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a b s t r a c t

NSA2 (Nop seven-associated 2) was previously identified in a high throughput screen of novel human
genes associated with cell proliferation, and the NSA2 protein is evolutionarily conserved across different
species. In this study, we revealed that NSA2 is broadly expressed in human tissues and cultured cell
lines, and located in the nucleolus of the cell. Both of the putative nuclear localization signals (NLSs) of
NSA2, also overlapped with nucleolar localization signals (NoLSs), are capable of directing nucleolar accu-
mulation. Moreover, over-expression of the NSA2 protein promoted cell growth in different cell lines and
regulated the G1/S transition in the cell cycle. SiRNA silencing of the NSA2 transcript attenuated the cell
growth and dramatically blocked the cell cycle in G1/S transition. Our results demonstrated that NSA2 is
a nucleolar protein involved in cell proliferation and cell cycle regulation.

� 2009 Elsevier Inc. All rights reserved.
Introduction

NSA2 (Nop seven-associated 2), also known as TINP1 (TGF-b
inducible nuclear protein 1) and Hairy cell leukemia protein 1
(HCL-G1), was originally identified as one of the putative tumor
suppressor genes involved in the pathogenesis of HCL [1]. NSA2
mRNA could be up-regulated by stimulation with TGF-b (J.S. Zhang
and D.I. Smith, as annotated in the NCBI database). It was also iden-
tified in a search of Saccharomyces cerevisiae ORFs in yeast EST dat-
abases homologous to mammalian genes, followed by screening of
a human skeletal muscle cDNA library [2]. NSA2 was found in the
nucleoli of HeLa cells using mass-spectrometry [3,4], and its yeast
homolog Nsa2 is an unstable pre-60S factor required for the pro-
cessing of the 27 SB pre-rRNAs. The absence of Nsa2 leads to defec-
tive ribosome biogenesis, which can be complemented by human
NSA2 [5]. The Nsa2 homolog in Bombyx mori (BmTINP1) is thought
to be involved in silk production as well its rapid growth [6]. In
Aplysia, the transcript of Nsa2 homolog gene is found in the sensory
neuron processes and is associated with synaptic plasticity [7].
However, the function of NSA2 in humans has not been reported
thus far.

In our cell-based screening system integrating a promoter-
Renilla luciferase reporter gene assay, fluorescence staining, auto-
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mated microscopy and cellular phenotype assays to identify hu-
man novel genes associated with cell proliferation, we found the
expression of NSA2 could significantly up-regulate promoter-Renil-
la luciferase reporter plasmid (pRL) activity [8], it suggested that
NSA2 might promote cell proliferation and we selected it to be
characterized in more extensive experiments. In the present study,
we constructed a panel of EGFP fusion proteins with different NSA2
regions and analyzed their intracellular distributions by confocal
microscopy. We revealed the role of two nuclear localization sig-
nals (NLSs), also overlapped with nucleolar localization signals
(NoLSs), in the nucleolar targeting of NSA2 for the first time. By
investigating the effect of NSA2 in the cell cycle, our data suggests
that NSA2 may act as a cell cycle repressor and plays a role in cell
proliferation.

Materials and methods

Cell lines and reagents. HeLa (human cervical carcinoma),
HEK293T (human embryonic kidney) and A549 (human epithelial
lung adenocarcinoma) cell lines were maintained in Dulbecco’s
modified Eagle’s medium (Life Technologies, Carlsbad, CA, USA)
supplemented with 10% FBS and 2 mM L-glutamine. The K562 (hu-
man erythroleukemic cells) and PC-3 (human prostate adenocarci-
noma) cell lines were cultured in RMPI-1640 supplemented with
10% FBS and 2 mM L-glutamine. All cells were maintained at
37 �C in a humidified atmosphere with 5% CO2. Anti-b-actin anti-
body and Hoechst stain were from Sigma–Aldrich (St. Louis, MO,
USA). Anti-HSP90 antibody and anti-histone H3 antibody were
purchased from Cell Signaling Technology (Danvers, MA, USA).
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IRDye™ 800-conjugated secondary antibodies against mouse and
rabbit IgG, and IRDye™ 800-conjugated antibody against Green
Fluorescent Protein (GFP) were purchased from LI-COR Bioscience
(Lincoln, NE, USA). SiRNA against NSA2 (sc-91967) was designed
and purchased from Santa Cruz biotechnology, Inc. (Santa Cruz,
CA, USA). Propidium iodide (PI) was obtained from the Beijing Bio-
sea Biotechnology Co. (Beijing, China). The tissue cDNA library was
purchased from Clonetech (Mountain View, CA, USA). Restriction
endonuleases EcoRI, HindIII, and BamHI were purchased from
TaKaRa Biotechnology (Dalian) Co., Ltd. (Dalian, Liaoning, China).
Protease inhibitor cocktail tablets were obtained from Roche Ap-
plied Science (Rotkreuz, Switzerland).

