each n=5):
The control group, the thyroid hypofunction group, the
miR-124-3p mimic group and the miR-124-3p NC group.
The present study was approved by the Animal Ethics
Committee of Qingdao Women and Children's Hospital
(Qingdao, China).

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). At day 15 following birth, newborn rats were
sacrificed and the hippocampus was harvested. Total RNA
was extracted from the hippocampus using a PrimeScript
reverse transcription reagent kit (Takara Biotechnology Co.,
Ltd., Dalian, China) in accordance with the manufacturers'
protocols. cDNA was synthesized by RT using the following
primers: miR-124-3p, 5'-GTCGTATCCAGTGCAGGGTCC
GAGGTATTCGCACTGGATACGACGGCATT-3"; and U6,
5-AAAATATGGAACGCTTCACGAATTTG-3". PCR was
conducted using the following primers: miR-124-3p, forward,
5'-GCTAAGGCACGCGGTG-3' and reverse, 5-GTGCAG
GGTCCGAGGT-3"; U6, forward 5'-CTCGCTTCGGCA
GCACATATACT-3' and reverse 5-ACGCTTCACGAATTT
GCGTGTC-3"; PDCD6, forward 5'-ATGGCCGCCTACTCT
TACC3' and reverse STCCTGTCTTTATCGACCCTCT
G3'; GAPDH, forward 5'CTTTGGTATCGTGGAAGGACT
C3' and reverse 55GTAGAGGCAGGGATGATGTTCT3'. The
thermocycling conditions were as follows: 5 min at 95°C and

LI et al: ROLE OF miR-124-3p IN THE PROGRESSION OF CH

40 cycles of 30 sec at 95°C, 30 sec at 60°C and 30 sec at 72°C.
Gene expression was normalized to U6 with using the 2444
method (22). This experiment was performed in accordance
with a previous study (19).

Cell culture. Neurons were isolated from the hippocampus
of rats in the four groups. The cerebral cortices of rats
were dissected under an inverted microscope (Olympus
Corporation, Tokyo, Japan; magnification: x40). Neurons were
seeded in poly-D lysine-coated plates at a concentration of
1x10° cells/ml and cultured in Dulbecco's modified Eagle's
medium (Gibco; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) and 10% fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc.) for 4-6 h at 37°C. Subsequently, the cell culture
medium was replenished with neurobasal medium (Gibco;
Thermo Fisher Scientific, Inc.), 2% B27, 100 U/ml penicillin,
100 g/ml streptomycin and 0.5 mM glutamine (Gibco; Thermo
Fisher Scientific, Inc.) and neurons were cultured in a incubator
at 37°C in an atmosphere containing 5% CO,. The culture
medium was changed every 3 days.

Transfection with miRNA mimics. Neurons were seeded
in 6-well plates (5x10* cells per well) and transfected with
50 nM miR-124-3p mimics or 50 nM miR-124-3p nega-
tive control (NC; both Shanghai GenePharma Co., Ltd.)
using Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocol, following the attain-
ment of 60-70% confluence. After 24 h, neurons were collected
for subsequent experiments.

Flow cytometry. Cell apoptosis and the cell cycle were
analyzed in the present study using a flow cytometer (FCM,;
BD Biosciences, Franklin Lakes, NJ, USA). Neurons
(1x10° cells/well) were digested with 0.025% trypsin, washed
with PBS and fixed in 70% cold ethanol at 4°C overnight.
Subsequently, propidium iodide (PI, Sigma Aldrich; Merck
KGaA, Darmstadt, Germany), RNaseA and 0.2% Triton X-100
were added to cells and incubated at 4°C for 30 min in the
dark.

Neurons were adjusted to give a concentration of
1x109 cells/ml prior to the flow cytometry assay. The cell
apoptosis rate was detected at 1 h following the addition of
5 pl fluorescein isothiocyanate-labeled Annexin V and 5 ul
PI (cat. no. 6592; Cell Signaling Technology, Inc., Danvers,
MA, USA). The cell number at each phase was analyzed
using FlowJo software 7.6.1 (Tree Star Inc., Ashland, OR,
USA).

