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SiRNA-mediated knockdown against NUF2 suppresses tumor growth and induces cell
apoptosis in human glioma cells
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Abstract

Glioma is one of the most commonly malignant brain tumors. Current therapies for glioma have failed to achieve satisfactory results, which necessitates the deve-
lopment of novel molecular therapies. In the current study, we aimed to investigate the role of NUF2 (Ndc80 kinetochore complex component) in glioma cell growth
and assessed the possible mechanisms underlying NUF2-mediated glioma development. The lentivirus-based short hairpin RNA-expressing vectors were constructed
and transfected into U87 and U251 cells. Real time PCR and western blot were performed for expression level determination. Annexin V-FITC/PI flow cytometric
assay was conducted to determine apoptotic cell proportions. Cell viability in vitro and tumorgenic ability in vivo were assessed by MTT assay and a nude mouse
xenograft, respectively. We found that NUF2 was overexpressed in glioma tissues and differentially expressed in a series of glioma cell lines. Depletion of NUF2
by short-hairpin RNA inhibited cell growth in vitro and in vivo. Furthermore, NUF2 depletion-induced growth inhibition was associated with cell cycle arrest and
apoptosis. Aberrant expressions of cell cycle regulators and apoptosis-related proteins further confirmed that NUF2 depletion induced cell cycle arrest and apoptosis.

In all, our results indicate that siRNA-mediated knockdown against NUF2 may be a promising therapeutic method for the treatment of glioma.
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Introduction

Cancer is now globally recognized as one of the lea-
ding causes of death (1, 2), claiming over 11 million
lives annually with a rising rate of incidence, which
is estimated to rise to 16 million by 2020 (3, 4). Ap-
proximately 2% of cancer patients are suffering from
gliomas, which are considered the most common pri-
mary malignant tumors from the central nervous sys-
tem (CNS) (5). Glioma is now clasffied as astrocytomas
(Grade I-1V), oligodendrogliomas (Grade II and III) or
mixed oligoastrocytomas (Grade II and III) (6). Fea-
tured by high morbidity and mortality, glioma is now
one of the greatest threats to human health, with only
15 months median overall survival period for the most
aggressive grade IV astrocytoma (7). Currently, treat-
ments of human malignant glioma consist mainly of
surgical resection, adjuvant radiation and chemotherapy
(8). Despite newly arising therapeutic strategies, current
therapies have failed to achieve satisfactory results (8).

Recent discoveries of molecule-targeted therapy
have greatly advanced our understanding of disease
onset. Among which, the NDC80/NUF2 complex pro-
teins are frequently implicated in triggering tumorigene-
sis (9). NDC80/NUF2 complex consists of four proteins
Spc24, Spc25, NUF2, and Hecl/NDC80. Members of
the NDC80/NUF2 complex have been shown to be cri-
tically involved in the stable kinetochore-microtubule
attachments and transchromosome alignment in mitosis
(10-12). In Hela cells, it was shown that depletion of
NUF2 by specific RNAi resulted in a strong block of
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prometaphase in cell cycle (11). Likewise, knockdown
of Hecl (human NDC80 homolog) by specific RNA
interference was causable for blocking Mad1l and Mad2
from binding to kinetochores (12).

Dysregulation of NDC80/NUF2 complex has been
implicated in a wide range of human cancer develop-
ments. In non-small cell lung cancers (NSCLC), ove-
rexpression of NUF2 and Hecl was reported to be
associated with poor prognosis, and siRNA-mediated
knockdown against NUF2 or Hecl has been found to
inhibit cell proliferation and induction of apoptosis in
NSCLC, ovarian cancer and cervical cancer (13, 14).
Recently, it was also observed that both NUF2 and Hec1
were highly expressed in colorectal and gastric cancers.
Depletion of NUF2 and Hecl by specific siRNAs sup-
pressed cell proliferation and induced apoptosis in co-
lorectal and gastric cancer cells (15). In view of all these
observations, it could be hypothesized that NUF2 might
be critically involved in human cancer developments.
However, the role of NUF2 in human glioma remains
unclear. In addition, crosstalk between microtubule
attachment complexes is critical for accurate chromo-
some segregation (9), we therefore hypothesized that
regulation of NUF2 expression might also be central to
glioma cell growth.

