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Presenilin1 exerts antiproliferative effects

by repressing the Wnt/B-catenin pathway
in glioblastoma
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Abstract

Background: Glioblastoma and Alzheimer's disease (AD) are the most common and devastating diseases in the
central nervous system. The dysfunction of Presenilin1 is the main reason for AD pathogenesis. However, the
molecular function of Presenilin1 and its relative mechanism in glioblastoma remain unclear.

Methods: Expression of presenilin1 in glioma was determined by IHC. CCK-8, colony formation, Flow cytometry,
Edu staining were utilized to evaluate functions of presenilin1 on glioblastoma proliferation. The mechanism of
above process was assessed by Western blotting and cell immunofluorescence. Mouse transplanting glioblastoma
model and micro-MRI detection were used to verified presenilin1 function in vivo.

Results: In this study, we found that all grades of glioma maintained relatively low Presenilin1 expression and that
the expression of Presenilin1 in high-grade glioma was significantly lower than that in low-grade glioma. Moreover,
the Presenilin level had a positive correlation with glioma and glioblastoma patient prognosis. Next, we
determined that Presenilin1 inhibited the growth and proliferation of glioblastoma cells by downregulating CDK6,
C-myc and Cyclin D1 to arrest the cell cycle at the G1/S phase. Mechanistically, Presenilin1 promoted the direct
phosphorylation of 3-catenin at the 45 site and indirect phosphorylation at the 33/37/41 site, then decreased the

by hindering B-catenin-dependent cell proliferation.

stabilized part of (3-catenin and hindered its translocation from the cytoplasm to the nucleus. Furthermore, we
found that Presenilin1 downregulation clearly accelerated the growth of subcutaneous glioblastoma, and
Presenilin1 overexpression significantly repressed the subcutaneous and intracranial transplantation of glioblastoma

Conclusion: Our data implicate the antiproliferative effect of Presenilin1 in glioblastoma by suppressing Wnt/[3-
catenin signaling, which may provide a novel therapeutic agent for glioblastoma.
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Backgroud

Glioma is the most frequent and lethal brain tumor in
adults, accounting for 45-50% of all primary intrinsic
brain tumors and 75% of all malignant tumors in the
central nervous system. Glioblastoma multiforme
(GBM), the highest grade of glioma, is characterized his-
tologically by considerable cellularity and mitotic activ-
ity, vascular proliferation and necrosis [1]. The current
management strategy of glioblastoma includes surgery
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followed by radiotherapy and chemotherapy with temo-
zolomide [2]. Despite the development of therapeutic
methods, the median survival time of glioblastoma is still
approximately 14.5 months and only 5.5% of patients
survive up to 5 years [3]. Thus, identifying the molecules
that regulate GBM progression and accurate molecular
mechanisms may contribute to the exploration of reli-
able therapeutic targets for glioblastoma.

Current estimates suggest that approximately 44 mil-
lion people live with dementia worldwide, and among
those patients, Alzheimer’s disease (AD) is the single
major cause of dementia, accounting for 50-75% [4].
However, glioma is barely found in AD patients. This
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characteristic suggests that there may be an antiglioma
molecule in AD pathogenesis. Presenilinl is encoded by
the PS1 gene, which is located on chromosome 14 and
contains 467 amino acids in humans [5]. Presenilinl is a
catalytic component of the y-secretase complex respon-
sible for the intramembranous cleavage of AD-related
amyloid precursor protein (APP). The dysfunction of the
Presenilinl gene leading to aberrant APP cleavage is
central to AD pathogenesis [6]. Presenilinl was first
found in familial autosomal dominant AD in 1995 [7];
Roperch, JP. reported that the downregulation of Prese-
nilinl in lymphatic sarcoma U937 cells results in re-
duced growth and increased «cell apoptosis [8].
Moreover, Presenilinl regulates the paired phosphoryl-
ation of P-Catenin independently of Axin/CK-la in
tumorigenesis [9]. Presenilinl was reported to be in-
volved in ovarian cancer [10], gastric cancer [11], blad-
der cancer [12], colorectal cancer [13] and
hepatocellular carcinoma [14]. However, despite AD be-
ing most frequent disease of neurology and glioblastoma
being most common tumor of neurosurgery depart-
ments, the detailed roles of this AD-related molecule in
glioblastoma have not yet been thoroughly validated,
and the underlying mechanism needs to be clarified.

In this study, we investigated the expression levels of
Presenilinl in human glioma tissues. We analyzed the
correlation between Presenilinl expression and the prog-
nosis of patients with glioma. We used gene silencing
and overexpression to investigate the effects of Preseni-
linl on glioblastoma proliferation. We found that Prese-
nilinl regulated glioblastoma mainly through Wnt/p-
catenin signaling in vitro and in vivo. Our results suggest
that Presenilinl prevents glioblastoma progression and
may be a novel prognostic factor for glioblastoma. Im-
portantly, the stimulation of Presenilinl could be devel-
oped as a promising therapeutic method for human
glioma patients.

Materials and methods

Cell culture

Human glioblastoma cell lines (U87 and U251) were
purchased from the American Type Culture Collection
(ATCC;USA) and were cultured in DMEM/F12(Hyclone,
USA) supplemented with 10% fetal bovine serum (FBS;
Gibco), 1% penicillin and streptomycin (Beyotime). All
the cells were cultured in a humidified incubator at
37 °C with 5% CO2.

Reagents and antibodies

DMSO and DAPI were obtained from Sigma Aldrich.
Lipofectamine 2000 was obtained from Invitrogen.
Rabbit anti-Presenilinl monoclonal antibody was pur-
chased from Proteintech (Wuhan, China). Anti-GSK-3p,
p-GSK-3B, and Actin antibodies were purchased from
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Beyotime, p-Catenin Antibody Sampler Kit, C-myc,
cyclinD1 and CDK6 antibodies were purchased from
CST.

