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Abstract: Background: Beta-site Amyloid precursor protein Cleaving Enzyme 1 (BACE1) is conceived as a potential 
target for therapies against Alzheimer disease (AD) which is characterized by the accumulation of plaques formed of 
short β-amyloid (APPβ) peptides. Recently, such microRNAs, as miR-29a, miR-29b-1 have been shown to correlate 
with abnormally high levels of BACE1 and APPβ in sporadic AD. Methods: In order to confirm whether miR-29c cor-
relates with the BACE1 upregulation in sporadic AD, we firstly evaluated the expression of miR-29c and BACE1, the 
APPβ accumulation in sporadic AD brain tissues and analyzed the correlation of miR-29c with BACE1. Then we de-
termined the regulation of miR-29c in human heuroblastoma SH-SY5Y cells on the BACE1 expression and APPβ ac-
cumulation. And finally we determined the targeting to 3’ UTR of BACE1 by miR-29c by a luciferase reporter. Results: 
It was demonstrated that miR-29c was downregulated in sporadic AD brains, in an association with an upregulation 
of BACE1 in both mRNA and protein level of BACE1, and also an elevated APPβ accumulation. And the manipu-
lated high level of miR-29c with miR-29c mimics transfection significantly reduced the protein level of BACE1 and 
APPβ accumulation in human neuroblastoma SH-SY5Y cells. Further luciferase reporter assay demonstrated that 
miR-29c targets the 3’ UTR of BACE1 and downregulated the BACE1 in HEK293 cells. Conclusion: Present study 
indicated that miR-29c was downregulated in sporadic AD brains, and it targeted the 3’ UTR of BACE1, reduced the 
BACE1 expression, and downregulated the APPβ accumulation in vitro.
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Introduction 

Alzheimer disease (AD) is an aging-related neu-
rodegenerative disorder world widely. To date, 
the cause and progression of both familial and 
sporadic (late-onset) AD have not been fully 
elucidated. However, it is well confirmed that 
the progressive disease is characterized by the 
accumulation of plaques formed of short β- 
amyloid (Aβ) peptides [1-4], which are obtained 
upon proteolytic cleavage of the β-amyloid pre-
cursor protein (APP) [5], by Beta-site Amyloid 
precursor protein Cleaving Enzyme 1 (BACE1) 
[6-8]. BACE1 is conceived as a potential and 
attractive target for therapies against AD. 
Because BACE1-null mice do not demonstrate 
any developmental problems or aberrant be- 
havioral phenotypes [9, 10], and such agents 
as Sildenafil [11], GNE-892 [12], L655, 240 
[13]. Moreover, targeting of BACE1 mRNA by 

small interfering RNAs has proven to be effec-
tive in down-regulating BACE1 protein levels 
and activity in cultured primary cortical neurons 
[14] as well as in a mouse model of AD [15]. It 
implies the effectiveness of endogenous RNA 
silencing machinery on BACE1 mRNA, which is 
based on microRNAs (miRNAs).

miRNAs are a group of 18-24 nt non-coding 
RNAs, which are known to initially repress 
mRNA translation or promote mRNA degrada-
tion through specific binding mainly to the 
3’-untranslated region (UTR) of targeted mRNA 
[16]. The regulatory role of miRNAs has been 
recognized in a wide array of eukaryotic species 
[17, 18], and there are about 60% of genes [19, 
20] to be targeted by more than 1000 miRNAs 
[21]. And approximately 70% of presently identi-
fied miRNAs are found to express in the brain, 
where they regulate diverse neuronal and glial 
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functions [22]. Actually, most aberrantly-ex- 
pressed brain-enriched miRNAs induce devel-
opment of such neurodegenerative diseases, 
as Parkinson’s disease (PD) and AD [23-26]. 
Accumulating evidence indicates that deregu-
lated miRNA expression plays a key role in AD 
pathogenesis. Since the pioneering identifica-
tion of upregulated miR-9 and miR-128 in the 
hippocampus of AD brains [27], More kinds of 
miRNAs, such as elevated miR-146a, which tar-
gets complement factor H (CFH) and IL-1 recep-
tor-associated kinase-1 (IRAK1) [28], reduced 
miR-107, which targets BACE1 [29], reduced 
miR-103a, which targets actin-binding protein 
cofilin [30], and decreased miR-29a, which tar-
gets neuronnavigator 3 (NAV3) [31], have been 
recognized to correlate with AD. Therefore, 
deregulated miRNAs might play important roles 
in the pathogenesis of AD.