To this end, we first investigated the expression pro-
file of NUF2 in glioma tissues and a set of glioma cell
lines. Thereafter we employed short-hairpin RNA inter-
ference (shRNA) technology to stably deplete NUF2
expression in glioma cell lines. Cell viability in vitro
and tumorgenic ability in vivo were assessed. Cell cycle
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and apoptosis analysis were also included in the present
study.

Materials and methods

Cell lines and cell culture

293 cell line and five glioma cell lines SHG-44,
US7MG, A172, U87 and U251 were all purchased from
Cell Bank of Chinese Academy of Sciences (Shanghai,
China). All cells were maintained in DMEM (Gibco,
MD, USA) containing 10% FBS (Gibco) at 37°C in a
5% CO, humidity-controlled incubator.

Reagents

Rabbit polyclonal NUF2 antibody was purchased
from Abcam (Hongkong, China). Primary antibodies
against Bcl-2, Bad, Cyclin B1, Cdc25A and B-actin
were commercially obtained from Santa Cruz (Santa
Cruz, CA. USA). Specific short-hairpin RNA target-
ing NUF2 (shNUF2) was purchased from Santa Cruz
(Santa Cruz, CA, USA). For control, a negative control
shRNA (shCon) was also used. Cell counting kit-8 (cck-
8) was purchased from Dojindo (Japan).

RNA extraction and quantitative real-time PCR (qRT-
PCR)

Total RNA was extracted by using Trizol reagent
(Invitrogen, USA) according to the manufacturer’s in-
structions. RNA sample was then subjected to quality
assessment by visualizing 28S and 18S rRNA bands in
a 1.5% gel electrophoresis and was subsequently quan-
tified by Nanodrop 1000 spectrophotometer (Thermo
Fisher Scientific, USA). cDNA was generated by using
Superscript VILO™ c¢DNA Synthesis kits (Invitrogen,
USA) according to the manufacturer’s protocols. Quan-
titative PCR (qPCR) was performed with the Quanti-
Tect SYBR Green PCR kit (Qiagen, Shanghai, China).
Primers used for NUF2 were as follows: Forward:
5’-TACCATTCAGCAATTTAGTTACT-3’; Reverse:
5" TAGAATATCAGCAGTCTCAAAG-3" Primers
used for internal control gene B-actin were Forward: 5’
CAGAGCCTCGCCTTTGCCGA-3" Reverse: 5’-AC-
GCCCTGGTGCCTGGGGCG-3’. PCR cycle condi-
tions were set as 95°C for 30 s, and 39 cycles of 95°C
for 5 s and 60°C for 34 s. Amplification specificity was
evaluated by melting curve analysis. Data were obtained
from three independent experiments.

Western blot analysis

24hpost culture, cell lysate was harvested using RIPA
buffer. After centrifugation at 4°C for 15 min (12,000
g), the supernatant was collected. Protein concentration
was determined using a BCA kit (Pierce, Rockford, IL).
Equal amounts of extract (30ng) were loaded to each
lane in a 12% SDS-PAGE and transferred to polyvinyli-
dene difluoride (PVDF) membranes (Bio-Rad, Hercu-
les, CA). After antigen blocking in TBST supplemented
with 5% fat-free milk for 1h, the membranes were blot-
ted with corresponding primary antibodies overnight at
4°C. Membranes were then incubated with secondary
antibodies for 1h at room temperature and processed
for chemiluminescent detection with an ECL system
(Pierce, Rockford, IL).
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Cell apoptosis assay

To assess cell apoptosis, the annexin V-FITC/ prop-
idium iodide (PI) flow cytometric assay was conducted
in order to determine the proportion of apoptotic cells in
distinct groups. Briefly, harvested cells were suspended
in the binding buffer at a concentration of 2x10° cells/
ml. Cells were then incubated with annexin V-FITC for
20min, followed by incubation with PI for 6min in the
darkness. At least 1x10* stained cells from each group
were analyzed by flow cytometer. Results were then
analyzed with CELL Quest software (BD Biosciences).

