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Nuclear Dbf2-related Kinase 1 func
tions as tumor suppressor in
glioblastoma by phosphorylation of Yes-associated protein
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Abstract
Background: TheNuclear Dbf2-related (NDR1) kinase is a member of the NDR/LATS family, which was a supplementary of Hippo
pathway. However, whether NDR1 could inhibit glioblastoma (GBM) growth by phosphorylating Yes-associated protein (YAP)
remains unknown. Meanwhile, the role of NDR1 in GBM was not clear. This study aimed to investigate the role of NDR1-YAP
pathway in GBM.
Methods: Bioinformation analysis and immunohistochemistry (IHC) were performed to identify the expression of NDR1 in GBM.
The effect of NDR1 on cell proliferation and cell cycle was analyzed utilizing CCK-8, clone formation, immunofluorescence and flow
cytometry, respectively. In addition, the xenograft tumor model was established as well. Protein interaction was examined by Co-
immunoprecipitation and immunofluorescence to observe co-localization.
Results: Bioinformation analysis and IHC of our patients’ tumor tissues showed that expression of NDR1 in tumor tissue was
relatively lower than that in normal tissues and was positively related to a lower survival rate. NDR1 could markedly reduce the
proliferation and colony formation of U87 and U251. Furthermore, the results of flow cytometry showed that NDR1 led to cell cycle
arrest at the G1 phase. Tumor growth was also inhibited in xenograft nude mouse models in NDR1-overexpression group. Western
blotting and immunofluorescence showed that NDR1 could integrate with and phosphorylate YAP at S127 site. Meanwhile, NDR1
could mediate apoptosis process.
Conclusion: In summary, our findings point out that NDR1 functions as a tumor suppressor in GBM. NDR1 is identified as a novel
regulator of YAP, which gives us an in-depth comprehension of the Hippo signaling pathway.
Keywords: Glioblastoma; Hippo signaling pathway; Nuclear Dbf2-related; Yes-associated protein
Introduction

Glioma is the most common primary malignant brain
tumor, and originates from glial cells or glial precursor
cells. Glioblastoma (GBM, WHO grade IV) is one of the
most common and most malignant primary tumors in the
brain. Despite the current efforts of medical investigations,
the prognosis of GBM is still poor. The 5-year survival rate
of GBM is <5%[1]; the overall survival of patients in
clinical studies is between only 14.6 to 26.3 months.[2]

Besides, the pathogenesis of GBM is unique and complex
with a large number of gene mutations and complex signal
pathway changes.[3] Therefore, improving glioma therapy
is the focus and challenge of neurosurgery research.

Yes-associated protein (YAP) is a transcriptional coac-
tivator that promotes tissue and organ growth.[4] It is a
core effector of the Hippo signaling pathway. Mammalian
sterile-20-like 1/2 (MST1/2) phosphorylates large tumor
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suppressor 1/2 (LATS1/2), which in turn phosphorylates
YAP, leading to cytoplasmic retention and loss of
function.[5] Accumulating evidence also shows that over-
expression (OE) of YAP/TAZ is observed in many cancer
types including glioma, indicating that YAP/TAZ not only
promotes organ growth, but also plays a key role in tumor
proliferation.[6,7] High YAP or TAZ activity enables the
cell to escape contact inhibition and anoikis and supports
anchorage-independent growth.[8] This result indicates
that the regulation of YAP is significant for the inhibition
of glioma growth. At present, the upstream regulator of
YAP is still being investigated. Nuclear Dbf2-related
(NDR1), also known as serine/threonine kinase 38 or
STK38), drew our attention because of its similarity to
LATS.

NDR1 is a member of the NDR/LATS family including
NDR1, NDR2 (or STK38L), large tumor suppressor-1
(LATS1) and large tumor suppressor-2 (LATS2), which is a
member of the AGC (protein kinase A/G/C) group of the
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serine/threonine kinase family.[9] The NDR protein kinase
is highly conserved and is nearly universally expressed in
many different species.[10] NDR/LATS kinase is essential
for cell growth, metabolism, proliferation, and survival of
many unicellular or multicellular organisms.[11] It is
generally believed that NDR has similar effects like LATS
acting as a tumor suppressor protein in the Hippo
pathway.[12] However, there is also evidence that NDR
can promote tumor growth. As an important supplement
to the Hippo pathway, NDR1 has attracted much
attention in the past decade. However, the role of
NDR1 in glioma remains unknown. Now that NDR1 is
known to have a similar function as LATS, it is also unclear
whether NDR1 may exert a tumor suppressor function by
combining with YAP.