The miR-29 family, which is processed from dif-
ferent precursors, includes three main mature 
miRNAs, known as hsa-miR-29a, hsa-miR-29b 
and hsa-miR-29c [32]. The miR-29a/b-1 cluster 
has been shown to significantly decrease in AD 
patients, with a correlation with abnormally 
high BACE1 protein. And the correlation was 
also found during brain development and in pri-
mary neuronal cultures [33]. In addition, it has 
been shown that miR-29a and miR-29b-1 can 
regulate BACE1 expression in vitro [33]. Th- 
erefore, it is proposed that loss of miR-29a and 
miR-29b-1 can contribute to increased BACE1 
and APPβ levels in sporadic AD. More recently, 
it was reported that miR-29c, a miRNA that is 
highly expressed in a double transgenic mouse 
model of Alzheimer’s disease [34], can lower 
BACE1 protein in vitro and in transgenic miR-
29c mice [35]. The regulation on BACE1 by miR-
29c suggests that miR-29c may be also an 
endogenous regulator of BACE1 protein expres-
sion, and pose important role in AD.

Materials and methods

Human brain tissue

31 AD patients and 29 control subjects were 
implicated in this study. The clinical variants for 
these subjects were shown in Table 1. Frozen 
tissue samples of frontal cortices from autop-
sied and histopathologically confirmed AD and 
control cases were obtained from the Tianjin 
Medical University General Hospital and Tianjin 
4th Center Hospital (Tianjin China). Each tissue 
sample was homogenized to 10% (w/v) final 
concentration in ice-cold 1x phosphate buffer 
solution (PBS), supplemented with Ribonu- 
clease inhibitor (Takara, Tokyo, Japan) and pro-
tease inhibitor cocktail (Roche Diagnostics, 
GmbH, Germany). And each homogenized sam-
ple was used for cellular extraction for mRNA, 
miRNA and protein. Prior to the operation, 
patients granted consent for the use of the 
excised brain tissue in medical or scientific 
research. And the use of frozen human brain 
tissue was in accordance with National In- 
stitutes of Health guide lines and was approved 
by the Institutional Review Board of the Tianjin 
Medical University General Hospital and Tianjin 
4th Center Hospital.

Cell culture and treatment

Human neuroblastoma SH-SY5Y cell line was 
provided by the cell resource center of Chinese 
academy of medical sciences (Beijing, China). 
And cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM)/F12 (Invitrogen, Car- 
lsbad, CA, USA) containing 10% FBS (Invitrogen, 
Carlsbad, CA, USA) or maintained in DMEM/
F12 supplemented with 2% FBS. HEK293 cells 
were cultured in DMEM containing 10% FBS or 
maintained in DMEM supplemented with 2% 
FBS. miR-29c mimics or scrambled RNA (miRNA 
control) (Genepharma, Shanghai, China) with 

Table 1. AD and control subjects from which the brain 
tissue was used in this study
Variants AD group Control group P value
Average age (years) 78.2 ± 5.45 79.5 ± 6.07 0.376
Average PMI* (hours) 2.84 ± 1.25 2.93 ± 1.33 0.142
Gender 0.821
    Male 18 16 0.817
    Female 13 13
*PMI: postmortem interval.

