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Abstract. MicroRNAs (miRs) are a class of endogenous 
small non-coding RNAs that have been revealed to negatively 
mediate the expression of their target genes at the post-tran-
scriptional level. Recently, particular miRs have demonstrated 
an involvement in the pathogenesis of Alzheimer's disease 
(AD). However, the specific role of miR‑135b in AD has yet 
to be elucidated. The present study aimed to investigate the 
neuroprotective role of miR‑135b, in addition to its underlying 
mechanism. Herein, reverse transcription-quantitative poly-
merase chain reaction was conducted to determine miR‑135b 
expression levels in the peripheral blood samples of patients 
with AD and age-matched normal controls. The data of the 
present study revealed that the expression levels of miR‑135b 
were significantly reduced in the peripheral blood of AD 
patients compared with normal controls (P<0.01). In vitro 
MTT analyses identified that the overexpression of miR‑135b 
significantly enhanced the proliferation of hippocampal cells 
(P<0.01). Furthermore, in vivo analysis using a Y-maze test 
indicated that injection with miR‑135b mimics into the third 
ventricle of anesthetized SAMP8 mice significantly enhanced 
their learning and memory capacities (P<0.01). Molecular 
mechanism investigations identified β-site APP-cleaving 
enzyme 1 (BACE1) as a direct target gene of miR‑135b, and 
the latter was identified to negatively mediate the protein 
expression levels of BACE1 in hippocampal cells, in addi-
tion to hippocampal tissues, of SAMP8 mice. Based on the 
aforementioned findings, we propose that miR‑135b has a 
neuroprotective role via direct targeting of BACE1 and, thus, 
may be used for the treatment of AD.

Introduction

Alzheimer's disease (AD), a severe age-related neurodegenera-
tive disorder, is characterized by the accumulation of amyloid-β 
(Aβ) plaques and neurofibrillary tangles, synaptic and neuronal 
loss, and cognitive decline (1,2). An estimated 5.3 million 
Americans have AD; 5.1 million of these are aged 65 and 
over, and approximately 200,000 are <65 years‑of‑age and 
have younger onset AD (3). In 2013, official death certificates 
recorded 84,767 deaths from AD, making AD the sixth leading 
cause of death in the United States and the fifth leading cause 
of death in Americans aged 65 years (3). There is currently no 
effective treatment capable of slowing down the progression of 
AD. 

Among the genes associated with AD, β-site APP-cleaving 
enzyme 1 (BACE1) is a rate-limiting enzyme for Aβ produc-
tion and has been demonstrated to be significantly upregulated 
in patients with AD (4). Furthermore, BACE1 has been 
implicated as a potential target for therapies against AD (4). 
Therefore, understanding the mechanism underlying BACE1 
upregulation in AD may further the development of thera-
peutic strategies for the treatment of AD. 

MicroRNAs (miRs/miRNAs), a class non-coding RNAs 
18‑25 nucleotides in length, have been reported to cause mRNA 
degradation or inhibition of protein translation through directly 
binding to the 3'‑untranslated region (UTR) of their target 
mRNAs (5). Recently, several studies have implicated certain 
miRs in neuronal survival, proliferation, differentiation and 
migration (6,7). Yang et al revealed that miR-29c negatively 
mediates the expression of DNA methyltransferase 3, which 
contributes to neuronal proliferation, by regulating the expres-
sion of brain-derived neurotrophic factor (6). Furthermore, 
the dysfunction of certain miRs has been suggested to be 
involved in the development of AD (8-10). Denk et al investi-
gated the expression profiling of 1,178 miRs in cerebrospinal 
fluid samples from patients with AD and normal controls, 
and discrimination analysis using a combination of miR-100, 
miR‑103 and miR‑375 was able to detect AD by positively clas-
sifying controls and AD cases with 96.4 and 95.5% accuracy, 
respectively (8). Furthermore, Lei et al reported that the down-
regulation of miR-29c was correlated with increased BACE1 
expression levels in sporadic Alzheimer's disease (4). Recently, 
Liu et al used miR microarrays to analyze the miR expression 
profiles of amyloid precursor protein (APP)/presenilin 1 (PS1) 
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in the hippocampi of transgenic and wild-type mice, and iden-
tified that miR‑135a was significantly downregulated in the 
hippocampi of APP/PS1 transgenic mice compared with the 
wild‑type control, suggesting that downregulation of miR‑135a 
may have a role in the development of AD (11). However, the 
exact role of miR‑135b in AD still remains largely unclear.