Western blot analysis. At 24 h post-transfection, neurons
were digested with lysis buffer (Cell Signaling Technology,
Inc.). Proteins were quantified using a BCA assay (Thermo
Fisher Scientific, Inc.). Total protein (25 ug per lane) was
separated by 10% SDS-PAGE, transferred to polyvinylidene
fluoride membranes and blocked with 5% bovine serum at
room temperature for 1.5 h. Membranes were incubated with
primary antibodies against caspase-3 (cat. no. 9665), B-cell
lymphoma 2 (Bcl-2; cat no. 4223), Bcl-2-associated X protein
(Bax; cat. no. 5023), cleaved poly ADP-ribose polymerase
(PARP; cat. no. 5625) and PARP (cat. no. 9532) (all 1:1,000; all
Cell Signaling Technology, Inc.) at 4°C overnight. $-actin (cat.
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Figure 1. miR-124-3p was downregulated in rats with CH. Values are
expressed as the mean =+ standard deviation. Tests were performed in
triplicate. “P<0.01 vs. the control group; *P<0.01 vs. the TH group.
miR-124-3p, microRNA-124-3p; CH, congenital hypothyroidism; con, the
control group; TH, the thyroid hypofunction group; NC, the miR-124-3p NC
group; mimic, the miR-124-3p mimics group.

no. 4970; 1:5,000; Cell Signaling Technology, Inc.) was used
as an internal control. Membranes were then incubated with
horseradish peroxidase-conjugated secondary antibodies (cat.
no. ab191866 and ab218695; 1:1,000; Abcam, Cambridge, UK)
at room temperature for 1 h. Bands were quantified using
enhanced chemiluminescence (cat. no. 6883; Cell Signaling
Technology, Inc.). Each protein level was normalized to
[-actin (cat. no. 4970). The band density was quantified with
Gel-Pro Analyzer densitometry software (Version 6.3, Media
Cybernetics, Inc., Rockville, MD, USA).

Dual luciferase reporter assays. Bioinformatics software
(http:/www.microrna.org/microrna/home.do and http:/www.
targetscan.org/vert_71/) was used to predict the potential
targets of miR-124-3p and programmed cell death protein 6
(PDCD6) was identified as a promising target of miR-124-3p.
The vectors named PDCD6-3'UTR-wild type (WT) and
PDCD6-3'UTR-mutant (MUT) (GeneCopoeia, Inc.,
Rockville, MD, USA) with wild type and mutated 3'UTRs of
PDCD6 mRNA were used to investigate whether miR-124-3p
directly targets the 3'UTR of PDCD6. Cells (5x10* cells per
well) were seeded in 24-well plates and co-transfected with
PDCD6-3'UTR-WT (2 ug) or PDCD6-3'UTR-MUT (2 pg)
plasmid and miR-124-3p mimics (50 nM) or miR-124-3p NC
(50 nM) using Lipofectamine® 2000 (Thermo Fisher Scientific,
Inc.). After 24 h, relative firefly and Renilla luciferase activi-
ties were detected using a dual luciferase reporter assay kit
(Promega Corporation, Madison, WI, USA) in accordance
with the manufacturer's protocol. Firefly luciferase activity
was used as a control.

Statistical analysis. Statistical analyses were conducted using
SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). Numerical data
are expressed as the mean + standard deviation. Differences
among multiple groups were analyzed with one-way analysis
of variance followed by a Student's Newman Keul's-Q test.
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P<0.05 was considered to indicate a statistically significant
difference.

Results

miR-124-3p was downregulated in rats with CH. The results
of RT-qPCR indicated that the expression of miR-124-3p was
significantly decreased in the hippocampus tissues of rats
with CH compared with the control group. Compared with
the TH model group, the level of miR-124-3p significantly
increased in the hippocampus tissues of CH rats treated with
the miR-124-3p mimic. However, no significant differences
were identified between the NC and TH groups (Fig. 1).

Bioinformatics analysis. Many potential targets of miR-124-3p
were identified, however the PDCD6 3'UTR exhibited the seed
sequence of miR-124-3p (Fig.2A). PDCD6 is a calcium-binding
modulator protein, which regulates cell proliferation and apop-
tosis (23,24), indicating a promising role in CH development.
Therefore, PDCD6 was used for subsequent experiments.

miR-124-3p targeted PDCD6 3'UTR. The interaction between
miRNA-124-3p and PDCD6 was verified using a dual-lucif-
erase reporter assay system. miRNA-124-3p significantly
inhibited the luciferase activity in the PDCD6-wt group but
not in the PDCD6-mut group (Fig. 2B).