Analysis of patient data

The data was downloaded from TCGA database on
April 3, 2018 (https://portal.gdc.cancer.gov). After de-
leted the uncertainty data and lacking of clinical data,
the RNA-seq data contained 272 glioma patients infor-
mation. Kaplan—Meier analysis was conducted with the
TCGA-glioma, TCGA-gliomblastoma and TCGA-low
grade glioma datasets. we used cutoff value at 4854 to
divide211 glioma patients and cutoff value at 4794to div-
ide 119 glioblastoma patients into two groups (high ex-
pression and low expression) for analyze overall survival
(OS) rates. we used cutoff value at 3722 to divide 272
glioma patients into two groups (high expression and
low expression) for analyze recurrence rates, we failed to
found appropriate cutoff value to divide low grade gli-
oma and make significantly difference between two
groups. The OS and RFS curve and P value were ana-
lyzed by log-rank test.

Immunohistochemistry (IHC)

Human glioma tissues were fixed and cut into 5 um sec-
tions. The slides were treated for antigen retrieval
Sections were incubated with primary antibody (1:50)
for overnight at 4 °C, then were visualized using a DAB
detection kit according to the manufacturer’ s protocol.
Sections were counterstained with hematoxylin and
observed under a BX-53 microscope (Olympus, Tokyo,
Japan). The degree of immunostaining in the sections
was reviewed and scored independently by 2 observers
based on both the percentage of positive-stained tumor
cells and the staining intensity. The staining intensity
was graded in four categories on a scale from 0 to 3 (in-
tensity scores): no staining (0), light-brown staining (1),
brown staining (2) and dark-brown staining (3). Protein
staining was evaluated using the following formula: over-
all staining score = intensity scorexpercentage score.

Lentivirus transfection

To generate stably over expression cells, U87 and U251
cells were transfected with lentiviral containing with
Presenilinl sequence (Lv-PS1) or with empty vector (Lv-
Ctr), which were constructed by Genechem (Shanghai,
China), and U87 and U251 cells were transfected with
lentiviral containing the sh-Presenilinl sequence (sh-
PS1) or with the negative control vector (sh-Ctr), which
were constructed by Genechem (Shanghai, China). Cells
were incubated in medium containing the virus and
polybrene (5 ug/ml) for 48 h. After infection, cells were
selected by culture with puromycin concentration at
4 pg/ml for 3 days and at 1 pg/ml for 2 weeks.
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CCK-8 assay

Transfected glioma cells were seeded in 96-well plates at
1 x 10° every well. After the cells were adherent, the cul-
ture medium was replaced. The CCK8 (Dojindo Labora-
tories, Japan) assay was then conducted according to the
manufacturer’s instructions, and the absorbance at a
wavelength of 450nm was read using a microplate
reader every day at the same time for 5 days.

Colony formation assay

Transfected glioma cells were seeded in 3 cm dish plates
(800 cells/well). After cultured at 37 °C for 14 days, col-
onies were formed. Then the cells were fixed with 4%
paraformaldehyde for 30 min and stained with crystal
violet solution for 10 min. The number of colonies (> 50
cells/colony) was quantified using a microscopy.

Cell cycle assay

Cell cycle progression was examined on a flow cyt-
ometer using propidium iodide (PI) staining. Cells in-
fected with lentivirus against or over-expressed of
Presenilinlgene. Then cells were seeded in six-well cul-
ture plates and cultured to 80% confluence. Cell cycle
was analyzed by PI staining of nuclei. PI absorbance was
determined by fluorescence activated cell sorting on a
flow cytometry (ACEA, San Diego, USA).

EdU staining assay

2 x 10* transfected glioma cells were seeded into con-
focal dish and adherent, and fixed with 4% paraformal-
dehyde, then were treated with 2 mg/ml glycine and per-
meated with 0.5% TritonX-100, the EdU staining was
preformed according to the manufacturer’s procedure of
Cell-Light EdU apollo567 in vitro kit (Rui-bio,
Guangzhou, China), cells were counter-stained with
DAPI. The dishes were observed with confocal
microscopy.

Western blotting assay

The total protein was extracted using RIPA lysis buffer
(Beyotime, Shanghai, China) with 1% PMSF (Beyotime)
and 1x Phosphorylase inhibitors (Solabio, Beijing,
China), and BCA kit (Beyotime) was used to measure
the concentration according to the manufacturer’s in-
structions. The proteins were separated by SDS-PAGE
gel electrophoresis and transferred to PVDF membrane
(Millipore). The membrane was blocked and incubated
with primary antibodies (Presenilinl,1:2000; GSK-3p, 1:
2500; p9-GSK-3B, 1:2500; p-Catenin,1:2000; p45-B-
Catenin,1:2000; p33/37/41-B-Catenin,1:2000; Actin,1:
5000) and the IgG-hydrogen peroxide (HRP) secondary
antibody in sequence. The protein blots were exposed to
Clarity™ Western ECL substrate (BIO-RAD) using the
BIO-RAD ChemiDoc™ Touch Imaging System.
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Immunofluorescence

Cells grown on co-focal dish were fixed with 4% parafor-
maldehyde, permeated and blocked. Next, the cells were
incubated with the primary antibody (p-Catenin,1:100)
at 4°C overnight followed by TRITC-conjugated goat
anti-rabbit IgG (1:200). Dish were counterstained with
DAPI to visualize cell nuclei. Images were recorded
using a co-focal laser scanning microscope (Leica TCS
SP8, Germany) The colocalization was analyzed with
Image | software.