The primary aim of the present study was to investigate the 
expression levels and role of miR‑135b in AD. The underlying 
mechanism involving BACE1 was also investigated.

Materials and methods

Collection of blood samples. The present study was approved 
by the ethics boards of Xinxiang Medical School (Weihui, 
China). Blood samples from patients from The First Affiliated 
Hospital of Xinxiang Medical University, (Weihui, China) with 
AD (n=25; 12 male, 13 female) aged between 65 and 81 years 
old and age‑matched normal subjects (n=25) were collected 
from our hospital between April 2013 and March 2014. Blood 
samples were stored in anticoagulation tubes at ‑80˚C. Patients 
with diabetes, heart disease, stroke and cancer were excluded 
from the study. Written informed consent was obtained from all 
participants. 

Cell culture. Primary hippocampal cells (purchased from 
Amspring, Changsha, China), obtained from the embryonic 
hippocampi of senescence-accelerated mouse resistant 1 
(SAMR1) mice, were cultured in Dulbecco's modified Eagle 
medium (Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, 
Inc.), and 100 kU/l of penicillin and streptomycin (Thermo 
Fisher Scientific, Inc.). Hippocampal cells were cultured in a 
humidified atmosphere of 95% air and 5% CO2.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA was extracted from the human 
tissue and mouse hippocampal cells using TRIzol reagent 
(Thermo Fisher Scientific, Inc.). A Taqman miRNA Reverse 
Transcription kit (Thermo Fisher Scientific, Inc.) was used 
to convert RNA into cDNA. A miScript SYBR-Green PCR 
kit (Guangzhou RiboBio Co., Ltd. Guangzhou, China) was 
used to determine the miRNA expression levels, according to 
the manufacturer's protocol. U6 was used as an endogenous 
control. Expression levels of mRNA were determined using the 
SYBR green qPCR assay (CWBio, Beijing, China) following 
the manufacturer's protocol. An Applied Biosystems 7500 
Thermocycler (Applied Biosystems; Thermo Fisher Scientific, 
Inc.) The specific primers were as follows: Forward, 5'‑TCT 
GTC GGA GGG AGC ATGAT‑3' and reverse, 5'‑GCA AAC 
GAA GGT TGG TGGT‑3' for BACE1; forward, 5'-ACA ACT 
TTG GTA TCG TGG AAGG‑3' and reverse, 5'‑GCC ATC ACG 
CCA CAG TTTC‑3' for GAPDH. Expression of GAPDH was 
used as an endogenous control. The PCR cycling conditions 
were as follows: 95˚C for 5 min, and 40 cycles of denaturation 
at 95˚C for 15 sec and annealing/elongation step at 60˚C for 
30 sec. Data were analyzed using the 2-ΔΔqt method (12).

Dual luciferase reporter assay. The seed sequences of 
miR‑135b (5'‑AAG CCAUA‑3') within the BACE1 3'‑UTR, 
or the mutant binding sequences of miR‑135b within the 

BACE1 3'‑UTR, were cloned downstream of the luciferase 
gene driven by the cytomegalovirus (CMV) promoter, 
generating Luc-BACE1 and Luc-mutant BACE1 vectors 
(GeneChem, Shanghai, China), respectively. The vectors used 
in the luciferase reporter assay were directly purchased from 
Amspring. Lipofectamine 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) was used to co-transfect 
(for 24 h at 37˚C) hippocampal cells with Luc‑BACE1 or 
Luc‑mutant BACE1 vectors and miR‑135b mimics or scramble 
miR-negative control (miR-NC) mimics (GeneChem Co., 
Ltd.), respectively. Following a transfection period of 24 h, 
luciferase activity was determined using an LD400 luminom-
eter (Beckman Coulter Inc., Brea, CA, USA). 