Fluorescence-activated cell sorting analysis (FACS)

To determine cell cycle distribution of Lv-shNUF2-
or Lv-shCon-infected cells, flow cytometry assay was
performed following PI staining. In brief, cells were
collected 96h after infection with lentivirus expressing
GFP- shNUF2 (Lv-shNUF2) or GFP only (Lv-shCon)
and subjected to seeding in 6-well plates (3x10° cells
per well) for attachment overnight. PBS-washed Cells
were then suspended and fixed in 0.5 ml of 70% cold
alcohol and kept at 4°C for 30 min. After fixation, 100
mg/ml of DNase-free RNase (MBI Fermentas) and 50
mg/ml of PI (Sigma-Aldrich) were added to cell sus-
pension before cells were proceeding for incubation at
37°C for 30 min. The suspension was filtered through
a 50-mm nylon mesh, and a total of 1x10* stained cells
were analyzed by a flow cytometer (FACS Cali-bur, BD
Biosciences).

Cell viability assay

The MTT assay was employed to examine cell vi-
ability. U87 and U251 cells that infected with Lv-
shNUF2 or Lv-shCon were seeded on a 96-well plate
at a density of 1x10* cells/well to reach a confluence of
approximately 70%. Cells were then washed with PBS,
and 10pL of MTT (0.5 mg/ml diluted by culture medi-
um) were added to each well, followed by 3h incubation
at 37 °C in the dark. The absorbance at 450nm (A450)
was then measured with a microplate reader (Multiscan
MK3, Thermo).

Nude mouse xenografts

To reveal effects of NUF2 depletion on glioma
growth in vivo, nude mouse xenografts were conducted
as described previously (18). Specific pathogen-free
eight-week-old female BALB/C-nu/nu mice were pur-
chased from the Cancer Research Center of Shanghai
and maintained under specific pathogen-free conditions.
When mice were adapted to the environment, each
mouse was subcutaneously inoculated with 200ul of
medium that contains 2x107 shNUF2-transfected U87
cells or U251 cells in the forelimb (shNUF2 group). For
control, mice were injected with mock-injected cells
(shCon group). Tumor size was measured in two dimen-
sions with calipers twice a week, up to 30 days after
injection. Tumor volume (v) was calculated according
to the formula V=L x W%2 (L represents length while
W represents width). Procedures were approved by the
Animal Care and Use Committee. All efforts were made
to minimize suffering.

Statistical analysis
Data were analyzed with SPSS 15.0 software and
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presented as mean + standard deviation (SD). Signifi-
cance was determined by using paired t test. P<0.05
were considered significantly different.

Results

NUF?2 is highly expressed in glioma tissues

Previously, microarray data showed that average
mRNA level of NUF2 in ten cases of glioma was 28-
fold higher than that in the paired adjacent tissues. To
confirm our observation, we performed qRT-PCR ana-
lysis of NUF2 mRNA level in the ten cases of glioma
and their paired adjacent tissues. It was shown that
mRNA level of NUF2 in the non-cancer tissues was
only 2.5, whereas it was as high as 12 in the glioma
tissues (Figure 1, **P=0.006). These data suggest that
NUF2 is overexpressed in glioma tissues.

*%  p=0.006
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Figure 1. NUF2 is highly expressed in glioma tissues. nRNA level
of NUF2 in the non-cancer tissues was only 2.5, whereas it was as
high as 12 in the glioma tissues. **P=0.006
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Expression profile of NUF2 in a set of cell lines

To reveal the expression profile of NUF2 in human
glioma cell lines, frequently used glioma cell lines such
as U251, U87, SHG-44, U7MG and A172 were cultu-
red here. 293 cells were also used as control. As shown
in Figure 2A, NUF2 was differentially expressed in
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Figure 2. NUF2 is differentially expressed in glioma cell lines.
(A) Western blot analysis showed that protein levels of NUF2 were
different in distinct glioma cell lines. (B) Relative quantification
of protein levels showed that U251 and U87 cell lines had highest
NUF2 expression, while SHG-44, US7MG and A172 had moderate
NUF2 expression. Lysates from 293 cells were loaded as control
and shown to have lowest NUF2 expression. (C) qRT-PCR analysis
further showed that U251 cells and U87 cells exhibited the highest
mRNA level of NUF2. *, p<0.05 , **, p<0.01.

these cell lines. Relative quantification of protein ex-
pression levels further revealed that U251 and U87 cell
lines had highest NUF2 protein expression, while SHG-
44, U87MG and A172 had moderate NUF2 expression.
293 cells, as expected, had lowest NUF2 expression
(Figure 2B). Consistently, mRNA of NUF2 showed the
highest levels in U251 cells and U87 cells (Figure 2C).
These observations suggest that NUF2 is differentially
expressed in glioma cells.