Tumor xenografts

All experimental procedures were approved by the Insti-
tutional Animal Care and Use Committee of army Med-
ical University. Four-week-old mice were randomly
divided into two groups (n =5 per group), and implanted
with 1 x 10° cells previously transfected with Presenilinl
shRNA lentivirus or Presenilinloverexpressing lentivirus,
as well as negative control respective. Cells were mixed
with Matrigel (50% volume) and implanted subcutane-
ously into the inguinal folds of the nude mice. Tumor
volume was determined using an external caliper and
calculated by using the Formula = (LengthxWidth?)/2.
Mice were sacrificed 21 days after transplantion. At this
point, tumors were excised and subjected to downstream
analyses. For the orthotropic model, 1 x 10°> U87-Lv-Ctr
and U87-Lv-PS1 cells were injected into the right corpus
striatum of the brains of 6 week-old nude mice using a
stereotactic frame. Micro-MRI(7.0 T, Bruker BioSpin
MRI GmbH, Germany) was performed to record the
growth of tumor at 7 days and 19 days after injection.
The tumor values calculated by using the Formula = (1/
6) x lengthxwidthxdepth. Kaplan-Maier survival curves
were calculated using GraphPad Prism 6.0 software.
Mice were monitored and sacrificed when neurological
signs appeared or after 40 days.

Statistical analysis

All experiments were performed in triplicate. Statistical
analyses were carried out by using SPSS 13.0 statistical
software. Data were exhibited as means + SD. Statistical
significance was calculated by Student’s t-test or one-way
ANOVA. Survival was analyzed by Kaplan-Meier method
and compared by log-rank test by GraphPad Prism 5. (¥)
p <0.05 was considered statistically significant.

Results

Presenilin1 is downregulated in malignant glioma and is
positively correlated with the prognosis of glioma
patients

To explore the potential connection between Presenilinl
and human glioma, we first performed immunohisto-
chemistry (IHC) to detect the expression of Presenilinl
in glioma tissues. The IHC results showed that
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Presenilinl was primarily located in the cytoplasm and
membrane, and Presenilinl was slightly stained in low-
grade glioma (LGG). However, Presenilinl was barely
expressed in high-grade glioma (HGG) (Fig. 1a). Inter-
estingly, we found that presenilinl was especially overex-
pressed in the pseudopalisading necrosis area of human
glioblastoma tissues (data not shown). Semiquantitative
analysis of Presenilinl showed that the DAB scores of
LGG were significantly higher those of HGG (Fig. 1b).
Next, we performed Kaplan-Meier analysis to investigate
the relationship between Presenilinl expression and the
overall survival (OS) rates of glioma patients. In all
grades of glioma patients, using a cutoff value to divide
183 patients into a Presenilinl-high (Presenilin1"&")
group and a Presenilinl-low (Presenilin1®") group, we
found that the 1-year, 2-year and 5-year OS rates of pa-
tients in the Presenilin1™" group were significantly
higher than those in the Presenilin1™" group (Fig. 1c).
Similarly, in GBM patients, the 1-year and 2-year OS
rates of patients in the Presenilin1™&" group were signifi-
cantly higher than those of patients in the Presenilin1'®"
group (Fig. 1d). However, we failed to find an appropri-
ate cutoff value to divide LGG patients into high and
low groups, which had significantly different OS rates
(Additional file 1: Figure S1A). We also utilized Kaplan-
Meier analysis to observe the correlation of Presenilinl
expression with the recurrence rates of glioma patients
and found that the 1-year, 2-year and 5-year recurrence
rates in the Presenilin1™&" group were significantly lower
than those in the Presenilin1™" group (Fig. le). How-
ever, Presenilinl could not be a prognostic marker for
glioblastoma or LGG patients (data not shown). The
above results suggested that the Presenilinl level was
positively correlated with the prognosis of glioma and
GBM patients.

We found that Presenilinl was also expressed at low
levels in U87 and U251 cell lines, so we accumulated ap-
proximately 10-fold more cells than the general protocol
to extract whole cell protein for western blot detection.
In addition, we used lentivirus infection to upregulate
and downregulate Presenilinl in U87 and U251 cells.
The western blotting results showed that the expression
of Presenilinl protein was decreased approximately 90%
by Sh-PS1 and increased 1.5-fold by Lv-PS1 compared
to the control (Fig. 1f & Additional file 1: Figure S1B).

Presenilin1 represses the growth of glioblastoma cells

in vitro

The positive correlation between Presenilinl and glioma
prognosis led us to explore the antitumor function of
Presenilinl in glioblastoma. First, we investigated the
role of Presenilinl in glioma cell growth by CCK-8 assay.
As shown in Fig. 2a, Presenilinl depletion significantly
promoted the growth ratio of U87 cells, and the
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upregulation of Presenilinl significantly inhibited U87
cell growth. Likewise, the downregulation of Presenilinl
accelerated cell growth, and the upregulation of Preseni-
linl decelerated the growth of U251 cells (Fig. 2b). Sim-
ultaneously, we performed colony formation assays to
detect the effect of Presenilinl on glioma. The colony
number of U87 cells significantly increased when sh-PS1
was transfected, and this number sharply decreased
when Lv-PS1 was transfected (Fig. 2c). Similarly, we ob-
served that Presenilinl negatively regulated the colony
formation ability of U251 cells (Fig. 2d). Thus, the above
results illustrated that Presenilinl hindered the cell
growth of glioblastoma cells in vitro, which could partly
explain the positive relation between Presenilinl and the
prognosis of glioblastoma.