Methods

Ethics

Our research was approved by the Medical Science
Research Ethics Committee of our hospital and followed
the guidance of World Medical AssociationDeclaration of
Helsinki-Ethical Principles for Medical Research Involving
Human Subjects. Considering our specimens are all
obtained from the pathology department, the ethics
committee believes that our research does not require
additional patient informed consent, and only needs to pay
attention to avoid unauthorized disclosure patients’
information. As a result, there is no relevant ethical ID.
Study design

All the GBM specimens were collected from the depart-
ment of pathology of Peking University Third Hospital.
Including criteria: The pathological diagnosis was WHO
IV level from January 1, 2017 to December 31, 2018. All
the patients were followed up for at least 1 year by
telephone or outpatient. All the clinical information of 158
patients was collected from the Electronic Medical Record
Information System. They were divided into two groups by
integrated score of immunohistochemistry (IHC) of NDR1
including low expression group and high expression group
[Supplementary Digital Content, Figure 1, http://links.
lww.com/CM9/A696]. Clinical information of the two
groups was compared to identify the differences in terms of
prognosis and other clinical items.
Bioinformatic analysis of the ONCOMINE microarray
database and SurvExpress database

Expression levels of NDR1 (STK38) in GBM were
analyzed via ONCOMINE microarray datasets (https://
www.oncomine.org). These datasets play a powerful role
in screening differentially expressed genes (DEGs) between
tumor and normal tissues. By searching “STK38,”
“GBM,” “Cancer vs. Normal Analysis,” and “mRNA,”
three datasets were acquired. The survival information of
patients with lower and higher STK38 expression was
obtained from SurvExpress: An Online Biomarker Valida-
tion Tool and Database for Cancer Gene Expression Data
Using Survival Analysis (http://bioinformatica.mty.itesm.
mx/SurvExpress).
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Cell culture

Human GBM cancer cell lines U87 MG and U251 were
purchased from the American Type Culture Collection
(Manassas, VA, USA). U87 MG cells were cultured in
Minimum Essential Medium-a supplemented with 10%
fetal bovine serum (FBS, BI, Israel) and 1% nonessential
amino acids (NEAAs, Gibco, USA). U251 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, USA) supplemented with 10% FBS. Cells were
maintained at 37°C in a humidified incubator with a
constant airflow of 5% CO2.

Recombinant of lentiviruses

Recombinant lentivirus OE RNA targeting the NDR1
sequence (Lv-OE-NDR1) and a lentivirus control sequence
(Lv-Con) with green fluorescent protein (GFP) were
purchased from Jikai (Shanghai, China). The mRNA
sequence adopted in our study was NM_007271.4.

Cell infection with lentivirus

U87 MG and U251 cells were seeded in 6-well plates with
lentivirus; cells were cultured in complete medium
containing virus for 16 h, and then the medium was
replaced with normal medium. Observed by a fluorescence
microscope, GFP-positive cells were used to estimate
infection efficiency. A culture medium containing puro-
mycin (Solarbio, Beijing, China) was used to kill
unsuccessfully transfected cells.

Western blot assay

U87 MG and U251 cells with stable NDR1-OE and
control cells were collected and lysed in Radio Immuno-
precipitation Assay buffer (Solarbio, Beijing, China) and
western blot assays of equal volumes of lysate were
performed as described in the previously mentioned study.
The following antibodies were used: anti NDR1 (1:500),
p-NDR1, YAP, p-YAP, MST1, LATS1, cleaved poly ADP-
ribose polymerase (PARP) and b-actin (all 1:1000). For
apoptosis research, tumor necrosis factor-a (TNF-a,
PEPRO TECH company, USA, Catalog#: 300-01A,
10 ng/mL) was used.
CCK-8 cell proliferation assay

U87 MG and U251 cells infected with Lv-OE-NDR1 or
Lv-Con lentivirus were seeded in 96-well plates at a density
of 2000 cells/well and incubated in a 37 °C culture
chamber for 1 day, 2 days, 3 days, 4 days, or 5 days. Then,
the CCK-8 solution (Dojindo, Japan) was added to the
culture medium, and cells infected with the virus were
incubated with the above medium for 2 h at 37 °C in 95%
humidified air and 5% CO2. The optical density (OD) was
measured at 450 nm using a microplate reader (Bio-Rad
Laboratories Inc, Hercules, CA, USA). Each group had five
duplicates and the experiment was performed in triplicate.
Colony formation assay

Cells infected with Lv-OE-NDR1 or Lv-Con lentivirus
were seeded in 10 cm dishes (U87: 800/well; U251: 1000/
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well, respectively). The supernatant was discarded and the
culture medium was replaced every 3 days. After culturing
for 14 days, cells were washed two times with PBS and
fixed in 4% paraformaldehyde for 30min. Finally, after
washing with PBS again, the colonies were stained with
5% crystal violet for 30 min. The number of colonies
(>50 cells/colony) were quantified using ImageJ (National
Institutes of Health, USA). Each group had three replicates
and the experiment was performed three times.
Cell cycle analysis

