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Aim: High glucose (HG)-induced activation of mTOR promotes tau phosphorylation and
leads to diabetes-associated dementia. This study aimed to explore the role of metastasis
associated in lung adenocarcinoma transcript 1 (MALAT1) in HG-induced neuronal cell injury.
Methods: Hippocampus cells were isolated from C57BL/6J mice. After 6 days of culture,
the cells were incubated with 5.5 mM glucose in normal medium or 75 mM glucose for 4
days. Cells were transfected with miR-144 mimic, miR-144 inhibitor, siRNA for MALAT1
or corresponding controls. Gene expression was detected by PCR and Western blot analysis.
Results: HG increased the levels of MALAT1 and p-tau in hippocampal cells. Knockdown
of MALAT partially reversed the effects of HG on mTOR activity and p-tau protein levels.
MALATI1 functioned as competing endogenous RNA (ceRNA) for miR-144, and pre-
treatment with MALAT1 siRNA decreased mTOR activity and p-tau protein level in HG-
treated hippocampal cells, which was significantly attenuated by miR-144 mimics. Moreover,
miR-144 negatively regulated the expression of mTOR and knockdown of MALAT1 sup-
pressed mTOR, while overexpression of mTOR abrogated protective effects of MALAT1
knockdown in HG-treated hippocampal cells.

Conclusion: MALAT1 knockdown prevented HG-induced mTOR activation and inhibited
tau phosphorylation. MALAT1 may be a therapy target for diabetes associated dementia.
Keywords: diabetes mellitus, tau, MALAT1, mTOR, miR-144

Introduction
Diabetes mellitus (DM) indicates metabolic diseases characterized by high blood
glucose level.'! DM includes type 1 and type 2 diabetes. Type 1 diabetes is an
autoimmune disease, and insulin-producing cells in the pancreas are destroyed.
Patients with type 1 diabetes need take insulin every day, and type 1 diabetes is
also called insulin-dependent diabetes. Type 2 diabetes is the most common type of
diabetes. The body could not make enough insulin or the cells do not respond
normally to the insulin. Hyperglycemia is known to induce diabetes-associated
cognitive defects.”” To prevent or treat cognitive defects induced by DM, it is
important to elucidate the mechanisms how high glucose (HG) promotes
neurodegeneration.

Tau plays a crucial role in the regulation of microtubule (MT) in neurons and
pathological phosphorylation of tau contributes to neurodegeneration.* In particular,
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tau phosphorylation promotes cognitive defects in
Alzheimer’s diseases (AD), one of the most common
neurodegenerative diseases.” Interestingly, tau pathology
is also observed in DM, and tau hyperphosphorylation
was reported in the brains of diabetes animal models and
diabetes patients.® Moreover, long-term exposure to HG
could induce tau hyperphosphorylation in primary neu-
rons. Therefore, inhibiting tau hyperphosphorylation is
a promising approach to prevent the development of neu-
rodegeneration and cognitive dysfunction.’

Hyperglycemia is known to induce the production of
inflammatory cytokines to activate multiple signaling path-
way, including mTOR signaling. In AD, the activation of
mTOR signaling leads to tau phosphorylation and conse-
quent cognitive defects.® Several studies demonstrated that
mTOR activation promoted tau phosphorylation both
in vitro and in vivo.”'°

The metastasis associated in lung adenocarcinoma tran-
script 1 (MALAT1) is a IncRNA implicated in many dis-
eases, including diabetes and its complications.'' Recently,
the role of MALAT1 in AD has been suggested, but whether
MALAT1 contributes to HG-induced tau hyperphosphoryla-
tion is unclear. The IncRNA can antagonize the function of
miRNA by trapping or miRNA sponge to regulate mRNA
expression, acting as endogenous competitive RNA
(ceRNA).'? As ceRNA, IncRNA regulates many processes
involved in metabolic diseases and neurodegenerative
diseases.'*'* In a previous study, we have successfully con-
structed the ceRNA network related to DM based on bioin-
formatics analysis, and extracted the competitive subnet of
MALATI-miR-144-mTOR.'® Therefore, this study aimed to
investigate whether MALAT1 is a ceRNA of miR-144 and
whether the silencing of IncRNA MALAT1 could attenuate
HG-induced tau hyperphosphorylation via regulating mTOR
signaling in hippocampus cells.