Presenilin1 inhibits glioblastoma proliferation by
arresting the G1/S phase of the cell cycle in vitro

We observed that Presenilinl exerted a negative effect
on glioblastoma cell growth. To further investigate the
underlying mechanism, flow cytometry assays were per-
formed to analyze the changes in the cell cycle after the
loss or gain of function of Presenilinl. The results re-
vealed that the overexpression of Presenilinl arrested
the cell cycle at the G1/S phase but did not alter the G2
phase in the U87 and U251 cell lines (Fig. 3a). In con-
trast, the downregulation of Presenilinl significantly pro-
moted the cell cycle from the G1 phase to the S phase
(Fig. 3b). Additionally, Edu staining showed that the
stimulation of Presenilinl clearly decreased the positive
rates of Edu in U87 and U251 cells (Fig. 3c). However,
blocking Presenilinl significantly elevated the positive
rate of Edu in U87 and U251 cells (Fig. 3d). Next, we de-
tected the molecules that regulate the G1/S cell cycle
and found that the expression of C-myc, CDK6 and cyc-
lin D1 were distinctly decreased with Presenilinl stimu-
lation. In contrast, the above cell cycle regulators were
upregulated after Presenilinl repression (Fig. 3e). These
results revealed that Presenilinl negatively mediated the
progression of the G1/S phase of the cell cycle by repres-
sing the expression of C-myc, CDK6 and cyclin D1.

Presenilin1 negatively regulates Wnt/B-catenin signaling
by promoting B-catenin phosphorylation and degradation
in glioblastoma

Increasing evidence indicates that Wnt/p-catenin signal-
ing promotes cancer progression and that Presenilinl
could promote B-catenin degradation in embryonic stem
cells. To test whether Presenilinl mediates the Wnt
pathway in glioblastoma, we analyzed the correlation be-
tween Presenilinl and Wnt-related molecules. We found
that B-catenin mRNA levels were significantly and nega-
tively correlated with Presenilinl mRNA levels in glioma
patients (Fig. 4a). Additionally, the Wnt target genes C-
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Fig. 1 a Representative IHC staining of Presenilin1 protein in low grade glioma tissues (LGG, left panels) and high grade glioma tissues (HGG,
right panels). Scale bars =50 um and 20 um respectively. b Statistical analysis of the relative expression levels of Presenilin1 in LGG and HGG, *
p < 0.05. ¢ Kaplan-Meier analysis for all grade glioma patients, patients in the high Presenilin1 group (n=122) and in the low Presenilin1 group
(n=289) (P=0.0000, log-rank test). d Kaplan-Meier analysis for glioma patients. Patients in the high Presenilin1 group (n=28) and in the low
Presenilin1 group (n=91) (P=0.0257, log-rank test). e Kaplan-Meier analysis for all grade glioma patients. Patients in the high Presenilin1 group
(n=180) and in the low Presenilin1 group (n=92) (P=0.0019, log-rank test). f U87 cells were transfected with lentivirus contain sh-RNA target
Presenilin1(sh-PS1) or full-length gene of Presenilin1(Lv-PS1).Sh-NC and Lv-NC were used as control, then Western-blot to detect the down- and
over-expression effect of lentivirus in U87 cells, *p < 0.05**p < 0.01
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decreased with Presenilinl downregulation and increased
with Presenilinl overexpression. Conversely, the stabilized
[-catenin level was elevated when Presenilinl was down-
regulated and reduced when Presenilinl was upregulated
in U87 cells, indicating that Presenilinl decreased [-
catenin stabilization by promoting degradation-related
phosphorylation at Ser45 and Thr41/Ser37/Ser33. Add-
itionally, we observed that the phosphorylation of GSK-33
was negatively correlated with the expression of Preseni-
lin1, suggesting Presenilinl as an activator of GSK-3p (Fig.
4d and Additional file 1: Figure S1C). Considering that
GSK-3B was the main promoter in phosphorylating B-
catenin at the Thr41, Ser37, and Ser33 sites, we concluded

that Presenilinl inhibited Wnt/p-catenin signaling by
directly phosphorylating -catenin at Ser45 and acti-
vated GSK-3p to indirectly phosphorylate B-catenin at
the Thr4l, Ser37, and Ser33 sites. Next, we utilized
immunofluorescence (IF) to show the effect of Prese-
nilinl on the distribution of P-catenin. As shown in
Fig. 4e, P-catenin was primarily localized in the
nucleus of U87 cells, and Presenilinl deficiency
distinctly elevated the expression of [B-catenin. Add-
itionally, we analyzed the colocalization of [-catenin
and DAPI and found that the Pearson index was
significantly increased after Presenilinl repression. In
contrast, we observed that the activation of
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Fig. 3 a U87 and U251 cells were over-expressed of Presenilin1, then were used to flow cytometry assays to analyse the cell cycle. Histograms
showing the percent of cell at G1, S and G2 phase. b Flow cytometry assays were applied to investigate the influence of down expression of
Presenilin1 on cell cycle in U87 and U251 cells. ¢ Edu staining to show the proliferation states of U87 and U251 cells after Presenilin1 were up-
regulated, histograms showing the Edu positive cell ratio in each groups, Scale bars = 50um. d Representative Edu images and histograms to
show the influence of Presenilin repression on glioma proliferation, Scale bars = 50um. e Western-blot assays to show the expression of C-myc,
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Presenilinl clearly decreased the expression of f-
catenin and the colocalization of B-catenin to DAPI,
suggesting that the repression of Presenilinl main-
tained B-catenin stabilization and transported it to the
nucleus. We repeated IF assays in U251 cells and ob-
tained similar results (Fig. 4f). The above results
illustrated that Presenilinl exerted an inhibitory effect
on the Wnt/p-catenin pathway by promoting the

phosphorylation of B-catenin, which could completely
explain the antiproliferative role of Presenilinl in
GBM.