Western blot analysis. Tissues and cells were solubilized 
in cold RIPA lysis and extraction buffer (Thermo Fisher 
Scientific, Inc.). The concentration of protein was determined 
using a BCA kit (Pierce Biotechnology, Inc., Rockford, IL, 
USA). Proteins were separated with 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and transferred 
onto a polyvinylidene difluoride membrane (PVDF; Thermo 
Fisher Scientific, Inc.). The PVDF membrane was incubated 
with phosphate-buffered saline (PBS) containing 5% non‑fat 
milk overnight at 4˚C, then incubated with mouse monoclonal 
anti-BACE1 (cat no. ab201946; 1:50; Abcam, Cambridge, MA, 
USA) or anti-GAPDH antibody (cat no. ab8245; 1:100; Abcam) 
at room temperature for 3 h. Subsequent incubation with rabbit 
anti-mouse secondary antibody (cat no. ab6728; 1:10,000; 
Abcam) at room temperature for 1 h was then performed. An 
enhanced chemiluminescence kit (Pierce Biotechnology, Inc.) 
was utilized to perform chemiluminescent detection. The rela-
tive protein expression levels were analyzed with Image Pro 
Plus software (version 6.0; Media Cybernetics, Rockville, MD, 
USA), represented as the density ratio versus GAPDH.

Cell proliferation assay. An MTT assay was performed to 
investigate cell proliferation. For each group, 5,000 hippo-
campal cells per well were seeded in 96-well plates and 
incubated for 6, 12, 24 or 48 h at 37˚C and 5% CO2. Following 
this, MTT (5 mg/ml) was added to each well and cells were 
then incubated at 37˚C for 4 h. The medium containing MTT 
was then removed and 100 µl dimethyl sulfoxide was added. 
Absorbance was detected at 492 nm using a microplate 
reader (Multiskan FC Microplate Photometer; Thermo Fisher 
Scientific, Inc.). 

Animal treatment. The experimental protocol was approved 
by the Animal Care and Use Committee of Xinxiang Medical 
School, in compliance with the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals (13). Male 
senescence accelerated mouse prone 8 (SAMP8) mice (n=18; 
8 months old) were purchased from the Animal Center of 
Xinxiang Medical School. Mice were housed at 22±1˚C in a 
12-h light/dark cycle. The third ventricle of anesthetized mice 
(0.5 ml/100g 10% chloral hydrate; Tanghua, Changsha, China) 
were injected with 3 µl PBS containing 0.5 nM of miR‑135b 
mimic or scramble miR-NC mimic (GeneChem Co., Ltd. 
Shanghai, China). In the control group, mice received 3 µl of 
PBS. Each group was composed of 6 mice. At 3 h after injec-
tion, the mice were sacrificed using cervical dislocation under 
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anesthetization using 10% chloral hydrate. The heads of mice 
were anatomized, and the hippocampal tissues were obtained.

Y‑maze test. The maze apparatus (DOiT, Shanghai, China) 
was constructed of wood painted in black with three arms. 
The mice were placed at the end of one arm and allowed to 
move freely for 10 min. Spontaneous alternation was defined 
as successive entries into the three arms in overlapping triplet 
sets. The alternation percentage was determined as the ratio 
of actual alternations to maximum alternations multiplied by 
100. 

Statistical analysis. Data are expressed as mean ± standard 
deviation. Differences between two groups were determined 
by Student's t-test. Statistical analyses were performed using 
GraphPad Prism software (version 5; Graphpad Software, 
Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

miR‑135b levels are reduced in the blood of patients with AD. 
To reveal the role of miR‑135b in AD, RT‑qPCR was conducted 
to determine the miR‑135b expression levels in the peripheral 
blood of patients with AD and age-matched normal controls. 
The data revealed that the expression levels of miR‑135b were 
significantly reduced in the peripheral blood of AD patients 
compared with the normal controls (P<0.01; Fig. 1), suggesting 
that the downregulation of miR‑135b may have a role in the 
pathogenesis of AD.

