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Abstract

NOP53 ribosome biogenesis factor (NOP53) is a nucleolar protein involved in oncogenesis/tumor suppression, cell cycle regulation,
and cell death. Here, we investigated the role of NOP53 in the maintenance of normal nuclear shape and chromosomal stability.
Depletion of NOP53 by shRNA caused abnormal nuclear morphology, including large nucleus, irregular nucleus, and multinucle-
ated cells, and chromosomal instability resulting in micronucleus or nuclear bud formation. The abnormal nuclear shape and
chromosomal instability were restored by re-expression of NOP53. We further showed that NOP53 was involved in chromosome
congression in metaphase. Downregulation of NOP53 induced aberrant chromosome congression and spindle checkpoint activa-
tion, resulting in delayed mitosis and mitotic arrest. Thus, our findings demonstrated that the nucleolar protein NOP53 participated
in mitotic progression and that dysregulated NOP53 expression caused chromosomal instability in cancer cells.
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Introduction

The nucleolus is a highly dynamic organelle receiving and
responding to signaling events by regulating critical cellular
processes, such as ribosome biogenesis, apoptosis, cell cycle
progression, and cell growth [1]. In addition, some nucleolar
proteins participate in maintaining mitotic integrity and nucle-
ar morphology [2, 3]. Depletion of nucleophosmin (NPM) or
fibrillarin by RNAI, for example, leads to distortion of nuclear
morphology with the formation of multiple micronuclei and
reduction of cell growth [2, 3].

NOPS53 ribosome biogenesis factor (NOP53/GLTSCR2/
Pict-1) is a nucleolus-localized protein [4] that translocates
to the nucleoplasm in response to ribosomal stress and regu-
lates the stability of stress-responsive proteins [5].
Specifically, nucleoplasm-mobilized NOP53 physically inter-
acts with p53 and increases p53 stability by inhibiting the
mouse double minute 2 homolog (MDM2)-mediated
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polyubiquitination pathway [6]. Moreover, NOP53 is in-
volved in DNA damage response induced by ultraviolet light
or neocarzinostatin [5]. NOP53 depletion reduces the forma-
tion of nuclear foci of histone YH2AX and abolishes the G2/
M checkpoint [5]. These findings strongly suggest that
NOP53 may play an important role in cell cycle regulation
and maintenance of DNA integrity under stress conditions.
However, the roles and molecular mechanisms of NOP53 in
the regulation of mitotic integrity have not yet been
elucidated.

In this report, we investigated the participation of NOP53
in the maintenance of nuclear morphology and mitotic integ-
rity during nuclear division. Given that chromosomal instabil-
ity plays an essential role in cancer development, our findings
suggested that tight regulation of NOP53 expression may be a
critical event in carcinogenesis.

Materials and Methods
Cell Culture, Antibody, and Reagents
HeLa cells were purchased from the Korean Cell Line Bank

(Seoul, Korea) and maintained in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum
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(FBS) at 37 °C. The anti-NOPS53 antibody was purified from
immunized rabbit serum (polyclonal antibody) as described
previously [7]. Anti-a-tubulin and anti-SS18L1 antibodies
were obtained from Abcam (Cambridge, UK) and Novus
Biologicals (Colorado, USA), respectively. All other reagents
were purchased from Sigma-Aldrich, Inc. (MO, USA).

Construction and Transduction of Plasmids
and Knockdown of NOP53 and Aurora B

A plasmid and adenovirus expressing NOP53 were generated
using standard cloning techniques, and plasmid transfection
was carried out using Lipofectamine 2000 (Invitrogen, CA,
USA), as described previously [7]. The expression of NOP53
was knocked down by transducing cells with a lentivirus har-
boring NOP53 shRNA (Santa Cruz, CA, USA).
Downregulation of NOP53 was confirmed by western blot-
ting. Knockdown of Aurora B was performed by transducing
cells with small interfering RNA (siRNA) targeting Aurora B
(Cell Signaling Technology, MA, USA).