Presenilin1 regulates glioblastoma proliferation in vivo

To further verify the role of Presenilinl in GBM, we first
established a transplanting GBM model with U87-Sh-
PS1 cells, U87-Lv-PS1 cells and control cells. We found
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that the knockout of Presenilinl significantly promoted
the growth of subcutaneous GBM compared to the con-
trol (Fig. 5a). In contrast, Presenilinl overexpression
clearly alleviated the growth of GBM compared to the
control (Fig. 5b). The IHC staining of Ki-67 to show the
proliferation states of subcutaneous GBM tissues showed
that the positive rate of Ki-67 in the sh-PS1 groups was
significantly higher than that in the control groups. In
contrast, the Ki-67-positive rates in the Lv-PS1 groups
were clearly lower than those in the control groups (Fig.
5c¢). Western blot and IHC assays indicated that the dir-
ect and indirect phosphorylation levels of $-catenin were
significantly elevated in the Lv-PS1 groups and reduced

in the Sh-PS1 groups. Stabilized [B-catenin was distinctly
decreased in the Lv-PS1 groups and increased in the Sh-
PS1 groups (Fig. 5d & e). These results verified that Pre-
senilinl exerted a repressive function in GBM via the
Wnt/B-catenin pathway in vivo.

Overexpression of Presenilin1 represses the growth of
intracranial glioblastoma

We transplanted U87-Lv-PS1 cells and control cells to
the right striatum of nude mice and found that the up-
regulation of Presenilinl sharply repressed the growth of
intracranial glioma by MRI detection (Fig. 6a-b). The
tumor value in the Lv-PS1 group was significantly
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Fig. 5 a-b Subcutaneous transplanting gliomas were utilized to analyse the function of Presenilin1 on glioma in vivo, tumor values were measured every-3 days
and calculated to histogram. ¢ Representative IHC images of Ki67 expression in 4 groups of subcutaneous glioma tissues, scale bar = 50um. d The expression of
p45-B-catenin, p33/37/41-B-catenin and total 3-catenin in 4 groups of subcutaneous glioma tissues were detected by IHC, scale bar = 50um. * p < 005 p < 001.
e Western-blot assays to investigate the expression levels of p45-3-catenin, p33/37/41-3-catenin, total 3-catenin, p9-GSK-3(3 and GSK-3f in U87 cells after down- or
up-expression of PSEN1

smaller than that in the control group on day 19 after
transplantation (Fig. 6c-d). Likewise, gross observation
also demonstrated that the upregulation of Presenilinl
slowed the growth of orthotopic glioblastoma (Fig. 6e).
In addition, the proliferative state was alleviated after
Presenilinl upregulation by detecting Ki-67 (Fig. 6f). Im-
portantly, the upregulation of Presenilinl clearly pro-
longed the survival time of glioblastoma-bearing mice
(Fig. 6g). Based on the in vitro and in vivo results, we
confirmed that Presenilinl exerted an anti-growth func-
tion by increasing the phosphorylation and decreasing

the stabilization of [-catenin, then arresting the cell
cycle at the G1/S phase, eventually repressing the cell
proliferation of glioblastoma (Fig. 6h).

Discussion

The aim of the present study was to explore the expres-
sion profile and functions of Presenilinl in glioma. Our
results indicated that Presenilinl was downregulated in
glioma and positively correlated with the prognosis of
glioma and GBM patients. We found that the level of
Presenilinl was negatively correlated with GBM
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Fig. 6 a-d Intracranial xenografts of gliomas were established with GL2161 cells after up-regulation of Presenilin1, representative MRI image showing
the the tumor size at 7 days and 19 days after transplating in each groups, scale bar =5 mm. Histograms showing the tumor values at 7 days and 19
days after transplating in each groups. e The representative gross image of glioma after dissected from mice in each group. f IHC staining of Ki-67 to
show the proliferation state of transplating glioma, Scale bar = 50um. g The survival curve of glioma-bearing mice was analyzed by Kaplan-Meier. h
The schematic model: Presenilin1 exert anti-glioma function by increasing the phosphorylation of 3-catenin and degradation, then arrest cell cycle at

> CyclinD1

proliferation. Furthermore, Presenilinl repressed GBM
growth by arresting the cell cycle at the G1/S phase.
Additional results demonstrated that Presenilinl regu-
lates the cell cycle by altering CDK6, C-myc and Cyclin
D1 in GBM cells. Finally, we confirmed that p-catenin
phosphorylation and degradation were involved in
Presenilinl-suppressed GBM proliferation in vitro and

in vivo. Overall, our data also suggest that the overex-
pression of Presenilinl might be a promising agent for
human GBM.

We observed that the low expression levels of Preseni-
linl indicated a worse prognosis in glioma patients. The
acceleration of GBM cell growth is well known to be as-
sociated with cancer development and causes a dismal
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prognosis [15]. Our study showed that the downregula-
tion of Presenilinl in GBM cells led to a significant in-
crease in growth in human GBM cells (U87 and U251).
The upregulation of Presenilinl had the opposite effect.
Cancer is characterized by uncontrolled proliferation
resulting from the aberrant activity of various cell cycle
proteins [16]. Our data demonstrate that Presenilinl
may suppress GBM cell growth by arresting the cell
cycle at the G1/S phase by downregulating the expres-
sion of CDK6, C-myc and cyclin D1, and Presenilinl
overexpression had the opposite effect. The elevation of
those cyclins is considered a hallmark for GBM prolifer-
ation and has been associated with poor prognosis in
GBM patients [17-19]. In this study, we found that Pre-
senilinl can negatively regulate GBM cell proliferation,
which could explain the negative correlation between
Presenilinl and GBM patient prognosis.