NUF2 was successfully depleted by lentivirus-delive-
red short-hairpin RNA

To study the role of NUF2 in glioma cell growth,
we employed shRNA technology to stably deplete
expressions of NUF2 in U87 cells and U251 cells that
had the highest NUF2 expression levels. Infection ef-
ficiency was confirmed as judged by the bright vision
and GFP expression under the fluorescent microscope
(Figure 3A). Total RNAs from U87 and U251 were then
extracted and subjected to qRT-PCR analysis. Figure
3B showed that infection with Lv-shNUF?2 significantly
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Figure 3. Lentivirus stably expressing shRNA against NUF2 was successfully constructed. (A) Infection was observed to be efficient 96h post
infection. Over 80% U87 and U521 cells presented to be GFP positive in both Lv-shCon and Lv-sh NUF2 groups. (B) qRT-PCR analysis verified
that mRNA level of NUF2 was successfully decreased after infection of Lv-shNUF2 in both U87 and U521 cells. (C) Western blot analysis vali-
dated that protein level of NUF2 was knocked down after infection with Lv-shNUF2. *, p<0.05 , **, p<0.01.
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Figure 4. NUF2 depletion inhibits U87 and U251 cells proliferation. MTT assay was performed. Results showed that cell numbers were signi-
ficantly decreased in U87 (A) and U251 cells (B) when compared with control group on day 4 and day 5.*,P<0.05, **, p<0.01.

A
us7
~ 300
£ 250 —+—Lv-shCon T
=t -m-Lv-shNUF2
@ 200
£
3 150
>
E 100
'E 50
0 —
6 10 13 17 20 24 27
days
C
U251
o300
E 250 | —+Lv-shCon T
w200 —=Lv-shNUF2
£
3 150
o
>
100
o
£ 50
e
0
E
LV-shcon
us7
LV-shNUF2
LV-shcon
U251
LV-shNUF2

B

us7
120% -

100%

= Lv-shCon

m Lv-shNUF2
60%

Tumorigenic Ability
D
o
X

20% +

U251
120% 1

ity

£ 100% 4 100%

s0% ®Lv-shCon
80% A
uLv-shNUF2
60% A

40% A
20%

Tumorigenic Abil

0% -

Figure 5. NUF2 depletion inhibits tumor growth in a mice model of glioma. (A) In U87 cells, tumor size was significantly smaller since day
17. Tumor size was even approximately 50% of that in the Lv-shCon group. (B) Moreover, while all mice in Lv-shCon developed to bear glioma,
only 60% mice in Lv-shNUF2 group developed glioma. (C) In U251 cells, tumor volume became to be limited since day 13, and on day 27, it
was only half of that in the Lv-shCon group. (D) Only 80% mice that infected with Lv-shNUF2 developed glioma in U251 cells. (E) images of

dissected tumors in each group were presented. *P<0.05

decreased mRNA levels of NUF2 in both U87 and U251
cells, while shCon caused no significant differences to
control group (Figure 3B). Furthermore, western blot
analysis revealed that protein levels of NUF2 in both
U87 and U251 cells were also significantly ablated
(Figure 3C). Taken together, it could be concluded that
construction of lentivirus stably expressing shRNA
against NUF2 in U87 and U251 cells was successful.
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Depletion of NUF2 significantly inhibits cell prolifera-
tion in U87 and U251 cells