Materials and Methods
Cell Culture

All animal experiments were approved by Animal Care
and Use Committee of First Affiliated Hospital of Harbin
Medical University and were performed following Chinese
National Guidelines for Experimental Animal Welfare.
Hippocampus cells were isolated from C57BL/6J mice,
and after 6 days of culture hippocampus cells were vali-
dated by staining with neuron marker NeuN, following

standard protocols.'® Cell were incubated with 5.5 mM

glucose in normal medium (control group) or 75 mM
glucose (HG group).

Cell Transfection

miR-144 mimic, NC mimic, miR-144 inhibitor and NC
inhibitor were provided by Thermo Fisher. The small inter-
fering RNA (siRNA) for MALAT1 (si-MALAT1) and nega-
tive control (si-NC) were provided by Ribobio (Guangzhou,
China). The empty vector (pcDNA3.1) and mTOR overex-
pression vector (pcDNA3.1-mTOR) were provided by
BlueGene (Shanghai, China). Hippocampus cells were
seeded in 12-well plates at a density of 120,000 cells per
well, and transfected with oligonucleotides or plasmids using
Lipofectamine RNAi Max (Life Tech, Carlsbad, CA, USA)
following the manufacturer’s protocols. The cells were col-
lected 24 h after transfection for further analysis.

Real-Time PCR

RNA was extracted from hippocampus cell using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA), and was reversely
transcribed using PrimeScript RT Kit or Mir-XTM miRNA
First-Strand Synthesis Kit (Takara, Dalian, China). Real-time
PCR was performed using TB Green Fast PCR Mix (Takara).
Primer sequences were as follows: MALATI-F,
CACTTGTGGGGAGACCTTGT; MALATI1-R, TGTGG
CAAGAATCAAGCAAG; mTOR-F, ATGACGA
GACCCAGGCTAAG; mTOR-R,  GCCAGTCCATG
CCATCAG; tau-F, ATGGCTGAGCCCCGCCAGG
AGTTCG; tau-R, CACAAACCCTGCTTGGCCAGGG;
GAPDH-F, TTCACCACCATGGAGAAGGC; GAPDH-R,
GGCATGGACTGTGGTCATGA; miR-144-F, CGGTA
CAGTAGATGTACT; miR-144-R, Uni-miR qPCR primer;
U6 F, CTCGCTTCGGCAGCACA; U6 R, AACGCTTC
ACGAATTTGCGT. MALAT1 and mTOR expression levels
were normalized based on glyceraldehyde 3-phosphate dehy-
drogenase and miR-144 expression level was normalized
based on U6.

Western Blot Analysis

Proteins were extracted from hippocampus cells by lysis in
radio-immunoprecipitation assay buffer (Sigma-Aldrich),
and then were separated by gel electrophoresis and trans-
ferred to polyvinylidene fluoride membranes. The mem-
branes were incubated with 5% non-fat milk at room
temperature for 1 h, and then incubated with primary
antibodies for mTOR, tau, p-tau and p-actin (dilution
1:1,000, Cell Signaling, Cambridge, MA, USA) overnight
at 4°C. The membranes were washed and incubated with
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secondary antibodies conjugated to horseradish peroxidase
(dilution 1:2,000, Cell Signaling) for 1 h at room tempera-
ture. The membranes were developed with enhanced che-
miluminescence kit (Thermo Fisher).

Statistical Analysis

Data were shown as mean + standard derivation (mean =+
SD) and analyzed with SPSS 13 version software (SPSS,
Chicago, IL, USA). ¢ tTest or one-way ANOVA was used
for group comparison. A two-tailed p< 0.05 was consid-
ered to be significant difference.