miR‑135b promotes the proliferation of hippocampal cells. 
The role of miR‑135b in the regulation of hippocampal cell 
proliferation was subsequently investigated. Hippocampal 
cells were transfected with miR‑135b mimics or a miR‑135b 
inhibitor, respectively. Following transfection, RT-qPCR was 
performed to detect the expression levels of miR‑135b in each 
group. As displayed in Fig. 2A, transfection with miR‑135b 
mimics led to a significant increase in miR‑135b expression 
levels in hippocampal cells (P<0.01), while transfection with 
the miR‑135b inhibitor caused a significant downregulation 

of miR‑135b (P<0.01), compared with the control, indicating 
that the transfection was successful. Following this, an MTT 
assay was conducted to examine the proliferating capacity 
of hippocampal cells in each group. As demonstrated in 
Fig. 2B, upregulation of miR‑135b significantly enhanced 
the proliferation of hippocampal cells, while knockdown of 
miR‑135b significantly inhibited hippocampal cell prolifera-
tion, compared with the control group (P<0.01). These findings 
indicate that miR‑135b promotes the proliferation of hippo-
campal cells. 

Figure 2. (A) Reverse transcription-quantitative polymerase chain reaction 
was performed to determine the expression levels of miR‑135b in mouse hip-
pocampal cells transfected with miR‑135b mimics or an miR‑135b inhibitor, 
respectively. (B) An MTT assay was performed to determine the proliferation 
of hippocampal cells in each group. Control: Non-transfected hippocampal 
cells. **P<0.01 vs. control. miR‑135b, microRNA‑135b; OD, optical density. 

  A

  B

Figure 3. (A) Reverse transcription‑quantitative polymerase chain reac-
tion was performed to determine the expression levels of miR‑135b in the 
hippocampal tissue of senescence accelerated mouse prone 8 (SAMP8) 
mice following injection with miR‑135b mimics or scramble miR mimics 
(miR-NC). (B) A Y-maze test was used to measure the learning and memory 
behaviors of mice in each group. Control: Mice injected with equal vol-
umes of phosphate-buffered saline. **P<0.01 vs. control. miR, microRNA; 
NC, negative control.

  B

  A

Figure 1. Reverse transcription-quantitative polymerase chain reaction was 
performed to determine the expression levels of miR‑135b in the peripheral 
blood of patients with Alzheimer's disease and age-matched normal controls. 
**P<0.01 vs. normal control. miR‑135b, microRNA‑135b.
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miR‑135b has a neuroprotective role in SAMP8 mice. 
SAMP8 mice are senescence-accelerated and thus have been 
widely used to investigate AD (14,15). In the present study, 
miR‑135b mimics were injected into the third ventricle of 
SAMP8 mice to reveal the role of miR‑135b in vivo. Following 
injection, RT-qPCR was conducted to detect the expression 
of miR‑135b in the hippocampal tissue. As demonstrated 
in Fig. 3A, miR‑135b was significantly upregulated in the 
hippocampal tissue following injection with miR‑135b 
mimics, when compared with the control group (P<0.01). 
A Y-maze test was then performed to examine the learning 
and memory capacities of mice in each group. As shown in 
Fig. 3B, injection with miR‑135b mimics into the hippocampi 
significantly enhanced the learning and memory behaviors 
of SAMP8 mice compared with the control group (P<0.01; 
Fig. 3B) and indicated that miR‑135b has a neuroprotective 
role in vivo.

BACE1 is a target gene of miR‑135b. The putative targets of 
miR‑135b that had been suggested to be associated with AD 
were also investigated. Bioinformatic analysis predicated that 
BACE1 is a putative target gene of miR‑135b (Fig. 4A). To 

confirm this predication, the putative miR‑135b target sequence 
within the BACE1 3'‑UTR, in addition to a mutant lacking 
complementarity with the miR‑135b seed sequence, were 
cloned downstream of the luciferase gene driven by the CMV 
promoter, generating Luc-BACE1 and Luc-mutant BACE1 
vectors, respectively (Fig. 4B). Hippocampal cells were then 
co-transfected with Luc-BACE1 or Luc-mutant BACE1 vectors 
and miR‑135b mimics or scramble miR mimics (miR‑NC), 
respectively. The luciferase reporter assay data revealed that 
luciferase activity was only significantly decreased in hippo-
campal cells co-transfected with the Luc-BACE1 vector and 
miR‑135b mimics compared with the control group (P<0.01; 
Fig. 4C). However, the luciferase activity revealed no differ-
ence in other groups when compared with the control group 
(Fig. 4C). Therefore, the results of the present study indicate 
that BACE1 is a target gene of miR‑135b.