We then performed MTT assay to assess the effects
of NUF2 depletion on cell proliferation. In U87 cells,
we found that cells infected with Lv-shNUF2 exhibited
slower proliferative ability since day 2. On day 5, cell
proliferation was even slowed down by 50% as com-
pared with control U87 cells (Figure 4A). Similarly,
cell proliferation was significantly decreased since day
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Figure 6. Depletion of NUF2 induces cell apoptosis and affects G2/M phase in cell cycle. (A) Annexin-V/PI assay was performed to detect
apoptotic cells. (B) it was shown that only 5% of cells were apoptotic in control U87 cells. However, nearly 12% U87 cells infected with Lv-sh-
NUF2 were shown apoptotic. Similarly, only 8% control U251 cells were apoptotic. However, 14% U251 cells that infected with Lv-shNUF2 died
of apoptosis. (C) Cell proportion of cell cycle phases was also determined. (D) Cell proportion in G2/M phase was significantly changed in both

Lv-shNUF2-infected U87 and U251 cells.

3 in U251 cells. On day 5, cell numbers were further
decreased by 60% (Figure 4B). These data suggest that
depletion of NUF2 in U87 and U251 cells could inhibit
cell growth.

Depletion of NUF?2 significantly inhibits tumor growth
in a mice model of glioma

To further assess effects of NUF2 depletion on tumor
growth in vivo, we first set up a mice model bearing
glioma. Tumor volume was periodically measured and
calculated. In U87 cells, tumor size was significantly
smaller since day 17. Tumor size was even approxima-
tely 50% of that in the Lv-shCon group (Figure 5A).
Moreover, while all mice in Lv-shCon developed glio-
ma, only 60% mice in Lv-shNUF2 group developed
glioma (Figure 5B). Likewise, in U251 cells tumor vo-
lume became to be limited since day 13, and on day 27,
it was only half of that in the Lv-shCon group (Figure
5C). Only 80% tumorigenic rate explained the smaller
tumor size in Lv-shNUF2 group (Figure 5D). Photogra-
phs of 5 representative tumors from each group are also
shown (Figure 5E). Altogether, tumor growth is signi-
ficantly inhibited after NUF2 is depleted from U87 and
U251 cells.
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Depletion of NUF?2 induces cell apoptosis and affects
G2/M phase in cell cycle

Furthermore, we performed annexin-V/PI assay to
detect apoptotic cells (Figure 6A). We found that only
5% of cells were apoptotic in control U87 cells. Howe-
ver, nearly 12% US87 cells infected with Lv-shNUF2
were shown apoptotic. Similarly, only 8% control U251
cells were apoptotic. However, 14% U251 cells that in-
fected with Lv-shNUF2 died of apoptosis (Figure 6B).
These results indicated that cell apoptosis was induced
by NUF2 depletion. In addition, we detected cell pro-
portion of cell cycle phases (Figure 6C). As showed in
Figure 6D, we found significant changes in G2/M phase
in both Lv-shNUF2-infected U87 and U251 cells, indi-
cating that depletion of NUF2 interrupted cell cycle,
especially G2/M phase.

Depletion of NUF2 affects apoptosis-related and G2/M
Dphase-related protein expressions

To further confirm that depletion of NUF2 could in-
duce cell apoptosis and affect G2/M phase, we selected
several proteins which are closely linked with apoptosis
(Bcl-2 and Bad), or associated with G2/M phase (Cyclin
B1 and Cdc25A). Bcl-2 is an apoptosis inhibitor, while

34



S-K. Huang et al. / NUF2 for human glioma cells growth and apoptosis.

ug7 U251
Con shCon  shNUF2 Con shCon shNUF2

NUF2 S . S —

BCl-2 l— — o —

Bad e w— D e c—
CyclinB1 -- P— ”—
Cdc25A D — R—

A e o e e

Figure 7. Depletion of NUF2 affects apoptosis-related and G2/M
phase-related protein expressions. Ablation of NUF2 caused cor-
responding decreased expression of apoptosis inhibitor Bcl-2 and
increased expression of apoptosis inducer Bad. In addition, deple-
tion of NUF2 in U87 and U251 cells resulted in significant decreases
of G2/M phase-related Cyclin B1 and Cdc25A.

Bad induces apoptosis (19, 20). We found that ablation
of NUF2 caused corresponding decreased expression of
Bcl-2 and increased expression of Bad, confirming that
depletion of NUF2 induces apoptosis. Further, deple-
tion of NUF2 in U87 and U251 cells resulted in signi-
ficant decreases of Cyclin B1 and Cdc25A, which are
closely associated with G2/M phase (21, 22). All these
data reinforce the notion that depletion of NUF2 affects
apoptosis and G2/M phase.