In present study, we determined the expres-
sion of miR-29c and BACE1 in AD brain tis-
sues, analyzed the correlation of miR-29c 
expression with BACE1 level. Then, we 
investigated the regulatory role of miR-29c 
on the BACE1 expression and on the fol-
lowed APPβ accumulation in vitro. Present 
study recognized the regulatory role of miR-
29c on BACE1 expression, and revealed the 
low level of miR-29c and the correlated 
BACE1 overexpression in AD brain tissues.
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25 or 50 nM were also transfected by Lipo- 
fectamine 2000 (Invitrogen, Carlsbad, CA, USA) 
to manipulate the miR-29c level. 

RNA isolation and real-time quantitative PCR

Total cellular RNA isolation was performed with 
the PureLink® RNA Mini Kit (Invitrogen, Car- 
lsbad, CA, USA), and miRNAs was isolated using 
mirVanaTM miRNA Isolation Kit (Ambion, Austin, 
TX, USA) according to manuals. Each mRNA or 
miRNA sample was added with Ribonuclease 
inhibitor (Takara, Tokyo, Japan). The expression 
of BACE1 in mRNA level or of miR-29c was 
quantified by the real-time quantitative PCR 
(RT-qPCR) method with Takara One Step RT-PCT 
kit (Takara, Tokyo, Japan). Relative quantifica-
tion was determined using the ∆∆Ct method 
using U6 or β-actin as reference gene [36].

Western blot analysis

Approximately 2 × 105 cells were lyzed with the 
ProteoJET Cytoplasmic and Nuclear Protein 

Extraction Kit (Fermentas, Burlington, ON, 
Canada) and quantified using Bradford Reagent 
(Bio-Rad, Hercules, CA, USA), protein samples 
were separated by a 12% gradient SDS-PAGE 
gel, transferred to PVDF membrane and blo- 
cked in 5% skimmed milk. Rabbit polyclonal 
antibodies to BACE1, Nicastrin, APP (full), APPβ, 
or β-actin (Cell Signaling Technology Inc., 
Danvers, MA USA) were used to quantify the 
molecule expression, with ECL detection sys-
tems (Thermo Scientific, Rockford, IL, USA).

Luciferase reporting assay

The 3’ UTR of BACE1 and the CMV promoter 
were amplified from human chromosomal DNA 
and pcDNA3.1 (+) and cloned into the pGL3-
luciferase basic vector (Promega, Madison, WI, 
USA). Sequences of primers and cloning strat-
egy are available on request. For the luciferase 
assays, 50 nM of miR-29c mimics or scrambled 
RNA were co-transfected with the reporter vec-
tor and the Renilla control vector (Promega, 

Figure 1. Downregualted miR-29c negatively correlates with the BACE1 mRNA upregulation in sporadic AD brain 
tissues. (A) miR-29c level was quantified by qRT-PCR in sporadic AD patients or control subjects, with high BACE1 
mRNA (B) in AD patients, miR-29c or BACE mRNA was shown as a relative expression to the control group. (C and 
D) Correlation of miR-29c expression with BACE mRNA level in sporadic AD patients (C) or in control subjects (D). 
Statistical significance was considered when P < 0.05. ***P < 0.001.
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Madison, WI, USA) into the HEK293 cells by 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, 
USA). 24 h post transfection, the measure-
ments were performed using the Dual lucifer-
ase re-porter assay kit (Promega, Madison, WI, 
USA). Or the HEK293 cells post the transfec-
tion for 24 h was lyzed for western blot 
analysis.

Statistical evaluation

For the analysis of miR-29c and U6, BACE1 and 
β-actin in mRNA or in protein level, APP (full), 
APPβ and Nicastrin expression in protein level, 
between two groups, statistical evaluations are 
presented as mean ± SE, and data were ana-
lyzed using the Student’s t test. The nonpara-
metric Pearson’s correlation test was per-
formed to evaluate the correlation of miR-29c 
with the BACE1 mRNA level. A statistical signifi-
cance was considered when P < 0.05.