Until now, a number of studies have investigated the
bidirectional function of Presenilinl in cancer. On one
hand, Ham, S et al. reported the inverse correlation of
AD and cancer observed in the Presenilinl-KO mouse
model of AD [20]. The downregulation of Presenilinl in
hepatocellular carcinoma cells promotes cell survival
and decreases cell apoptosis to modify radioresistance
and chemotherapeutic tolerance [14]. Similarly, the ex-
pression level of Presenilinl is negatively correlated with
bladder cancer chemoresistance [12]. The repression of
Presenilinl suppresses cell apoptosis, and the activation
of Presenilinl enhances cell death in bladder cancer.
Downregulating Presenilinl contributes to the radiation
and chemotherapy resistance of esophageal carcinoma
[21]. Additionally, Significant negative associations be-
tween Presenilinl rs165934 genes and OS have been
found in Chinese epithelial ovarian cancer (EOC) pa-
tients [10]. On the other hand, Presenilinl is signifi-
cantly upregulated in gastric cancer and positively
correlated with lymph node metastasis and poor OS.
Presenilinl cleaves E-cadherin and the [-catenin com-
plex, releasing B-catenin to translocate into the nucleus
and activate target genes [11]. Here, we report the anti-
tumor role of Presenilinl in glioblastoma by repressing
cell proliferation, exploring the role of Presenilinl in
cancer and connecting this AD-protein to glioblastoma.

In this study, we report that the downregulation of
Presenilinl enhanced glioblastoma growth in vitro and
in vivo. Previously, Daniel P et al. reported that orthoto-
pically implanted glioma is significantly reduced in Tg
PS1/APPsw mice compared to their wild-type littermate,
suggesting that AD does not constitute a favorable envir-
onment to support glioma growth [22]. However, the
tumor volume of Tg PS1/APPsw mice was slightly larger
(no significant difference) than that of Tg APPsw mice,
implying that PS1 dysregulation could reverse the de-
pression of glioma growth when APP is overproduced.
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In keeping with the above observations, our results sup-
port Presenilinl as a tumor inhibitor by repressing the
[-catenin signal. In addition to uncontrollable tumor cell
proliferation, GBM is also characterized by an extensive
aggressive nature, which enhances tumor cell infiltration
into the surrounding brain parenchyma and leads to in-
evitable recurrence even after gross total resection [23].
Additionally, the elevated vascularity and tumor necrosis
of GBM make these tumors prone to recurrence with an
extremely dismal outlook [24]. Therefore, whether Pre-
senilinl is also involved in these pathological processes
should be explored in the future.

Presenilinl is the main substrate of y-secretase, which
is well studied in the processing of the amyloid-p protein
precursor. The constituents of the y-secretase complex
are four transmembrane proteins: heterodimeric preseni-
lins (either Presenilinl or Presenilin2), NCT, Aph-1, and
Pen-2 [25]. Currently, as the main active component of
y-secretase, Presenilinl is identified to participate in the
cleavage of type I membrane receptors such as Notch
and P75, The cleavage of Notch receptors to release
their intracellular domain (NICD) is vital for signal
transduction [26]. The NICD is sorted into the cytosol
and is a well-known transcription factor for several
genes mostly involved in cell survival and differentiation
[27]. In glioma stem cells (GSCs), Notch signaling is
highly activated and contributes to maintaining stem
cell-like properties [28]. The y-secretase inhibitor pre-
vents the release of the active NICD from the receptor
and results in repression of proliferation and neuro-
sphere formation, as well as promoting apoptosis in
GBM cells [29, 30]. Additionally, P75™™® is upregulated
in GBM and mediates the function of pro-BDNF to in-
hibit glioma cell growth [31]. Thus, Presenilinl may
cleave P75NR to relieve the pro-growth function of pro-
BDNF. Here, we found that Presenilinl repressed GBM
by increasing the degradation-dependent phosphoryl-
ation of B-catenin at the 45 site and 33/37/41 sites. Our
previous study demonstrated that sortilin suppressed the
GSK-3pB/p-catenin pathway in GBM cells [32]. Moreover,
sortilin, as a single transmembrane domain type I recep-
tor, could be cleaved to result in the shedding of the lu-
minal domain [33]. Thus, we suspect that Presenilinl
may represses WNT/B-catenin signaling via its participa-
tion in sortilin cleavage, which will be investigated in fu-
ture studies.

Conclusions

In summary, our results suggest that Presenilinl is fre-
quently downregulated in human glioma tissues and acts
as an antitumor molecule to repress cell proliferation
during the progression of glioblastoma in vitro and
in vivo. Mechanistically, Presenilinl regulates Wnt/p-ca-
tenin signaling by promoting the phosphorylation
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process of B-catenin, leading to repressed CDK6, Cyclin
D1 and C-myc and hindering cell cycle progression by
arresting the G1/S checkpoint. Therefore, we first report
that the AD-related protein Presenilinl plays an antitu-
mor role in glioblastoma and offer a novel target for the
diagnosis and treatment of glioblastoma patients.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512964-019-0501-9.

Additional file 1: Figure S1. A: Kaplan-Meier analysis of overall survival
rates for low grade glioma patients. B: The knockdown effect and
overexpression effect of lentivirus in GL261 cells was detected by
western-blot assays. C: Western-blot assays to investigate the expression
levels of p45-B-catenin, p33/37/41-B-catenin, total B-catenin, p9-GSK-33
and GSK-3B in U251 cells after down- or up-expression of PSENT.