Discussion

Despite current advances in the glioma treatment
strategies, the overall survival rate of patients suffe-
ring from glioma remains poor. Additionally, currently
standard clinic cares for glioma patients, like maximal
resection, chemotherapies and/or radiotherapy, have
unfortunately resulted in many side effects (23, 24).
Currently, cell growth is one of the great burdens and
bottleneck of glioma treatments (25). In our study, we
investigated the expression profile of NUF2 in human
glioma tissues and a range of glioma cell lines. The-
reafter, we employed shRNA interference technology to
deplete NUF2 expression in vitro. Based on the success-
ful construction of lentivirus-delivered shRNA against
NUF2, we then assessed the role of NUF2 depletion in
glioma growth in vitro and in vivo.

Consistent with other reports (15), NUF2 was obser-
ved to be overexpressed in glioma tissues. However, in a
series of glioma cell lines, NUF2 exhibited differential-
ly expression levels (Figure 2). U87 and U251 showed
the highest NUF2 expression level, making these two
cell lines optimal cell models for subsequent construc-
tion of lentivirus that stably depleted NUF2 expression.
By infecting U87 and U251 cells with Lv-shNUF2,
we found that cell growth was significantly inhibited
in vitro (Figure 4) and in vivo (Figure 5), indicating
the robust promotion-effect of NUF2 in glioma tumor
growth. Moreover, annexin-V/ PI and cell cycle analy-
sis revealed that depletion of NUF2 induced apoptosis
and affected cell proportion in G2/M phase (Figure 6),
indicating that regulation of NUF2 could affect G2/M
phase and induce eventual cell apoptosis. This notion
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was consistent with a previous report that depletion of
NUF2 resulted in a strong block of prometaphase in cell
cycle (11). And it was further reinforced by the observa-
tions that apoptosis inducer Bad was upregulated, while
pro-apoptotic factor Bcl-2 and G2/M phase regulators
Cyclin B1 and Cdc25 were downregulated in response
to NUF2 ablation in both U87 and U251 cells (Figure
7). In all, it could be concluded that depletion of NUF2
possibly inhibited glioma cell growth through affecting
G2/M phase and eventually leading to cell apoptosis.

Chromosome segregation in mitosis is orchestrated
by dynamic interactions between spindle microtubules
and the kinetochore, a multiprotein complex assem-
bled onto centromeric DNA of the chromosome (26).
In eukaryotes, kinetochore provides a chromosomal
attachment point for the mitotic spindle, orienting the
chromosome to the microtubule, and functions in ini-
tiating, controlling, and monitoring the movements of
chromosomes during mitosis. Indeed, human NUF2 was
recently reported to interact with centromere-associated
protein E and is essential for a stable spindle microtu-
bule-kinetochore attachment (11, 26, 27). In the present
study, we provided evidence confirming that NUF2, a
key component of NDC80 complex, plays pivotal role
in chromosome segregation in mitosis.

The identification of NUF2 as a key molecule in-
volved in glioma cell growth is of significant impor-
tance. On one hand, our study indirectly confirmed that
NUF2 may be greatly involved in mitosis. From a wider
perspective, strict control of NDC80 complex ensures
normal mitotic process (especially G2/M phase). Howe-
ver, dysregulation of NDC80 complex may unfortuna-
tely lead to cell cycle arrest and even cell death. On the
other hand, it is the first report to our knowledge to exa-
mine the role of NUF2 in glioma development. Previous
reports have focused on the role of NUF2 in non-small
cell lung cancer, cervical cancer and colorectal and gas-
tric cancers cell proliferation. Our report may provide
evidence that NUF2 is also closely linked with glioma
development. And hence, NUF2 is possibly widely in-
volved in human cancer developments.

In all, our results indicate that inhibition of NUF2
expression can exhibit potent antitumor activity. The
identification of NUF2 as a key mediator of glioma cell
growth could at least provide a novel clue for develop-
ment of molecular target therapy against glioma.
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