Infected U87 MG and U251 cells were seeded in 6-well
dishes, collected by trypsinization and fixed in 75% cold
ethanol for 24 h at 4 °C. After washing two times with cold
PBS, cells were resuspended in 500mL RNaseA (KeyGEN
Bio Tech Company, Jiangsu, China) at 37 °C for 30 to
60min. Then, cells were stained with 500mL propidium
iodide (KeyGEN Bio Tech company, Jiangsu, China) at
room temperature for 60min in the dark. Cell cycle
distribution was determined using a flow cytometer (BD
Bioscience, USA). The experiment was performed in
triplicate according to the manufacture’s instruction.
In vivo xenograft assay

Female nude mice were purchased from the Model Animal
Research Center of Peking University Health and Science
Center and housed in specific pathogen-free barrier
facilities. Twenty four 6-week-old female nude mice were
randomly divided into two groups. A total of 1� 107 U87
cells infected with Lv-OE-NDR1 were injected into the
right axillary of 12 mice, and the other 12 mice were
injected with U87 cells infected with Lv-Con at equal
concentrations. The diameters of xenografts were mea-
sured using a slide caliper every 3 days for 32 days.
Xenograft tumor volumewas calculated using the formula:
V= (length�width2)/2. At the end of the experiment, mice
were euthanized and imaged. Xenograft tumors were
removed from each mouse, imaged, weighed, and fixed in
4% paraformaldehyde.
IHC staining

Nude mouse xenograft tumors were paraffin-embedded
and sectioned, and then these tumor tissues were subjected
to IHC staining, as previously described. Anti-NDR1
primary antibody (1:50, Santa Cruze, USA), Ki-67
antibody (1:200, Cell Signaling Technology, USA) and
hematoxylin-eosin (HE) staining were performed. Patient
tumors acquired from surgery were embedded and
sectioned. Anti-NDR1 primary antibody (1:50, Santa
Cruze, USA) and anti-YAP antibody (1:100, Abcam, USA)
were used.
Immunofluorescence staining

Infected U87 MG and U251 cells were seeded in confocal
dishes. After washing with PBS three times, cells were
resuspended in 500mL formaldehyde at room temperature
for 5 min. Then, cells were blocked in 2% goat serum at
room temperature for 30min and incubated with anti-
NDR1 primary antibody (1:100, Santa Cruze, USA), anti-
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YAP antibody (1:200, Abcam, USA) and DAPI (4’6-
Diamidino-2-Phenylindole). Okadaic acid (OA, Cas:
78111-17-8, APEXBIO company, Houston, USA, dose:
10 nmmol/L) was used to improve the kinase activity of
p-NDR1.
Terminal deoxynucleotidyl transferase deoxyuridine
triphosphate nick-end labeling assay (TUNEL)

Xenograft tumors were fixed in 4% paraformaldehyde for
20min at room temperature and rinsed with PBS. Next,
slides were incubated in 0.10% Triton X-100 solution for
2 min on ice and rinsed twice with PBS. Next, 50mL
TUNEL reaction mixture was added to slides and
incubated in a humidified atmosphere for 1 h at 37 °C in
dark. Next, cells were rinsed with PBS and stained with
Hoechst 33258. Finally, cells were analyzed under a
fluorescence microscope.

Statistical analysis

Data are presented as mean ± standard deviation from at
least three calculations. The chi-square test was employed
to statistically compare lowNDR1 expression patients and
high NDR1 expression patients. For comparison of
treatment groups, we performed unpaired t-tests
(Mann–Whitney), or one-way or two-way ANOVA
(Analysis of Variance, where appropriate). In addition,
Kaplan–Meier analysis was employed to evaluate correla-
tion between the prognosis of GBM patients and NDR1
mRNA levels in our sample. The Statistical Package for
Social Science version 21 (SPSS Inc. Chicago, IL, USA) and
GraphPad Prism 5 software (GraphPad Software Inc, Sam
Diego, CA, USA) were used to calculate statistics and
P< 0.0500 was considered statistically significant.
Results

NDR1 is downregulated in GBM tissues and is negatively
associated with clinical outcomes

To investigate the role of NDR1 in GBM, we measured its
expression level in GBM tissues and normal tissues
obtained from the pathology department. Expression
levels of NDR1 were relatively lower in GBM tumor
tissues than those in normal tissues [Figure 1A and 1B].
Meanwhile, we gathered general information on the
patients including age, sex, tumor size, tumor extent, type
of surgery, and radiation therapy [Table 1]. Analysis
suggested that expression levels of NDR1 were decreased
in large tumors compared to small tumors, indicating that
NDR1 is negatively correlated with tumor size [Table 2].
Those patients were followed up for 15.78± 2.34 (13–17)
months. Survival analysis also suggested that patients with
lower NDR1 levels exhibited shorter overall survival times
[Figure 1C]. Moreover, data from Oncomine revealed that
NDR1 levels were lower in GBM tissues than those in
normal tissues [Figure 1D–F]. Furthermore, data from
SurvExpress (Brain-Gravendeed French GBM GSE16011)
showed that higher expression of NDR1 conveyed reduced
risk and lower expression conveyed higher risk. Patients
who had lower expression of NDR1 showed a tendency
toward poor overall survival [Figure 1G, H]. Collectively,

http://www.cmj.org


Figure 1: Expression of NDR1 is lower in GBM tissue than normal tissues. (A, B) The NDR1 protein level was lower in GBM tissue, as shown by immunohistochemical analysis (Black arrow,
IHC, original magnification� 200, n= 158,