Immunofluorescence Staining and Western Blotting

HeLa cells grown on coverslips were fixed with cold fixative
(4% formaldehyde in phosphate-buffered saline [PBS]), and
immunocytochemical staining was performed as previously
described [7]. DNA staining was performed using 4',6-
diamidine-2'-phenylindole dihydrochloride (DAPI), and im-
ages were visualized using confocal microscopy (META
710; Zeiss, Jena, Germany). Western blotting was performed
as described previously [7].

Cell Cycle Analysis and Cytokinesis-Block
Micronucleus (CBMN) Assays

Cells transduced with lentivirus were fixed with cold 70%
ethanol for 1 h, treated with RNase (20 mg/mL) for 15 min
at4 °C, and stained with propidium iodide (50 mg/mL) in PBS
at room temperature for 20 min. The cells were examined in a
Cytomics FC500 (Beckman Coulter, CA, USA), and the re-
sults were analyzed using CXP software (Beckman Coulter).
CBMN assays were performed using cytokinesis-block in-
duced by cytochalasin B as described previously [8].

Determination of Nuclear Abnormalities
and Statistical Analysis

Cells with a nuclear diameter larger than 50% of the average
diameter were considered cell with large nuclei. Cells with
irregular nuclear contours, such as abnormal budding, invag-
ination, and deep clefting of the nuclear membrane, were
counted as having irregular nuclei. SPSS software 12.0
(SPSS, IL, USA) was used for statistical analyses. Fisher exact
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tests or Pearson x2 tests were used. Differences were consid-
ered statistically significant when the P value was less than
0.05.

Live Cell Imaging

HeLa cells were stably transduced with Histone 2B-red fluo-
rescent protein (RFP) plasmid and cultured in an LCI live cell
instrument (Seoul, Korea). Fluorescent images were collected
on a confocal microscope (Zeiss), and DIC images were also
obtained with a transmitted light detector.

Results
Localization of NOP53 during Mitosis

Previous studies have reported that NOP53 is colocalized with
NPM/B23 within the interphase cell nucleolus [9]. However, its
dynamic localization and distribution during the cell cycle have
not yet been studied. Accordingly, we then performed immu-
nofluorescence staining for NOPS53 in HeLa cells in the mitotic
phase. During interphase, NOP53 was mainly localized in the
nucleolus and was weakly detected in the nucleoplasm (Fig. 1).
During prophase, most NOP53 was already dispersed through-
out the cytoplasm but was more condensed around the chromo-
somes. When the nuclear membrane was disrupted during
prometaphase and metaphase, the majority of NOP53 was con-
centrated along with the chromosomes and was slightly distrib-
uted in the cytoplasm. During anaphase, NOP53 moved with
the chromosome and became concentrated at the chromosome
periphery. During telophase, NOP53 still associated with the
chromosome. Finally, during cytokinesis, NOP53 was densely
packed into the coarse bodies in the nucleoplasm. These find-
ings indicated that most NOP53 moved with the chromosome
during mitosis, although some NOP53 was also detected in the
cytoplasm. This chromosome-associated distribution of
NOPS53 during mitosis was similar to other nucleolar proteins,
including NPM and nucleolin [2, 3, 10]; however, NOP53 was
more closely associated with the chromosome than NPM. In
addition, the perichromosomal concentration of NOP53 sug-
gested that NOP53 may play a role in maintaining chromosom-
al stability or nuclear integrity during mitosis.

Depletion of NOP53 Led to Abnormal Nuclear Shape

To investigate whether NOP53 was involved in maintaining
nuclear integrity, we generated HeLa cells with stable knock-
down of NOP53 expression by transducing cells with lentivi-
rus expressing NOP53 shRNA (shNOP53) and observed mor-
phological changes in the nucleus as compared with scram-
bled shRNA-expressing (shSCR) control cells. NOP53-
knockdown did not significantly affect the expression levels
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Fig. 1 Dynamic localization of NOP53 during the cell cycle. HeLa cells in the respective cell cycle phase were immunostained for NOP53. DNA was
counterstained with DAPL. DNA (blue), NOP53 (green), and «-tubulin (red) images were merged

of nucleolin or fibrillarin (Fig. 2a). As shown in Fig. 2b, 29%
of NOP53-knockdown cells displayed nuclear morphological
abnormalities, including multinucleated cells, irregular nucle-
us, and large nucleus, whereas 4-5% of control cells had ab-
normal nuclear shapes.