PDCD6 was upregulated in rats with CH. The results
indicated that the mRNA and protein levels of PDCD6
were significantly increased in the hippocampus tissues
of rats with CH compared with that in the control group.
Compared with the model group (TH), the level of PDCD6
significantly decreased in the hippocampus tissues of CH
rats treated with the miR-124-3p mimic. However, no
significant differences were identified between the NC and
TH groups (Fig. 3).

miR-124-3p protected neurons from apoptosis. The results
of flow cytometry demonstrated that thyroid hypofunction
induced cell apoptosis, which was significantly inhibited by
miR-124-3p mimics compared with the control group (Fig. 4).
No significant difference in neuronal cell apoptosis was
observed between the thyroid hypofunction and miR-124-3p
NC groups (Fig. 4). The results of the flow cytometric analysis
were confirmed by analyzing PARP cleavage. Cleavage of
PARP was significantly increased in the thyroid hypofunction
group compared with the control group and this increase was
significantly reversed by transfection with miRNA-124-3p
mimics. No significant difference in the expression of PARP
cleavage in neuronal cells was observed between the thyroid
hypofunction group and miR-124-3p NC group (Fig. 5).

miR-124-3p reversed the thyroid hypofunction-induced
upregulation of caspase-3 and Bax and the downregulation
of Bcl-2. No significant difference was observed in the expres-
sion of caspase-3, Bax and Bcl-2 in neuronal cells between
the thyroid hypofunction group and miR-124-3p NC group
(Fig. 6). Thyroid hypofunction significantly increased the
expression of caspase-3 and Bax proteins, while the expression
of Bcl-2 protein was significantly decreased compared with
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Figure 2. miR-124-3p targeted the PDCD6 3'UTR. (A) Bioinformatics analysis revealed that PDCD6 3'UTR exhibits the seed sequence of miR-124-3p.
(B) miRNA-124-3p significantly inhibited the luciferase activity in the PDCD6-WT group but not in the PDCD6-MUT group. Values are expressed as the
mean + standard deviation. Tests were performed in triplicate. “P<0.01 vs. miR-NC. miR-124-3p, microRNA-124-3p; PDCD6, programmed cell death protein 6;
UTR, untranslated region; LUC, luciferase; PDCD6-WT, PDCD6-wild type plasmid group; PDCD6-MUT, PDCD6-negative control group; miR-NC, negative

control microRNA group; miR-124-3p, miR-124-3p group.
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Figure 3. Western blot analysis/RT-qPCR demonstrated that PDCD6
was upregulated in CH rats. Values are expressed as the mean + standard
deviation. Tests were performed in triplicate. “P<0.01 vs. the control group;
"P<0.05 vs. the TH group. Con, the control group; TH, the thyroid hypofunc-
tion group; NC, the miR-124-3p NC group; mimic, the miR-124-3p mimics
group; PDCD6, programmed cell death protein 6.

the control group; this effect was reversed by transfection with
miRNA-124-3p mimics (Fig. 6).

Discussion

The results of the present study indicate that the expres-
sion of miR-124-3p was significantly decreased and the
expression of PDCD6 was significantly increased in the
hippocampus of rats with CH in comparison with the control
group. miR-124-3p protected neurons from thyroid hypo-
function-induced apoptosis. Thyroid hypofunction induced
Caspase-3 and Bax protein expression and reduced Bcl-2
protein expression. However, these changes were eliminated
by miR-124-3p via the targeting of PDCD6. In conclusion,
it was demonstrated that miRNA-124-3p serves a protective
role in CH.

CH is one of the most frequent preventable causes of
mental retardation and leads to multiple developmental
disorders (4). Despite early diagnosis of CH in infants,
neurologic maldevelopment may also occur if treatment is
not optimized in the first 2-3 years of life (9). Therefore,
it is important for infants to receive optimized treatment.

miRNAs serve a role in nervous system diseases, including
autoimmune neuroinflammation (13), Alzheimer's
disease (14) and Parkinson's diseases (15). A previous study
indicated that the expression of miR-124 was downregulated
in newborn rats with thyroid hypofunction (19). However, the
target genes of miR-124 remain unknown. Furthermore, as
a sub-member of miR-124, the level and role of miR-124-3p
in CH remains unclear. Therefore, the present study was
performed to investigate the role and precise molecular
mechanism of miR-124-3p in CH.