∗
P< 0.0500). (C) Association between the NDR1 level and overall survival (n= 158, P = 0.0390). (D–F) Low mRNA expression of NDR1 in GBM

tissues LEE brain statistics (P= 0.0012), Murat brain statistics (P= 3.55E–5.00) and TCGA (The Cancer Genome Atlas) brain statistics (P= 8.25E–4.00) (ONCOMINE database). (G) Gene
expression of NDR1 divided by risk (SurvExpress dataset) (P = 1.22E–55.00). (H) Censored survival months of NDR1 (SurvExpress dataset) (P= 0.0069). GBM: Glioblastoma; IHC:
Immunohistochemistry; NDR1: Nuclear Dbf2-related 1.
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these results indicate that NDR1 expression levels tend to
be low in GBM patients, and lower expression of NDR1 is
associated with poor clinical prognosis and bigger tumor
size.
NDR1 decreased cell proliferation in vitro

Cell proliferation is an important indicator for evaluating
cellular activity, metabolism, and physiological and
pathological conditions. Based on the above findings, we
next investigated the tumor suppressor effect of NDR1 in
GBM. We successfully transfected U87 and U251 cells
with lentivirus-mediated OE-RNA and ctrl-RNA. As is
shown in Figure 2, CCK-8 results showed that NDR1-OE
in both U87 and U251 cells significantly decreased tumor
cell viability [Figure 2A and 2B]. After 14 days of
2057
incubation, the number of clones of NDR1 overexpressing
cells was significantly less than that of NDR1-control cells
[Figure 2C–F]. EdU (5-ethynyl-20-deoxyuridine) is widely
used in cell proliferation, cell differentiation, growth, and
development. DNA replication activity can be directly and
accurately detected based on the specific reaction between
Apollo® fluorescent dye and EdU. Our Edu fluorescent
images revealed that the U87-control group had a more
active proliferation ability [Figure 2G–J]. In addition, cell
cycle analysis suggested that U87 overexpressing group
were dramatically arrested in G1 phase compared to the
control, and the number of cells in the S andG2 phases was
decreased. Similar results were found in U251 cells
[Figure 2K–M]. Western blotting was used to further
confirm cell cycle arrest and showed that cyclin-E1 was
downregulated in the OE group [Figure 2N, O]. Cell
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Table 1: General information of 158 patients with glioblastoma
collected in this study.

Variables Values

Age (years) 59.33± 13.67
Sex
Female 56 (35.40)
Male 102 (64.60)

Tumor size (mm)
�20 20 (12.70)
21–40 57 (36.10)
41–60 56 (35.40)
>60 25 (15.80)

Tumor extension
Localized at one side, not cross the mid line 131 (82.90)
Invasive, cross the mid line and distal metastasis 27 (17.10)

Type of surgery
Partial resection 32 (20.30)
Gross resection 60 (38.00)
Radical resection 66 (41.80)

Radiation therapy
Yes 123 (77.80)
No 22 (13.90)
Unknown 13 (8.30)

Data are presented as n (%) or mean ± standard deviation.

Table 2: Correlation between expression of NDR1 and clinical variables

Variables Low

Age (years)
�50 2
51–60 2
61–70 1
>70 1

Sex
Female 3
Male 4

Tumor size (mm)
�20 8
21–40 2
41–60 3
>60 1

Tumor extension
Localized at one side, not cross the midline 6
Invasive, cross the midline and distal metastasis 1

Type of surgery
Partial resection 1
Gross resection 2
Radical resection 3

Radiation therapy
Yes 5
No 1
Unknown 5

To clarify the expression of NDR1 in GBM tissues, this study collect
immunohistochemical staining of NDR1. It was scored according to its sta
points); strong positive (3 points).[Supplementary Figure 1A]. It was scored a
points); 10–25% (1 point); 26–50% (2 points); 50–75% (3 points), >75% (4
score� staining intensity score. According to the expression scores of NDR1 in
points) and high expression group (final score>3 points). Survival analysis wa
patients. GBM: Glioblastoma; IHC: Immunohistochemistry; NDR1: Nuclea
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migration and invasion were also assessed [Supplementary
Digital Content, Figure 2A and 2B, http://links.lww.com/
CM9/A697]. The results showed that NDR1 had minimal
effects on migration and invasion. Next, the Epithelial-
Mesenchymal transition (EMT) pathway was detected by
western blotting. The results demonstrated that NDR1 had
little effect on the EMT pathway [Supplementary Digital
Content, Figure 2C, http://links.lww.com/CM9/A697].
NDR1 inhibits tumor growth in vivo