Results

MALATI, mTOR and p-Tau Were
Significantly Upregulated in HG-Treated
Hippocampus Cells

The primary culture hippocampal cells were treated with
high glucose (75 mM). Based on Western blot analysis, we
found that protein levels of mTOR, tau and p-tau were
significantly higher in HG-treated hippocampus cells com-
pared to control (Figure 1A and B). In addition, mTOR and
tau mRNA levels and IncRNA MALAT1 levels were higher,
while miR-144 level was lower in HG-treated hippocampus
cells compared to control (Figure 1C and D).

Silencing of MALAT | Attenuated the
Effects of HG on mTOR and p-Tau Levels

in Hippocampus Cells

MALATI1 expression level was significantly lower in hip-
pocampus cells treated with si-MALAT1 compared to
control cells treated with si-NC (Figure 2A). However, in
cells treated with si-NC, HG increased protein levels of
mTOR, tau and p-tau, while si-MALAT1 significantly
abrogated the effects of HG on mTOR, tau and p-tau levels
in hippocampus cells (Figure 2B and C).

MALAT | Acted as a Sponge for miR144

in Hippocampus Cells

In a previous study, we constructed MALAT1-miR144-
mTOR competitive sub network.'> We identified comple-
mentary binding sites between miR-144 and MALATI1
fragments (Figure 3A). miR-144 mimic led to significantly
higher miR-144 expression level in hippocampus cells
(Figure 3B). Furthermore, miR-144 overexpression inhib-
ited luciferase activity of wild-type MALAT1 but not
mutant MALATT1 reporter (Figure 3C and D). In addition,
silencing of MALAT1 led to higher miR-144 expression
level in hippocampus cells (Figure 3E and F). Moreover,
si-MALAT]1 pretreatment decreased mTOR, tau and p-tau
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Figure | HG upregulated the levels of MALATI, mTOR and p-tau in hippocampus cells. (A) The protein levels of mTOR were detected by Western blot in HG-treated

hippocampus cells. (B) The protein levels of tau and p-tau were detected by Western

blot in HG-treated hippocampus cells. (C) Real-time PCR analysis of mTOR and tau

mRNA levels in HG-treated hippocampus cells. (D) Real-time PCR analysis of the levels of MALAT| and miR-144 in HG-treated hippocampus cells. N = 3; ** p < 0.01 and
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Figure 2 Silencing of MALAT | attenuated the effects of HG on the levels of mTOR, tau and p-tau in hippocampus cells. (A) The relative expression of MALAT| was
detected by qRT-PCR in hippocampus cells transfected with si-NC or si-MALAT|. (B and C) Hippocampus cells were transfected with si-NC or si-MALAT |, or treated with
rapamycin, and 24 h later the cells were treated with HG (75 mM) for 24 h, and protein levels of mTOR, tau and p-tau were determined by Western blot assay. N = 3; ¥ p <
0.01.
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Figure 3 MALAT| acted as a sponge for miR144 in hippocampus cells. (A) The predicted binding sites with complementary alignments between MALAT | and miR-144. (B)
miR-144 expression was determined by qRT-PCR in hippocampus cells transfected with NC or miR-144 mimics. (C and D) Relative luciferase activity of wild type or mutant
reporter vector in hippocampus cells transfected with NC or miR-144 mimics. (E and F) The relative expression of miR-144 in hippocampus cells transferred with si-NC or
si-MALAT | or inhibitors NC or miR 144 inhibitors. (G) Hippocampus cells were transfected with siRNAs and miRNAs, and 24 h later cells were treated with HG (75 mM)
for 24 h. The protein levels of mTOR, tau and p-tau were determined by Western blot. N = 3; ** p < 0.0 and *** p < 0.001.
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Figure 4 Silencing of MALAT | attenuated the effects of HG on p-tau level in hippocampus cells. (A) The predicted binding site of the complementary sequences between
mTOR 3’ UTR and miR-144. (B and C) The relative luciferase activity of wild type or mutant reporter vector in hippocampus cells transfected with NC or miR-144 mimics.
(D and E) The mRNA and protein levels of mTOR in hippocampus cells transfected with NC or miR-144 mimics, or si-NC or si-MALATI. (F) The mRNA and protein levels
of mTOR in hippocampus cells transfected with pcDNA3.1 or pcDNA3.I-mTOR. (G) Hippocampus cells were transfected with different siRNAs or plasmid constructs, and
24 h later, cells were treated with HG (75 mM) for 24 h, and protein levels of tau and p-tau were detected by Western blot analysis. N = 3; ** p < 0.01.

levels in HG-treated hippocampus cells, but this could be
reversed by miR-144 inhibitor (Figure 3G).