We then investigated whether recovery of NOP53 expres-
sion in cells with nuclear abnormalities induced by NOP53-
knockdown restored nuclear morphology. Ectopic expression
of NOP53 by transduction with an NOP53- expressing plas-
mid (pNOPS53) restored the nuclear shape distorted by
NOP53-knockdown (Fig. 2b). Next, we carried out CBMN
assays to determine whether depletion of NOP53 was associ-
ated with chromosomal instability. As shown in Fig. 2c,
NOP53-knockdown induced a significant increase in micro-
nucleus formation, nuclear buds, and nucleocytoplasmic brid-
ges compared with control cells. Interestingly, these bio-
markers of chromosomal instability were also restored by
NOP53 expression (Fig. 2¢). Taken together, our results dem-
onstrated that NOP53 was involved in the maintenance of
nuclear architecture and chromosomal stability.

Depletion of NOP53 Led to Mitotic Delay

Abnormal nuclear configuration caused by dysregulated gene
expression leads to failure of mitotic progression [11]. To
obtain insights into the effects of NOP53 depletion on mitotic
progression, we initially analyzed the cell cycle profiles by
flow cytometry. Cell cycle progression of NOP53-
knockdown cells was delayed in the G2/M phase compared
with control cells (Fig. 3a). Moreover, the cells with DNA
contents greater than 4N were significantly high in NOP53-

knockdown cells compared to control cells (28% vs. 10%),
suggesting that NOP53-knockdown cells underwent another
round of DNA replication in the absence of cell division.

To evaluate the mitotic delay due to NOP53 depletion, we
measured the time from nuclear envelop breakdown (NEB) to
centrosome segregation at telophase (prometaphase-telophase
time). HeLa cells were stably transduced with an RFP-tagged
histone 2B-expressing plasmid, and NOP53 expression was
then knocked down by transduction with NOP53 shRNA. As
depicted in Fig. 3b, about 80% of control cells had a
prometaphase- telophase time of less than 60 min, whereas
more than 50% of NOP53-knockdown cells had a
prometaphase- telophase time of more than 120 min, indicating
a longer mitotic progression period in NOP53-knockdown
cells. In addition, about 12% of NOP53-depleted cells died after
the prolonged mitotic period (data not shown). To define the
underlying mechanism responsible for the mitotic delay in
NOPS53-depleted cells, we further determined whether NOP53
depletion affected the mitotic index. The mitotic index was
measured by counting mitotic cells after «-tubulin staining.
As shown in Fig. 3c, the mitotic index was significantly in-
creased in NOP53- depleted cells. Taken together, our results
demonstrated that NOP53 depletion caused mitotic delay by
inhibiting mitotic progression from prometaphase to telophase.

NOP53 Was Involved in Chromosome Congression
To further investigate the mechanisms of mitotic delay caused
by NOP53 depletion, we tested whether NOP53 was involved

in chromosome congression. NOP53-knockdown cells were
arrested at the metaphase-anaphase transition using MG132
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Fig. 2 NOP53 depletion led to abnormal nuclear morphology and
chromosomal instability. a HeLa cells were transduced with shRNA
targeting NOP53 (shNOP53) or scrambled shRNA (shSCR). Western
blotting was performed using the indicated antibodies. b shSCR,
shNOP53, and NOP53- expressing shNOP53 cells (shNOP53 +
pNOPS53) were stained using DAPI, and the irregular nuclear architecture
was determined under a fluorescence microscope. NOP53 restoration was
performed by transducing cells with an NOP53-expressing plasmid
tagged with HA (pNOP53), and exogenous NOP53 expression was de-
termined by immunostaining for HA (red). Representative images of