To further validate the function of NDR1 in GBM
tumorigenesis in vivo, U87 cells infected with Lv-OE-
NDR1 or LV-Control were subcutaneously injected into
the six-week-old nude mice and tumor sizes and weights
were measured after mice were euthanized. As shown in
Figure 3, the tumor size and weight of nude mice injected
with Lv-OE-NDR1 infected cells were significantly lower
than those of mice injected with control cells [Figure 3A,
B]. The xenografts were subjected to HE staining to
demonstrate that they were GBM tumors that originated
from U87 cells. Furthermore, IHC results indicated that
expression of NDR1 in OE tumors was higher than that in
control tumors [Figure 3C and 3H]. Expression of Ki-67 in
OE tumors was also lower than that in control tumors
[Figure 3D and 3I]. In addition, TUNEL images showed
of GBM patients.

Expression of NDR1

(n) High (n) P x2

0.7410 1.250
1 18
3 19
9 23
6 19

0.5060 0.443
0 26
9 53

0.0210 9.773
12

1 36
3 23
7 8

0.8330 0.045
5 66
4 13

0.6820 0.767
8 14
8 32
3 33

0.0600 5.636
8 65
6 6

8

ed pathological sections of tumor samples of GBM and performed
ining strength: negative (0 points); weakly positive (1 point); positive (2
ccording to the number of positive cells stained by NDR1 IHC: <5% (0
points) [Supplementary Figure 1B]. Final score= number of positive cells
GBM tissues, they were divided into low expression group (final score�3
s conducted between the two groups based on the clinical prognosis of the
r Dbf2-related 1.
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Figure 2: NDR1-OE suppressed cell proliferation in vitro. (A, B) Cell viability of U87 and U251 control group and OE group were validated by CCK-8 assay,
∗∗
P< 0.0500. (C–F) Number of cell

clones of U87 and U251 of control group and OE group, †P< 0.0500. (G–J) EDU immunofluorescence images of U87-ctrl and U87-OE. In NDR1-OE group, the number of EDU positive cells
was reduced when compared to NDR1-ctrl group (Original magnification x100, ‡P< 0.0500). (K–M) cell cycle analysis result of U87-ctrl and U87-OE groups, U251-ctrl and U251-OE groups.
NDR1 overxepression significantly arrested cell cycle at G1 phase with a concomitant reduction in proportion of S phase (xP< 0.0500). (N, O) Western blotting results of cyclin-E1 and NDR1.
In NDR1-OE group, the expression of cyclin-E1 was reduced when compared to NDR1-ctrl group (jjP< 0.0500). CCK-8: Cell counting kit-8; CON: control group; EDU: 5-ethynyl-20-
deoxyuridine; NDR1: Nuclear Dbf2-related 1; OE: Overexpression group.
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that NDR1 overexpressing promoted apoptosis [Figure 3E
and 3J]. Both the tumor volume and tumor weight were
significantly reduced in the OE group [Figure 3F and 3G].
These results demonstrate that NDR1 upregulation
inhibits the tumorigenicity of GBM cells in vivo.
2059
NDR1 combines with and phosphorylates YAP
Considering that NDR1 and LATS belong to the same
AGC family, we hypothesized that NDR1 might also
interact with YAP. To investigate the interaction between
NDR1 and YAP, immunofluorescence was performed on
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Figure 3: NDR1-OE inhibited tumor growth in vivo. (A, B) Representative picture of animals and xenograft tumors. (C) Representative expression of NDR1 of xenograft from U87-ctrl and
U87-OE group. (Black arrow, IHC, original magnification� 200) (D) Representative expression of Ki-67 from U87-ctrl and U87-OE group. (Black arrow, IHC, original magnification� 200) (E)
Terminal Deoxynucleotidyl Transferase Deoxyuridine TUNEL images of U87-ctrl and U87-OE. (Original magnification x40) (F–G) statistical results of tumor volume (