BACE1 is negatively regulated by miR‑135b in vitro and 
in vivo. As miRs negatively mediate their target genes at a 
post‑transcriptional level, the effect of miR‑135b on the protein 
expression levels of BACE1 in hippocampal cells of SAMR1 
mice, as well as in the hippocampal tissues of SAMP8 mice, 

Figure 4. (A) Targetscan software predicted that BACE1 was a target gene of miR‑135b. (B) The predicted miR‑135b target sequence within the BACE1 3'‑UTR 
and a mutant lacking complimentarity with miR‑135b seed sequence are indicated. The seed sequences of miR‑135b within the BACE1 3'‑UTR, or the 
mutant binding sequences of miR‑135b within the BACE1 3'‑UTR were cloned downstream of the luciferase gene, generating Luc‑BACE1 and Luc‑mutant 
BACE1 vectors, respectively. Hippocampal cells were transfected with Luc‑BACE1 or Luc‑mutant BACE1 vector and miR‑135b mimics or scramble miR 
mimics (miR-NC), respectively. (C) The luciferase activity was determined after transfection for 24 h. Control: Hippocampal cells transfected with Luc-BACE1 
or Luc-mutant BACE1 vectors alone. **P<0.01 vs. control. BACE1, β-site APP cleaving enzyme 1; miR, microRNA; NC, negative control; UTR, untranslated 
region; Luc, luciferase; PCT, probability of conserved targeting. 

  A

  B   C

Figure 5. (A) Western blotting was performed to detect the protein expression of BACE1 in mice hippocampal cells following transfection with miR‑135b 
mimics or miR‑135b inhibitor, respectively. Control: Non‑transfected hippocampal cells. **P<0.01 vs. control. (B) Western blotting was conducted to detect the 
protein expression of BACE1 in hippocampal tissue of mice following injection with miR‑135b mimics or scramble miR mimics (miR‑NC). Control: Injection 
with equal volume of phosphate buffered saline. **P<0.01 vs. control. BACE1, β-site APP cleaving enzyme 1; miR, microRNA; NC, negative control. 

  B  A
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were investigated. Western blot analysis data revealed that the 
overexpression of miR‑135b led to a significant decrease in 
the protein expression levels of BACE1, while knockdown of 
miR‑135b caused a significant increase in the protein expres-
sion levels of BACE1 in hippocampal cells (P<0.01; Fig. 5A). 
Subsequently, the protein expression levels of BACE1 were 
examined in the hippocampal tissue of SAMP8 mice. As 
displayed in Fig. 5B, injection with miR‑135b mimics caused a 
significant decrease in the protein expression levels of BACE1 
in the hippocampal tissue of SAMP8 mice when compared 
with the control group (P<0.01). On the basis of the aforemen-
tioned data, we propose that BACE1 is negatively regulated by 
miR‑135b in vitro and in vivo.

Discussion

It has been suggested that the dysfunction of certain miRs are 
involved in the development of AD. However, the exact role 
of miR‑135b in AD, in addition to its underlying mechanism, 
have yet to be elucidated. The present study revealed that 
miR‑135b was significantly downregulated in the peripheral 
blood of patients with AD compared with normal controls. The 
present study also indicated that overexpression of miR‑135b 
significantly enhanced the proliferation of hippocampal cells, 
and injection with miR‑135b mimics into the third ventricle of 
anesthetized SAMP8 mice enhanced their learning and memory 
capacities. Furthermore, BACE1 was identified as a target gene 
of miR‑135b, and miR‑135b negatively mediated the protein 
expression levels of BACE1 in hippocampal cells of SAMR1 
mice, as well as in hippocampal tissues, of SAMP8 mice.