Results

Reduced miR-29c in AD brains correlates with 
high BACE1 mRNA

31 AD patients and 29 control subjects were 
implicated in this study. There was no signifi-
cant difference in the average age (78.2 ± 5.45 
vs. 79.5 ± 6.07), average PMI value (2.84 ± 
1.25 vs. 2.93 ± 1.33) and gender distribution 
(P = 0.821) between the AD and control groups 
(Table 1). We chose miR-29c, which was recent-
ly confirmed to regulate BACE1 [35], for investi-
gation in AD brain tissues. RT-qPCR was per-
formed to evaluate miR-29c expression level in 
31 sporadic AD brain tissues and 29 brain 
specimens from subjects other than AD. 
Results demonstrated in Figure 1A that the 
miR-29c level in AD brains was 0.548 ± 0.058, 
significantly less than 1.000 ± 0.093 in control 
group (P < 0.001, paired t test). To further 

Figure 2. Upregulated BACE1 and APPβ in protein level in sporadic AD brain tissues. A: Representative western blot 
of BACE1, Nicastrin, APP (full-length), APPβ in AD and matched control subjects. β-actin was used as normalization 
control. B: Quantifications of BACE1 in AD and control groups, which are shown as percentage to β-actin. C: quanti-
fications of APPβ in AD and control groups, which are shown as percentage to APP (full-length). The relative BACE1 
value was averaged for 23 of the 31 AD brain samples or 18 of 29 control brain samples; and the relative APPβ 
value was averaged for 25 of the 31 AD brain samples or 20 of 29 control brain samples. Statistical significance 
was considered when P < 0.05.
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examine in AD brain samples the level of 
BACE1, which catalyzes the cleavage of the 
β-amyloid precursor protein (APP) [5], we quan-
tified by RT-qPCR the BACE1 mRNA level in 
those samples. As shown in Figure 1B, com-

pared to the mean level (1.002 ± 0.082) in con-
trol group, there was a significantly high level 
(1.761 ± 0.147) of BACE mRNA in AD brains 
samples (P < 0.001, paired t test). Then we 
determined the correlation of the downregulat-

Figure 3. miR-29c mimics transfection inhibits BACE1 expression and APPβ accumulation in SH-SY5Y cells. A: Ma-
nipulated high level of miR-29c level in SH-SY5Y cells, by miR-29c mimics transfection, scrambled oligonucleotide 
as control. miR-29c level was examined by RT-qPCR, with U6 as internal control. B: miR-29c mimics transfection 
reduced the BACE1 expression in mRNA level, as was quantified by RT-qPCR; C: Western blot assay indicated a 
reduced BACE1 expression in protein level; D: Western blot analysis of accumulated APPβ in SH-SY5Y cells which 
were transfected with miR-29c mimics or scrambled oligonucleotide. All results were averaged from triplicate inde-
pendent experiments. *P < 0.05, ***P < 0.001. 



Reduced miR-29c and increased BACE1 in sporadic Alzheimer’s disease

1570	 Int J Clin Exp Pathol 2015;8(2):1565-1574

ed miR-29c with the upregulated BACE1 mRNA 
level by Pearson’s correlation test. It was shown 
that the miR-29c level was negatively correlat-
ed with the BACE1 mRNA level in AD brain tis-
sues. (R2 = 0.2362, P < 0.0056) (Figure 1C). 
Interestingly, there was either a negative corre-
lation of miR-29c level with the BACE1 mRNA 
level in control brain specimens (R2 = 0.2276, 
P < 0.0067; Figure 1D), implying a widely regu-
lation on BACE1 by miR-29c.