∗∗
P< 0.0500) and tumor

weight statistical results (†P< 0.0500). (H–J) Statistical results of NDR1 (‡P< 0.0500), Ki-67 (xP< 0.0500) and TUNEL staining (jjP< 0.0500). CON: control group; IHC:
Immunohistochemistry; IOD: integrated optical density; NDR1: Nuclear Dbf2-related 1; OE: Overexpression group; TUNEL: Triphosphate Nick-End Labeling Assay; YAP1: Yes-associated
protein 1.
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it. U87 cells were transfected with NDR1-OE plasmids
with mscarlet. Immunofluorescence was performed when
mscarlet was observed under microscope. Immunofluores-
2060
cence microscopy revealed that NDR1 and YAP co-
localize in human GBM cells [Figure 4A; Supplementary
Digital Content, Figure 3, http://links.lww.com/CM9/
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Figure 4: NDR1 phosphorylate YAP on Ser127. (A) Immunofluorescence with confocal microscopy images of NDR1 and YAP. The overlap image showed that NDR1 significantly colocalizes
with YAP. (White arrow, colocalization of NDR1 and YAP, immunofluorescence, Original magnification � 630) (B) Co-IP results of NDR1 and YAP. Results showed that NDR1 could interact
with YAP. (C) Endogenous protein levels of total YAP, phospho-127 YAP, MST1, NDR1 and phosphorylated NDR1 (T444/442) and b-actin were examined by western blotting. (D) Statistical
results of total YAP (

∗∗
P< 0.0500), phospho-127 YAP (†P< 0.0500), NDR1 (‡P< 0.0500) and p-NDR1 (T444/442) (xP< 0.0500). Co-IP: CO-immunoprecipitation; Ctrl: control group;

MST1/2: Mammalian sterile-20-like 1/2; MST1: Mammalian sterile-20-like 1; NDR1: Nuclear Dbf2-related 1; OE: Overexpression group; p-YAP: phosphorylated YAP; YAP: Yes-associated
protein.
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A698]. To further verify the interaction between NDR1
and YAP, co-IP was performed. We co-transfected NDR1-
mscarlet and Flag-tagged YAP into U87 cells. Immuno-
precipitation using an anti-Flag antibody revealed that
NDR1 was coimmunoprecipitated with YAP. To rule out
OE artifacts, we examined the interaction between
endogenous NDR1 and YAP in lysates, showing that
YAP coimmunoprecipitated NDR1 [Figure 4B]. This result
identified thatNDR1, in addition toLATS1/2, interactswith
YAP. Posttranslational modifications including phosphor-
ylation and acetylation are critical for the protein stability
and functional activity of YAP. Therefore, we explored
whether upregulated NDR1 increases YAP stability by
modulating YAP phosphorylation. We found that NDR1
phosphorylates YAP at S127 site [Figure 4C and 4D].

NDR1 regulates the localization and transcriptional activity
of YAP

Considering that phosphorylation of YAP can result in
the inactivation of YAP by cytoplasmic retention, we
hypothesized that NDR1 OE might reduce nuclear YAP1
levels. To test this hypothesis, we performed immunofluo-
rescence staining on it. Phosphorylation of YAP is thought
to promote YAP cytoplasmic localization and inactivation.
OA is a kind of phosphatase inhibitor. Studies have shown
that OA causes a global increase in phosphorylation levels
including levels of p-NDR1. When OA was added to U87
cells, more YAP localized in the cytoplasm in the NDR1-
OE group than in the control group [Figure 5A]. The ratio
of nuclear vs. cytoplasmic YAP1 was significantly reduced
Figure 5: NDR1 regulates cellular distribution of YAP. (A) Cellular distribution of endogenous YA
more YAP were restrained in cytoplasm. (Immunofluorescence, Original magnification x200) (B)
CON: control group; N: Nucleus; NDR1: Nuclear Dbf2-related 1; OA: Okadaic acid; OE: Overe
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in cells overexpressing NDR1 compared to controls
[Figure 5B].
NDR1 could mediate apoptosis of TNF-a stimulation

Because the TUNEL staining results suggested that the
degree of apoptosis was significantly higher in the NDR1-
OE group than that in the NDR1-control group, we
performed further research on the role of NDR1 in
apoptosis in U87 cells by western blotting. As shown in
Figure 6, after TNF-a stimulation for 4 h, expression of
cleaved PARP was higher in NDR1-OE group than that in
the NDR1-control group with or without TNF-a andH2O.
Discussion

YAP was found to be an oncogene in GBM, which is the
most common type of malignant glioma with a median
survival of 15months.[1] Researchers found that YAP is
highly expressed in gliomas and promotes tumor cell
proliferation and invasion in glioma, indicating that
regulation of YAP is critical for tumor proliferation.[13,14]

YAP is the downstream core effector molecule of the
Hippo pathway, which was first discovered in Drosophila
and regulates organ growth, development, proliferation,
and apoptosis.[6,15] A large number of studies have found
that the Hippo pathway is closely related to the occurrence
of many malignant tumors.[6,16] Furthermore, the Hippo
pathway is abnormal in many malignant tumors, resulting
in increased nonphosphorylated YAP content. As a core
effector molecule, YAP is located most downstream of the
P in U87-ctrl and U87-OE in Okadaca acid (OA) inducible manner. When stimulated with OA,
quantification of the nuclear/cytoplasmic YAP ratio per cell. (