Abbreviations

BDNF: Brain Derived Neurotrophic Factor; CDK6: Cyclin dependent kinase 6;
CK-1a: Casein Kinase-1a; GSK-3f: Glycogen synthase kinase-3@; P75 P75
Neurotrophic factor receptor

Acknowledgments
We thank Meng-xia, Li for the excellent technical assistance.

Authors’ contributions

MX, LY and WY designed the research, LY and WY analyzed the data and
wrote the manuscript. WY, PW and JM performed the in vitro function and
molecular mechanism experiments. YW and ML performed the in vivo
experiments. PW and LX collected the clinical tissue samples. All authors
read and approved the final manuscript.

Funding

This study was supported by grants from the National Natural Science
Foundation of China to L,Yi (Nos.81772662 and 81270039;). This work also
supported by grants from Chongging Science and Technology Commission
to LXu (No. cstc2017jcyjBX0021).

Availability of data and materials
The data used or analyzed during this study are included in this article and
available from the open access website or platform.

Ethics approval and consent to participate

Protocol was approved by the Ethics Committee of Daping Hospital, Army
Medical University. All patients provided written informed consent in
accordance with the Declaration of Helsinki.

Consent for publication
All authors agree with the content of the manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 27 August 2019 Accepted: 23 December 2019
Published online: 11 February 2020

References

1. Ostrom QT, Gittleman H, Xu J, Kromer C, Wolinsky Y, Kruchko C, Barnholtz-
Sloan JS. CBTRUS statistical report: primary brain and other central nervous
system tumors diagnosed in the United States in 2009-2013. Neuro-
Oncology. 2016;18:v1-v75.

2. Aldape K, Brindle KM, Chesler L, Chopra R, Gajjar A, Gilbert MR, Gottardo N,
Gutmann DH, Hargrave D, Holland EC, et al. Challenges to curing primary
brain tumours. Nat Rev Clin Oncol. 2019;16:509-20.

3. Ostrom QT, Gittleman H, Truitt G, Boscia A, Kruchko C, Barnholtz-Sloan JS.
CBTRUS statistical report: primary brain and other central nervous system

20.

21.

22.

23.

24,

25.

26.

Page 12 of 13

tumors diagnosed in the United States in 2011-2015. Neuro-Oncology. 2018;
20:v1-v86.

Loy CT, Schofield PR, Turner AM, Kwok JB. Genetics of dementia. Lancet.
2014;383:828-40.

Rogaev El, Sherrington R, Rogaeva EA, Levesque G, lkeda M, Liang Y, Chi H,
Lin C, Holman K, Tsuda T, Et A. Familial Alzheimer's disease in kindreds with
missense mutations in a gene on chromosome 1 related to the Alzheimer's
disease type 3 gene. Nature. 1995;376:775-8.

Lane CA, Hardy J, Schott JM. Alzheimer's disease. Eur J Neurol. 2018,25:59-70.
Levy-Lahad E, Wasco W, Poorkaj P, Romano DM, Oshima J, Pettingell WH,
Yu CE, Jondro PD, Schmidt SD, Wang K, Et A. Candidate gene for the
chromosome 1 familial Alzheimer's disease locus. Science. 1995;269:973-7.
Roperch JP, Alvaro V, Prieur S, Tuynder M, Nemani M, Lethrosne F, Piouffre
L, Gendron MC, Israeli D, Dausset J, et al. Inhibition of presenilin 1
expression is promoted by p53 and p21WAF-1 and results in apoptosis and
tumor suppression. Nat Med. 1998;4:835-8.

Kang DE, Soriano S, Xia X, Eberhart CG, De Strooper B, Zheng H, Koo EH.
Presenilin couples the paired phosphorylation of beta-catenin independent
of axin: implications for beta-catenin activation in tumorigenesis. Cell. 2002;
110:751-62.

Xu'Y, Cheng L, Dai H, Zhang R, Wang M, Shi T, Sun M, Cheng X, Wei Q.
Variants in notch signalling pathway genes, PSEN1T and MAML2, predict
overall survival in Chinese patients with epithelial ovarian cancer. J Cell Mol
Med. 2018;22:4975-84.

Li P, Lin X, Zhang JR, Li Y, Lu J, Huang FC, Zheng CH, Xie JW, Wang JB,
Huang CM. The expression of presenilin 1 enhances carcinogenesis and
metastasis in gastric cancer. Oncotarget. 2016;7:10650-62.

Deng H, Lv L, Li'Y, Zhang C, Meng F, Pu Y, Xiao J, Qian L, Zhao W, Liu Q,
et al. The miR-193a-3p regulated PSEN1 gene suppresses the multi-
chemoresistance of bladder cancer. Biochim Biophys Acta. 1852;2015:520-8.
Galamb O, Kalmar A, Peterfia B, Csabai |, Bodor A, Ribli D, Krenacs T, Patai
AV, Wichmann B, Bartak BK, et al. Aberrant DNA methylation of WNT
pathway genes in the development and progression of CIMP-negative
colorectal cancer. Epigenetics-Us. 2016;11:588-602.

Ma H, Yuan L, Li W, Xu K, Yang L. The LncRNA H19/miR-193a-3p axis
modifies the radio-resistance and chemotherapeutic tolerance of
hepatocellular carcinoma cells by targeting PSEN1. J Cell Biochem. 2018;119:
8325-35.

Sasmita AO, Wong YP, Ling A. Biomarkers and therapeutic advances in
glioblastoma multiforme. Asia Pac J Clin Oncol. 2018;14:40-51.

Otto T, Sicinski P. Cell cycle proteins as promising targets in cancer therapy.
Nat Rev Cancer. 2017;17:93-115.