To reconfirm the negative correlation of miR-
29c with BACE1, we analyzed the BACE1 and 
APPβ accumulation in protein level in the spo-
radic AD brain samples. As shown by the west-

significantly promoted the miR-29c level, com-
pared to the scrambled miRNA transfection (P 
< 0.001 respectively, paired t test). Then the 
BACE1 mRNA was examined in the miR-29c 
mimics- or scrambled miRNA-transfected 
SH-SY5Y cells. And the miR-29c mimics trans-
fection with either 25 or 50 nM, significantly 
reduced the BACE1 mRNA level (either P < 
0.05). Then BACE1 and APPβ in protein level 
were analyzed by western blot assay. And it was 
indicated in Figure 3C that the BACE1 reduced 
in SH-SY5Y cells by the miR-29c mimics trans-
fection (both 25 and 50 nM), rather than the 
scrambled miRNA transfection (both 25 and 50 
nM). And what’s more, the APPβ also decreased 

Figure 4. miR-29c targets the 3’ UTR of BACE1 gene and blocks the BACE1 
expression. A: Schematic representation of a luciferase reporter with the 
BACE1 3’ UTR. CMV: Cytomegalovirus promoter; B: Pairment of miR-29c 
with the 3’ UTR of BACE1, The sequence and putative binding sites of the 
miR-29c was shown in the box. The miR-29c seed sequence is highlighted 
with an underscore. C: Relative luciferase of the reporter with a 3’ UTR of 
BACE1, with renilla luciferase as internal control, in HEK293 cells, post miR-
29c mimics or scrambled oligonucleotide transfection. Error bars represent 
standard deviations derived from three independent experiments. Statistical 
significance was considered when P < 0.05 or less.

ern blot assay results in Figure 
2A, BACE1 was significantly 
higher in AD group than in con-
trol group, the percentage of 
BACE1 to β-actin was 25.6 ± 
8.32 in AD group, whereas 
was 19.4 ± 6.79 in control 
group, with a p value less than 
0.01 (0.0026). And the differ-
ence in APPβ accumulation in 
protein level between both 
groups was also significant, 
the percentage of APPβ/APP 
(full length) was higher in AD 
group than in control group (P 
= 0.00087). However, we did 
not find a difference in the 
APP (full length) or Nicastrin 
between two groups.

miR-29c mimics transfection 
reduces the protein level of 
BACE1 and APPβ in human 
neuroblastoma SH-SY5Y cells

To further confirm the regula-
tion on BACE1 and APPβ accu-
mulation by miR-29c in vitro, 
we manipulated the miR-29c 
level by miR-29c mimics trans-
fection, and then examined 
the level of BACE1 and APPβ 
in SH-SY5Y cells. Firstly, 25 or 
50 nM miR-29c mimics or 
scrambled miRNA oligonucle-
otide was transfected into 
SH-SY5Y cells, and the miR-
29c level was examined using 
RT-qPCR. Figure 3A demon-
strated that the 25 or 50 nM 
miR-29c mimics transfection 
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post the miR-29c mimics transfection (both 25 
and 50 nM), though the APP (full length) was 
not regulated by the miR-29c mimics transfec-
tion. Therefore, the miR-29c mimics transfec-
tion significantly downregulated the BACE1 and 
APPβ in SH-SY5Y cells.

3’ UTR of BACE1 is targeted by miR-29c in 
HEK293 cells

To investigate whether miR-29c targeted the 3’ 
UTR of BACE1 and exerted its regulatory role, 
we analyzed by miRTarbase the alignment of 
miR-29c with the 3’ UTR of BACE1. It was shown 
that there were three targeted sites in the 3’ 
UTR of BACE1, which well paired with miR-29c. 
Then we constructed a luciferase reporter con-
taining the 3’ UTR of human BACE1, with CMV 
promoter (Figure 4A), the inserted 3’ UTR of 
human BACE1 mainly included a miR-29c 
paired sequence (Figure 4B). As shown in 
Figure 4C, 25 nM miR-29c mimics, rather than 
scrambled miRNA, significantly reduced the 
luciferease activity of the reporter plasmid (P < 
0.05) in HEK293 cells. And the 50 nM transfec-
tion group reconfirmed the luciferase activity 
reduction (P < 0.05). In addition, to reconfirm 
the regulation by miR-29c in HEK293 cells, we 
also analyzed the influence of miR-29c trans-
fection on the BACE1 expression in protein 
level in HEK293 cells, and the western blot 
assay confirmed the reduction of BACE1 in 
such kind of cells. Taken together, miR-29c was 
indicated to target the 3’ UTR of BACE1 and 
reduced the expression of it.