∗∗
P< 0.0500). C: Cytoplasm;

xpression group; YAP: Yes-associated protein.
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Figure 6: NDR1 mediates cell apoptosis. (A) U87-ctrl and U87-OE cells were stimulated with or without H2O and TNF-a for 0 h, 2 h, and 4 h. The protein level of MST1, NDR1 and p-NDR1
(T444/442), cleaved PARP and b-actin were examined by western blotting. (B–E) Statistical results of NDR1 (

∗∗
P< 0.0500) and p-NDR1 (T444/442) (†P< 0.0500) and cleaved PARP

(‡P< 0.0500). Ctrl: control group; MST1/2: Mammalian sterile-20-like 1/2; MST1: Mammalian sterile-20-like 1; NDR1: Nuclear Dbf2-related 1; OE: overexpression group; PARP: poly ADP-
ribose polymerase; TNF-a: Tumor necrosis factor-a.
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Hippo pathway, and its upstream effector molecules
include MST1/2, LATS1/2 and other kinases. MST1/2 can
phosphorylate LATS1/2 and LATS1/2 can phosphorylate
YAP, making it inactive, retaining it in the cytoplasm, and
disabling it from entering the nucleus to function.

NDR1/2 was speculated to be a tumor suppressor similar
to LATS1/2 in the Hippo pathway because of their
similarities. NDR and LATS belong to the NDR/LATS
family and both of them need to be phosphorylated on two
residues to achieve full kinase activation, similar to other
AGC kinases.[17] Notably, all NDR/LATS kinases share
two unique characteristics including a conserved N-
terminal regulatory domain (NTR) in proximity to the
catalytic domain and insertion between subdomains VII
and VIII of the catalytic domain.[18] Both of these two
domains play roles in the regulation of NDR/LATS
kinases. A previous study also showed that the NDR/
LATS family, including NDR, LATS, Orb6 and Cot-1, has
the same sequences of phosphorylation sites corresponding
to both Ser-281 and Thr-444, which means that the NDR/
LATS family is highly conserved.[19] NDR1/2 plays its role
through the phosphorylation of two sites, Ser-281 and
Thr-444. Therefore, it is speculated that NDR/LATS
family might have similar functions. Studies have also
shown that Ste20-like Hippo kinases activate the fly NDR/
LATS kinase Warts.[20] Specifically, NDR1/2 can be
phosphorylated by MST1/2 on its Thr residue located in
HM and is regulated by MOB1. In this regard, NDR1/2
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could be considered a novel member of Hippo pathway.
Consequently, we speculate that NDR1/2 may represent a
tumor suppressor.

Many studies have shown that NDR1/2 exert a tumor
suppressor effect. Cui et al[21] found that the expression of
NDR1 in cancer tissues of patients with gastric cancer was
significantly lower than that of normal gastric mucosa
through gene chip research. They proposed that the
expression levels of NDR1 can be used for early warning of
gastric cancer. In a chemically induced mouse skin cancer
model, Hummerich et al[22] used gene expression analysis
and found that compared to normal skin tissue, expression
of NDR2 in skin tumor specimens was significantly
reduced. The authors also performed immunofluorescence
to verify the result, which was indeed the case. Finally,
using q-PCR analysis, cancer-promoting factors were
shown to be significantly increased, while the expression
of NDR2 was significantly reduced. Messina et al[23]

conducted an oligonucleotide array to study the PK gene
expression profile in adult acute lymphoblastic leukemia
(ALL) samples and found that expression of NDR1 was
significantly reduced in ALL. A recent study by Zhang
et al[24] found that intestinal epithelial cells from NDR1
null mice with conditional knockout of NDR1/2 were
exposed to azoxymethane/dextran sodium sulfate enema
to observe whether mice experienced resultant colon
cancer. The results showed that there were fewer nodules
in the colon of control mice, but greater than ten nodules in
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the colon of NDR1/2 cKO mice, indicating that NDR1/2
exerts an antitumor effect.

However, NDR has also been found to be elevated in some
tumors. Adeyinka et al[25] found that compared to ductal
carcinoma in situ (DCIS) without necrosis, mRNA expres-
sion levels of NDR1 were higher in DCIS with necrosis, but
did not reach a statistically significant difference. In
addition, the high expression of NDR1 is closely related
to the proliferation of B-cell lymphoma.[26] Bisikirska
et al[26] found that in human B-cell lymphoma, NDR1
affects the stability of MYC protein in a kinase activity-
dependent manner. When NDR1 is silenced, the stability of
MYC protein and the survival rate of lymphoma cells are
significantly reduced. NDR1 also regulates the transcrip-
tional activity of MYC. Moreover, to evaluate the effect of
NDR1 knockdown on tumorigenic growth of MYC-
dependent human lymphomas in vivo, the authors intro-
duced xenografts of stable NDR1 shRNA cell lines into
SCID mice and found that tumor growth was delayed by
8 days, indicating that NDR1 knockdown inhibits tumor
growth. Taken together, NDR1 is a versatile molecule that
plays a differential role in the progression of different
cancers.However, its role in glioma remains unknown.This
study suggested that NDR1 inhibits tumor proliferation
ability but has little effect on migration or invasion.