MALAT | Was ceRNA of miR-144 and
Regulated the Effects of HG on Tau

Phosphorylation in Hippocampus Cells
We further identified complementary binding sites between
mTOR 3'UTR and miR-144 (Figure 4A). miR-144 overex-
pression inhibited luciferase activity of wild type mTOR
3'UTR but not mutant mTOR 3'UTR reporter vector in hippo-
campus cells (Figure 4B and C). Moreover, mTOR mRNA
expression level was significantly lower in cells treated with
miR-144 mimic or si-MALAT1 (Figure 4D and E). After
transfection with mTOR overexpression vector, we found
higher mTOR mRNA and protein levels in hippocampus
cells (Figure 4F). In addition, si-MALAT1 pretreatment
decreased protein levels of tau and p-tau in HG-treated hippo-
campus cells, but mTOR overexpression partially reversed the
effects in hippocampus cells (Figure 4G).

Discussion
Hyperglycemia is known to be associated with tau phos-
phorylation and cognitive defects.'” Moreover, HG was
shown to induce tau phosphorylation in primary hippo-
campal neurons.'® Therefore, this study focused on the
mechanism by which HG induced tau phosphorylation in
hippocampal cells. We found that HG induced mTOR
activation to promote tau phosphorylation and this was
regulated by MALAT1-miR144-mTOR network.
MALATI is an IncRNA involved in many diseases.'*°
In this study, for the first time we showed that knockdown
of MALAT1 suppressed tau phosphorylation in HG-treated
hippocampus cells. In addition, Western blot analysis
showed that HG increased mTOR protein level in hippo-
campus cells, consistent with the role of HG in
inflammation.”’ MALAT! acts as a ceRNA for miRNAs,
which could inhibit the expression of target genes.22
Based on our previous findings on MALAT1-miR144
-mTOR network, we performed luciferase assay to show
that MALAT1 was a ceRNA for miR-144, and MALAT1
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knockdown led to higher expression of miR-144. MiR-
144 is a negative regulator of a disintegrin and metallo-
protease 10 (ADAM10). ADAMI10 is implicated in AD
pathogenesis because proteolytic processing of amyloid
(APP) by ADAMI0 produces
a secreted ectodomain fragment of APP that has neuro-

precursor  protein
protective effects.”? Moreover, miR-144 regulates oxida-
tive stress tolerance via controlling the generation of
glutathione in AD.*® We found that miR-144 inhibitor
abrogated the effects of MALAT1 knockdown on the
expression of mTOR in hippocampus cells, suggesting
that MALAT1 mediated neuronal damage in HG-treated
hippocampus cells via suppressing miR-144.

mTOR plays a key role in cell growth, development and
aging.”* Compelling evidence indicates the key role of mMTOR
in the regulation of tau-mediated pathological process
in AD.* In this study, we showed that mTOR was a target
of miR-144. More importantly, overexpression of mTOR
abrogated protective effects of MALAT1 knockdown on hip-
pocampus cells injured by HG. Collectively, these data indi-
cate that HG could induce the activation of mTOR, which then
promotes the phosphorylation of tau and neuron injury.
However, MALAT1 knockdown could reduce HG-induced
injury in neurons by targeting miR-144.

In conclusion, we reported the upregulation of
MALATI1 in in vitro cell model of diabetes-associated
neurodegeneration. MALAT1 knockdown could attenuate
HG-induced neuron injury, and this is achieved by the
regulation of mTOR expression as a ceRNA for miR-144.
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