and immunostained with anti-SS18L1 (green) and anti-oc-
tubulin (red) antibodies. NOP53-knockdown cells in meta-
phase showed a significant increase in cells with uncongressed
kinetochores, including misalignment or nonalignment, com-
pared with control cells (Fig. 4a). As shown in Fig. 4b, mea-
surement of the misaligned chromosome in metaphase also
showed the broader DAPI staining in NOP53- depleted cells
than in control cells (Fig. 4b). Next, to define whether re-
expression of NOP53 restored uncongressed chromosomes,
we transduced NOPS53-depleted cells with adenovirus ex-
pressing NOP53 and observed the metaphase chromosome.
The transduction efficiency of adenovirus was more than
90% based on counting of cells expressing green fluorescent
protein. As shown in Fig. 4a and b, ectopic NOP53 expression
decreased cell proportion with abnormal metaphase chromo-
some congression and reduced the broad DAPI staining. Our
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nuclear architecture are shown in the left panel. A histogram representing
the percentage of cells with nuclear abnormalities is shown. Data are
expressed as the mean + SD of triplicate determinations. *p <0.01. LN,
large nucleus; IN, irregular nucleus; MC, multinucleated cells. ¢
Cytokinesis-block micronucleus (CBMN) assays using cytochalasin B
were performed for shSCR, shNOP53, or shNOP53 + pNOP53 cells,
and cells with chromosomal aberrations were counted after Giemsa stain-
ing. Data are expressed as the mean + SD of triplicate determinations (left
panel). *p < 0.01. Representative images of chromosomal aberrations are
shown in the right panel

results demonstrated that NOP53 was clearly involved in
chromosome congression. Accumulation of mitotic cells and
prolonged division times from prometaphase to anaphase due
to abnormal chromosome congression indicated that the spin-
dle checkpoint was activated in NOP53-knockdown cells.

Finally, to test whether NOP53 knockdown activated the
spindle checkpoint, we knocked down NOP53 or Aurora-B
expression alone or in combination transducing cells with
shRNAs targeting NOP53 and Aurora-B (Fig. 4c). The mitotic
index in NOP53-knockdown cells increased to 10%, whereas
that in double knockdown cells decreased to the level of the
control cells, suggesting that the spindle checkpoint was acti-
vated in NOP53- knockdown cells. Taken together, our find-
ings indicated that abnormal chromosome congression due to
NOP53 depletion led to spindle checkpoint activation and
mitotic arrest.
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Fig. 3 NOP53 depletion caused mitotic delay. a shASCR and shNOP53
cells were stained with propidium iodide, and cell cycle profiles were
determined by flow cytometry. b Time-lapse analysis of shSCR-H2B
and shNOP53-H2B cells. sShASCR-H2B or shNOP53-H2B cells, obtained
from shSCR and shNOPS53 cells, respectively, by stably transducing his-
tone 2B-RFP plasmid, were cultured in a live cell instrument, and suc-
cessive frames of fluorescent images were acquired. The graph displays
the percentage of cells according to time distribution consumed from

Discussion

Accumulating evidence has indicated that the nucleolus plays
important roles in regulating the cell cycle and maintaining
chromosomal stability. Depletion of nucleolar proteins in-
duces abnormal cell growth caused by defective mitotic pro-
gression, whereas overexpression of these proteins enhances
rapid cell proliferation [12]. Thus, dysregulation of nucleolar
proteins is closely associated with various human pathological
conditions, including cancers [13].

Previously, we reported that the nucleolar protein NOP53 is
involved in modulating DNA damage responses through reg-
ulating DNA damage repair proteins and p53 expression
through the MDM2-mediated polyubiquitination pathway
[6]. These findings strongly suggested that NOP53 was in-
volved in maintaining genomic stability, possibly during mi-
totic division. However, the exact roles of NOP53 in cell di-
vision have not yet been determined.