As the upstream regulator of YAP, LATS1/2 is considered a
tumor suppressor gene. For a long time, LATS kinase has
been established as the only regulator ofYAP andTAZ.[27,28]

There is no evidence that NDR1/2 also mediates the
phosphorylation of YAP.[6,24] 10 years ago, Hao et al[29]

found that NDR1/2 does not interact with YAP. Therefore,
he believed that NDR1/2 is not a kinase that affects YAP in
mammals.However,Hao et al did not performadditional in-
depth research on NDR1/2. Other studies have shown that a
decrease in NDR1/2 levels is related to an increase in TAZ
activity, but the direct link between NDR1/2 and TAZ has
not yet been established.[17] In recent years, Zhang et al[24]

postulated a new conclusion. They used azoxymethane/
Portugal Glycan sodium sulfate enema to stimulate intestinal
epithelial cells of Ndr1 null mice with conditional knockout
of NDR1/2 to investigate whether it induced colon cancer.
Results showed that therewere fewer nodules in the colons of
normal control mice, but more than 10 nodules in the colon
of NDR1/2 cKO mice, indicating that NDR1/2 has an
antitumor effect. Furthermore, the author found that after
knocking out NDR1/2, the expression level of nonphos-
phorylated YAP was significantly increased, and the
expression level of p-YAP was significantly reduced,
indicating that NDR can have an anti-tumor proliferation
effect through phosphorylation of YAP. His conclusion was
summarized frommice.We examined whether the NDR1/2-
YAP interaction exists in humans. This study suggests that
NDR1 phosphorylates YAP at S127 and plays a role in
mammalian cells. Moreover, our study found that NDR1
directly interacts with YAP to play its role, which conflicts
with Hao’s findings. Our results suggest that LATS is not the
only upstream regulator of YAP, which is a significant
supplement to our understanding of the Hippo pathway.

In addition, NDR1 also mediates the apoptotic process to
act as a tumor suppressor. Apoptosis is an important
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mechanism of maintaining homeostasis and inhibiting
tumor formation. In cancer cells, apoptosis is often
suppressed by the inactivation of corresponding tumor
suppressor factors.[30] It has been reported that reintro-
duction of RASSF1A induces cell cycle inhibition by
inactivating the APC/Cdc20 complex.[31] Studies have
shown that Fas and TNF-a receptors are stimulated by
promoting the phosphorylation of the NDR1/2 hydro-
phobic motif (Thr444/442). In addition, NDR1/2 is
necessary for Fas receptor-induced apoptosis. Fas receptor
stimulation promotes the direct phosphorylation of MST1
and activation of NDR1/2. In addition, the apoptosis
induced by RASSF1A largely depends on the presence of
NDR1/2.[32] Cornils et al[33] found that in NDR1-deficient
mice, expression of NDR1 can be activated after
endogenous and exogenous pro-apoptotic stimuli are
administered, indicating that NDR1 plays an important
role in regulating cell apoptosis.

Since YAP is known as a biomarker of GBM, it is beneficial
to investigate the question of what molecules can
phosphorylate YAP. Our data suggest that NDR1 inhibits
GBMprogression by phosphorylating YAP.We found that
YAP binds to NDR1 and is phosphorylated into p-YAP at
S127. In addition, when NDR1was overexpressed, greater
levels nonphosphorylated YAP were localized in the
cytoplasm. The effect of NDR1 on phosphorylated YAP
provides us with a potential novel target for glioma
therapy. This discovery is very important for the
understanding of the Hippo pathway, which determined
that NDR1/2 can be treated as an important supplement to
the Hippo pathway. Our study also indicates that the
Hippo pathway does not phosphorylate YAP simply
through LATS. In fact, NDR1 may even have a more
important role than LATS1/2.

Studies found that some independent risk factors that affect
the prognosis of GBM, including radiotherapy, which
means that radiotherapy has a positive effect on improving
the prognosis of GBM. However, the effect of NDR1 on
radiotherapy is unclear. Temozolomide, as the only effective
drug for the treatment ofGBM, is widely used clinically. It is
unclearwhetherNDR1canenhanceor reduce the efficacyof
temozolomide. Our research object in this study is mainly
for GBM (WHO grade IV), but according to the latest
molecular classification, the expression level of NDR1 in
different types of GBM is still unclear.

In summary, our findings indicate that NDR1 functions as
a tumor suppressor in GBM. NDR1 was identified as a
novel regulator of YAP, which provides a new in-depth
comprehension in Hippo signaling pathway.
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