Discussion

miR-29c has been recognized to mediate initia-
tion of gastric carcinogenesis by directly target-
ing ITGB1 [37], to induce cell cycle arrest in 
esophageal squamous cell carcinoma by modu-
lating cyclin E expression [38], and even to pro-
mote the growth of bladder cancer cells [39]. 
Besides the role in tumorigenesis, the microR-
NA is also indicated to play a role in renal inter-
stitial fibrosis. miR-29c is downregulated in 
renal interstitial fibrosis in humans and rats 
and restored by HIF-α activation [40], and it 
was suggested to be a novel, noninvasive mark-
er for renal fibrosis [41]. And more recently, it 
was reported that miR-29c can lower BACE1 
protein in vitro and in transgenic miR-29c mice 
[35]. The regulation on BACE1 by miR-29c sug-
gests miR-29c to be an endogenous BACE1 
regulator, and to pose important role in AD.

In present study, we recognized the downregu-
lation of miR-29c and upregulation of BACE1, in 
AD brain tissues, and there was a correlation of 
the downregulated miR-29c with the BACE1 
upregulation, which promotes the accumula-
tion of APPβ [42]. And further western blot anal-
ysis of BACE1 expression and APPβ accumula-
tion in protein level in those sporadic AD brain 
samples reconfirmed the negative correlation 
of miR-29c with BACE1. We then investigated 
the negative regulation of miR-29c on the 
BACE1 expression and APPβ accumulation in 
SH-SY5Y cells. The manipulated upregulation 
of miR-29c significantly downregulated the 
expression of BACE1 and APPβ in both mRNA 
and protein levels in SH-SY5Y cells. Moreover, 
the miRTarbase alignment demonstrated a well 
pairment of miR-29c with the 3’ UTR of human 
BACE1, and the miR-29c targeted the 3’ UTR of 
human BACE1, directly downregulated the 
expression of BACE1. Thus, present study rec-
ognized the downregulation of miR-29c in spo-
radic Alzheimer’s disease, which promoted the 
increased BACE1 expression and APPβ accu-
mulation in AD. 

BACE1, also known as Beta-secretase 1, and 
memapsin-2 [43], is an enzyme that in humans 
is encoded by the BACE1 gene [44]. BACE1 is 
important in the formation of myelin sheaths in 
peripheral nerve cells [45]. And what’s more, 
BACE1 is necessary for the generation of the 
40 or 42 amino acid-long amyloid-β peptides 
that aggregate in the brain of Alzheimer’s 
patients [6-8]. Levels of this enzyme have been 
shown to be elevated in the far more common 
late-onset sporadic Alzheimer’s [46]. On the 
other side, the inhibition of BACE1 overexpres-
sion by chemicals reduces the APPβ accumula-
tion [47, 48]. And the BACE1 level has shown to 
be regulated by microRNAs, such as miR-29a 
and miR-29b-1 in vitro [33]. Recently, miR-29c 
was also indicated to regulate BACE1 expres-
sion in a double transgenic mouse model of 
Alzheimer’s disease [34, 35]. Moreover, pres-
ent study recognized the regulatory role of miR-
29c downregulation in sporadic Alzheimer’s 
disease, by promoting the increased BACE1 
expression. 

In summary, in present study, we confirmed 
that miR-29c was downregulated in sporadic 
Alzheimer’s disease, in association with BACE1 
upregulation. And miR-29c targeted the 3’ UTR 
of human BACE1, directly downregulated the 
expression of BACE1. Therefore, attenuated 
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miR-29c promoted the BACE1 upregulation and 
APPβ accumulation in AD. 
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