Xu G, Li JY. CDK4, CDK6, cyclin D1, p16(INK4a) and EGFR expression in
glioblastoma with a primitive neuronal component. J Neuro-Oncol. 2018;
136:445-52.

Ji QK, Ma JW, Liu RH, Li XS, Shen FZ, Huang LY, Hui L, Ma YJ, Jin BZ.
CDCA7L promotes glioma proliferation by targeting CCND1 and predicts an
unfavorable prognosis. Mol Med Rep. 2019;20:1149-56.

Masui K, Tanaka K, Akhavan D, Babic I, Gini B, Matsutani T, lwanami A, Liu F,
Villa GR, Gu Y, et al. mTOR complex 2 controls glycolytic metabolism in
glioblastoma through FoxO acetylation and upregulation of c-Myc. Cell
Metab. 2013;18:726-39.

Ham S, Kim TK, Ryu J, Kim YS, Tang YP, Im HI. Comprehensive
MicroRNAome analysis of the relationship between alzheimer disease and
cancer in PSEN double-knockout mice. Int Neurourol J. 2018;22:237-45.
Meng F, Qian L, Lv L, Ding B, Zhou G, Cheng X, Niu S, Liang Y. miR-193a-3p
regulation of chemoradiation resistance in oesophageal cancer cells via the
PSENT gene. Gene. 2016;579:139-45.

Paris D, Ganey N, Banasiak M, Laporte V, Patel N, Mullan M, Murphy SF, Yee
GT, Bachmeier C, Ganey C, et al. Impaired orthotopic glioma growth and
vascularization in transgenic mouse models of Alzheimer's disease. J
Neurosci. 2010;30:11251-8.

Davis ME. Glioblastoma: overview of disease and treatment. Clin J Oncol
Nurs. 2016;20:52-8.

Alexander BM, Cloughesy TF. Adult Glioblastoma. J Clin Oncol. 2017;35:
2402-9.

Suzuki K, Iwata A, lwatsubo T. The past, present, and future of disease-
modifying therapies for Alzheimer's disease. Proc Jpn Acad Ser B Phys Biol
Sci. 2017,93:757-71.

De Strooper B, Annaert W, Cupers P, Saftig P, Craessaerts K, Mumm JS,
Schroeter EH, Schrijvers V, Wolfe MS, Ray WJ, et al. A presenilin-1-dependent


https://doi.org/10.1186/s12964-019-0501-9
https://doi.org/10.1186/s12964-019-0501-9

Yang et al. Cell Communication and Signaling

27.

28.

29.

30.

32.

33.

(2020) 18:22

gamma-secretase-like protease mediates release of notch intracellular
domain. Nature. 1999,;398:518-22.

Fortini ME. Gamma-secretase-mediated proteolysis in cell-surface-receptor
signalling. Nat Rev Mol Cell Biol. 2002;3:673-84.

Hulleman E, Quarto M, Vernell R, Masserdotti G, Colli E, Kros JM, Levi D,
Gaetani P, Tunici P, Finocchiaro G, et al. A role for the transcription factor
HEY1 in glioblastoma. J Cell Mol Med. 2009;13:136-46.

Kristoffersen K, Nedergaard MK, Villingshoj M, Borup R, Broholm H, Kjaer A,
Poulsen HS, Stockhausen MT. Inhibition of notch signaling alters the
phenotype of orthotopic tumors formed from glioblastoma multiforme
neurosphere cells but does not hamper intracranial tumor growth
regardless of endogene notch pathway signature. Cancer Biol Ther. 2014;15:
862-77.

Hovinga KE, Shimizu F, Wang R, Panagiotakos G, Van Der Heijden M,
Moayedpardazi H, Correia AS, Soulet D, Major T, Menon J, Tabar V. Inhibition
of notch signaling in glioblastoma targets cancer stem cells via an
endothelial cell intermediate. Stem Cells. 2010;28:1019-29.

Xiong J, Zhou L, Yang M, Lim Y, Zhu YH, Fu DL, Li ZW, Zhong JH, Xiao ZC,
Zhou XF. ProBDNF and its receptors are upregulated in glioma and inhibit
the growth of glioma cells in vitro. Neuro-Oncology. 2013;15:990-1007.
Yang W, Wu PF, Ma JX, Liao MJ, Wang XH, Xu LS, Xu MH, Yi L. Sortilin
promotes glioblastoma invasion and mesenchymal transition through GSK-
3beta/beta-catenin/twist pathway. Cell Death Dis. 2019;10:208.

Navarro V, Vincent JP, Mazella J. Shedding of the luminal domain of the
neurotensin receptor-3/sortilin in the HT29 cell line. Biochem Biophys Res
Commun. 2002;298:760-4.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusion

	Backgroud
	Materials and methods
	Cell culture
	Reagents and antibodies
	Analysis of patient data
	Immunohistochemistry (IHC)
	Lentivirus transfection
	CCK-8 assay
	Colony formation assay
	Cell cycle assay
	EdU staining assay
	Western blotting assay
	Immunofluorescence
	Tumor xenografts
	Statistical analysis

	Results
	Presenilin1 is downregulated in malignant glioma and is positively correlated with the prognosis of glioma patients
	Presenilin1 represses the growth of glioblastoma cells in�vitro
	Presenilin1 inhibits glioblastoma proliferation by arresting the G1/S phase of the cell cycle in�vitro
	Presenilin1 negatively regulates Wnt/β-catenin signaling by promoting β-catenin phosphorylation and degradation in glioblastoma
	Presenilin1 regulates glioblastoma proliferation in�vivo
	Overexpression of Presenilin1 represses the growth of intracranial glioblastoma

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