Previous studies have indicated that certain genes or miRs 
are significantly downregulated or upregulated in the peripheral 
blood or cerebrospinal fluid of patients with AD, including 
BACE1 (16-18). The present study revealed that the expression 
levels of miR‑135b were significantly decreased in the peripheral 
blood of AD patients compared with those of the age-matched 
normal controls, suggesting that serum miR‑135b levels may be 
used for the clinical diagnosis of AD. In agreement with the find-
ings of the present study, Liu et al analyzed the miR hippocampi 
expression profiles of APP/PS1 transgenic and wild-type mice, 
and observed that miR‑135a was significantly downregulated 
in the hippocampi of the transgenic mice compared with those 
of the wild type mice (11). Therefore, miR‑135a and miR‑135b 
may both participate in the development and progression of AD. 
Hébert et al also identified that miR‑29a/b‑1 was significantly 
downregulated in the brains of patients with sporadic AD and 
correlated with increased BACE1 expression (19). In addition, 
Müller et al revealed that miR‑16, miR‑34c, miR‑107, miR‑128a 
and miR-146a were differentially regulated in the hippocampi 
of patients with AD and age-matched normal controls, while 
only miR-16 and miR-146a were reliably detected in the cere-
brospinal fluid of patients with AD (20).

The survival and proliferation of hippocampal cells in 
patients with AD is significantly suppressed; thus, promoting 
their survival and proliferation is critical for the treatment 
of AD (21). In the present in vitro study, it was revealed that 
the overexpression of miR‑135b significantly promotes the 
proliferation of hippocampal cells. Conversely, the inhibition 
of miR‑135b expression levels significantly suppressed the 
proliferation of hippocampal cells, indicating that miR‑135b 

may have a neuroprotective role. Furthermore, several other 
miRs have also been revealed to mediate the proliferation of 
neural cells. The overexpression of miR‑125b, for example, 
inhibited the proliferation of neural stem/progenitor cells (22), 
and miR‑34a was revealed to enhance cell proliferation and 
function of newly generated neurons, as well as improve 
behavioral outcomes (23). Furthermore, as patients with 
AD are characterized by learning and memory deficits (24), 
SAMP8 mice were used to investigate the effect of miR‑135b 
on learning and memory behaviors in the present study. It 
was identified that injection with miR‑135b mimics into the 
third ventricle significantly upregulated miR‑135b expression 
levels in the hippocampal tissues of SAMP8 mice. This was 
accompanied by the upregulation of the learning and memory 
behaviors. Accordingly, miR‑135a also appears to demonstrate 
a neuroprotective role in vivo.

Typically, Aβ peptide is deposited in the brain of AD 
patients (25). BACE1 is a type I integral membrane glycopro-
tein and aspartic protease that is responsible for the proteolytic 
cleavage of APP, generating Aβ peptide (25). Therefore, 
BACE1 has a critical role in AD. The expression levels of 
BACE1 have been revealed to be significantly increased in 
patients with AD (4); thus, BACE 1 is a potential therapeutic 
target for novel AD therapies (26). Several BACE1 inhibi-
tors have demonstrated promising results for the treatment 
of AD, which have recently been used in the human clinical 
trials (26). In the present study, BACE1 was identified as a 
direct target gene of miR‑135b, and miR‑135b was revealed to 
negatively mediate the protein expression levels of BACE1 in 
hippocampal cells of SAMR1 mice, as well as in the hippo-
campal tissues of SAMP8 mice. Therefore, miR‑135b may be a 
potential candidate for the treatment of AD through inhibiting 
BACE1. In addition, several other miRs have been observed to 
directly target BACE1, including the miR-29 family, miR-124, 
miR‑195 and miR‑339‑5p, and thus may contribute to the treat-
ment of AD (4,27‑30).

In conclusion, the present study indicates that miR‑135b 
has a neuroprotective role via directly inhibiting BACE1 
protein expression. Consequently, we propose that miR‑135b 
may be utilized in the treatment of AD. Further studies are 
required that focus on investigating the downstream signaling 
pathways of miR‑135b/BACE1 in the pathogenesis of AD.
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