RT-qPCR was performed to investigate changes in the
expression of miR-124-3p in CH. The results indicated that
miR-124-3p was significantly decreased in the hippocampus
of rats with CH compared with the control group, which
is consistent with a previous study (19). Bioinformatics
analysis was used to predict the possible target genes of
miR-124-3p. The PDCD6 3'UTR exhibited the seed sequence
of miR-124-3p. The interaction between miRNA-124-3p and
PDCD6 was then verified using a dual Luciferase reporter
assay system. PDCD6 is a calcium-binding modulator protein
that regulates cell proliferation and death (23,24). Aberrant
expression of PDCD6 has been observed in various types of
human cancer and may act as either an oncogene or a tumor
suppressor. For instance, PDCD6 was recently reported to be
a tumor suppressor and may be a potential therapeutic target
in glioblastoma (25); reintroduction of PDCD6 significantly
reverses the effects of miR-183 in enhanced cell cycle/prolif-
eration and inhibits the apoptosis of leukemia cell lines (26);
and PDCD6 was highly expressed in metastatic ovarian
cancer and induced cell migration/invasion (27). In the
present study, RT-qPCR was used to detect the differential
expression of PDCD6 in CH and the results indicated that
PDCD6 was significantly increased in the hippocampus of
rats with CH compared with the control group. These results
were consistent with those of a previous study (27). The results
also indicated a negative correlation between miR-124-3p and
PDCDG6.

It has previously been demonstrated that miR-124 protects
neurons against apoptosis in cerebral ischemic stroke (28).
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Figure 4. miR-124-3p protected neurons from apoptosis. (A) Flow cytometry analysis indicated that thyroid hypofunction induced apoptosis, while apoptosis
was remarkably inhibited by miR-124-3p mimics compared with the control group. (B) Quantification of flow cytometry analysis. Values are expressed as
the mean + standard deviation. Tests were performed in triplicate. “P<0.01 vs. the control group; #P<0.01 vs. the TH group. miR-124-3p, microRNA-124-3p;
Con, the control group; TH, the thyroid hypofunction group; NC, the miR-124-3p negative control group; mimic, the miR-124-3p mimics group; PI, propidium

iodide.
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Figure 5. miR-124-3p reversed thyroid hypofunction-induced upregulation of PARP cleavage. (A) Western blot analysis of PARP expression and PARP
cleavage. (B) Quantification of western blots. Values are expressed as the mean + standard deviation. Tests were performed in triplicate. “P<0.01 vs. the control
group; "P<0.01 vs. the TH group. miR-124-3p, microRNA-124-3p; PARP, Poly ADP-ribose polymerase 1; con, the control group; TH, the thyroid hypofunction

group; NC, the miR-124-3p NC group; mimic, the miR-124-3p mimics group.
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Figure 6. miR-124-3p reversed thyroid hypofunction-induced
upregulation of caspase-3 and Bax, while the expression of Bcl-2 was down-
regulated. (A) Western blot analysis of the expression of Bcl-2, caspase-3
and Bax in each group. (B) Quantification of the expression of Bcl-2 in
each group. (C) Quantification of the expression of caspase-3 in each group.
(D) Quantification of the expression of Bax in each group. Values are expressed
as the mean + standard deviation. Tests were performed in triplicate. “P<0.01
vs. the control group; “P<0.05 vs. the TH group; *P<0.01 vs. the TH group.
miR-124-3p, microRNA-124-3p con, the control group; TH, the thyroid
hypofunction group; NC, the miR-124-3p NC group; mimic, the miR-124-3p
mimics group; Bel-2, B-cell lymphoma 2; Bax, Bel-2-associated X protein.

The results of the present study demonstrated that the
thyroid hypofunction group had the highest rate of apoptosis,
whereas transfection with miR-124-3p mimics significantly
decreased this effect, consistent with previous studies (19,28).
Apoptosis-associated proteins were further detected in the
present study using western blot analysis.

Caspase-3 is a member of the cysteine-aspartic acid
protease family, which is encoded by the CASP3 gene (29).
Caspase-3 is activated in apoptotic cells by the extrinsic and
intrinsic pathways (30). In addition, Bax was the first identi-
fied pro-apoptotic member of the Bcl-2 protein family (31)
and Bcl-2 itself is an important anti-apoptotic protein (32).
In the present study, the protein levels of Caspase-3 and
Bax were significantly increased, whereas the expression of
Bcl-2 was significantly decreased in the thyroid hypofunc-
tion group. These effects were reversed by transfection with
miRNA-124-3p mimics.

In conclusion, the results of the present study demonstrate
that miRNA-124-3p serves a protective role in CH via targeting
PDCD6. miR-124-3p may therefore be a potential therapeutic
target for the treatment of infants with CH. However, as
miR-124-3p has various target genes, the role and underlying
mechanism of miR-124-3p in CH progression remain largely
unknown. Thus, further study is required to support the
conclusions drawn from the present study.
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