We initially showed that the localization of NOP53 during
cell division was dynamic. The distribution pattern of NOP53
from interphase to metaphase was similar to that of NPM [2,
14], a binding partner of NOP53, but more closely associated
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prometaphase to telophase. At least 30 cells per sample were observed.
Representative live images are shown in the right panel. ¢ shSCR and
ShNOP53 cells were immunostained with anti-a-tubulin antibodies, and
the mitotic index was determined by the appearance of duplicated chro-
matid pairs aligned in the center of dividing cells. At least 300 cells were
counted on three slides. The histogram represents the mean + SD of trip-
licate determinations (left panel). *p <0.01. Representative images are
shown in the right panel

with condensed chromosomes in anaphase and telophase.
This perichromosomal condensation of NOP53 implied a pu-
tative role of NOP53 in maintenance of chromosomal stability
during nuclear division. In order to elucidate the role of
NOPS53 in mitotic division, we stably knocked down NOP53
by transducing cells with shRNA and found that downregula-
tion of NOP53 expression increased the number of cells with
abnormal morphology, such as irregularly shaped or
dumbbell-shaped cells. Together with the higher DNA con-
tents in NOP53-knockdown cells, these findings strongly sug-
gested that NOP53 played a critical role in nuclear division
and that knockdown of NOP53 induced defects in mitosis
and cytokinesis. However, these nuclear changes were not
due to defects in nuclear envelop assembly because we did
not detect any alterations in lamin A/C, a major nuclear
envelop protein [15], as compared with that in control cells
(data not shown). A previous report by Amin et al. showed
similar nuclear changes without defects in postmitotic nu-
clear envelop assembly in fibrillarin-knockdown cells [3].
In NOP53-knockdown cells, cell cycle progression was de-
layed as the mitotic index increased. Based on time-lapse
microscopic observation, this delayed cell division was
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Fig. 4 NOPS53 depletion caused mitotic defects through aberrant
chromosome congression in HeLa cells. a The percentages of cells
showing mitotic cells with aberrant chromosomes and disrupted mitotic
spindles in shSCR, shNOP53, and NOP53-restored shNOP53 cells. Cells
were arrested in metaphase using MG 132 prior to immunostaining with
o-tubulin (red) and anti-SS18L1 (green) antibodies and staining with a
DNA dye, DAPI (blue). Data are the mean + SD of three independent
experiments (n = at least 100 mitotic cells). Representative immunostain-
ing images are shown in the right panel. Mis-AL, misalignment; Non-AL,

mainly due to the longer time lapse between prophase and
metaphase. The prophase-to-metaphase delay could be
caused by spindle checkpoint activation due to improper
chromosomal congression at the spindle equator [16].
DAPI images after immunostaining using anti-SS18L1
and anti-o-tubulin antibodies revealed that NOP53 knock-
down induced abnormal chromosome congression, includ-
ing misalignment and nonalignment. In addition, mitotic
arrest was abrogated by double knockdown of NOP53 and
Aurora-B, indicating that the spindle checkpoint was acti-
vated in cells with NOP53 depletion.

In summary, in this report, we showed that NOP53
was required for proper chromosomal alignment during
mitosis and that depletion of NPOS53 caused chromo-
somal instability, leading to abnormal nuclear shapes
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nonalignment b The graph displays the average width of congressed
chromosomes in metaphase. Data were obtained from at least 60 cells
per sample. *p <0.01. Representative images showing the width distance
of congressed chromosomes. The distance was measured by ZEN soft-
ware (Zeiss). Scale bar, 5 um. ¢ shSCR and shNOP53 cells were trans-
duced with siRNA targeting Aurora B, and the mitotic index was then
determined. Histogram represents the mean + SD of triplicate determina-
tions (upper panel). *p <0.01. The expression levels of NOP53 and
Aurora B are shown in the lower panel

and mitotic arrest through activation of spindle check-
point proteins. Our results demonstrated that dysregula-
tion of NOPS53 expression may be involved in various
pathological conditions caused by abnormal mitosis as
well as cancers.
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