Polyclonal anti-NSA2 antibody preparation. Two peptides,
RNTKQKNDEKTPQGAVC and DYHEKKRKKESREAHEC, which corre-
spond to the two hydrophilic regions of the NSA2 protein, were
synthesized and conjugated to keyhole limpet hemocyanin (KLH)
by Chinese Peptide (Hangzhou, Zhejiang, China). Adult New Zea-
land white rabbits were immunized with a combination of the
two tagged peptides at 6-week intervals, with immune serum col-
lected 14 days after the immunizations. The serum was screened
by indirect ELISA and antibodies purified by protein G and peptide
affinity chromatography (data not shown). The resulting antibody
was verified by Western blot and used in analysis of NSA2
knockdown.

Constructs and transient transfections. Human NSA2 cDNA was
subcloned into the pcDNA3.1-Myc-His(�)B (pCDB) vector (Invitro-
gen, Carlsbad, CA, USA) without a C-terminal myc-tag, pEGFP-C3
vector and pEGFP-N1 vector (Clontech). A series of truncated
NSA2 gene constructs were then subcloned into pEGFP-N1 vectors
with a C-terminal GFP-tag. All constructs were confirmed by DNA
sequencing.

293T cells were transfected by Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instruction. Transfections of HeLa,
K562, PC-3 cells were performed by electroporation with a single
pulse of 120 V, 20 ms, with 10 lg plasmid/106 cells in 2-mm gap
cuvettes using an ECM 830 Square Wave Electroporation System
(BTX, San Diego, CA, USA). Cells with more than 80% transfection
efficiency were used for further experiments.

Immunofluorescence staining and microscopy. Cells were grown
in glass-bottom microwell dishes (MatTek, Ashland, MA, USA)
and transfected with the indicated vectors. After 24 h, the cells
were incubated with corresponding antibodies, and then incubated
with Hoechst stain (1:1000) for 5 min. Samples were observed
using an Olympus Fluoview FV300 laser-scanning confocal micros-
copy (Olympus, Tokyo, Japan).

Extraction of cytoplasmic and nuclear proteins. HeLa cytoplasmic
and nuclear proteins were extracted by using ProteoJET™ Cyto-
plasmic and Nuclear Protein Extraction Kit (Fermentas, Glen Bur-
nie, MD, USA) according to the manufacturers’ protocol.

RNA isolation, reverse transcriptase-polymerase chain reaction
(RT-PCR) and quantitative real-time PCR analysis. RNA was extracted
by using TRIzol reagent (Invitrogen), and reverse transcription (RT)
was performed with ThermoSCRIPT RT-PCR System (Invitrogen)
according to the manufacturer’s protocol. PCR primers and condi-
tions were as follows: forward primer, 50-ATGCCACAGAATGAATA
TATTGA-30; reverse primer, 50-AACCAGTAAGACTGCATTTATA-
CATCC-30; 25 amplification cycles (94 �C for 30 s, 52 �C for 30 s,
72 �C for 30 s). PCR products were separated on a 1.0% agarose
gel and visualized by ethidium bromide staining. Real-time PCR
analysis of NSA2 was performed with the following primers: for-
ward primer, 50-CTGCTGGACAGAGAGGGACAA-30; reverse primer,
50-TTTCTCCCTGGGCACGTACTT-30. The annealing temperature for
the real-time PCR was 60 �C for 45 cycles. GAPDH was amplified
as an internal control.

Protein preparation and Western blot analysis. Cells were washed
twice with ice-cold phosphate-buffered saline (PBS) and lysed in
RIPA lysis buffer (50 mM Tris–HCl, pH 7.4; 150 mM NaCl; 1%
deoxycholate Na; 1% NP-40; 0.1% sodium dodecylsulfate, with
freshly added protease inhibitor cocktail) for 30 min at 4 �C. Cell ly-
sates were clarified by centrifugation at 4 �C at 16000g for 20 min.
Protein concentrations were determined using the BCA protein as-
say reagent (Pierce, USA). Equal amounts of protein were electro-
phoresed by SDS–PAGE and transferred onto a nitrocellulose
membrane (Amersham Pharmacia, UK). Membranes were blocked
in Tris-buffered saline containing 0.1% Tween-20 (TBST) and 5%
nonfat milk and then incubated overnight at 4 �C with the appro-
priate primary antibody. After washing in TBST buffer, the mem-
branes were incubated for 1 h with the corresponding IRDye™
800-conjugated secondary antibody. The blots were scanned using
an Odyssey Imaging System (LI-COR Bioscience).

Cell proliferation assay. Cell proliferation was evaluated using a
CCK8 assay and cell counting. Transfected HEK293 cells (1000
cells/well) were seeded in 96-well plates and tested by using
CCK8 (Cell Counting kit-8) kit according to the manufacturer’s pro-
tocol. Briefly, 10 ll of CCK8 solution (Dojindo, Kumamoto, Japan)
was added to each well, and the samples were incubated for the
indicated times (2–4 h) before the absorbance was measured at
450 nm.

Transfected K562 cells (6 � 103/well) were seeded in 12-well
plates. At the indicated time points, cells expressing different plas-
mids or siRNAs were trypsinized and counted by trypan blue
exclusion using a Coulter counter (Vi-Cell™ XR Cell Viability Ana-
lyzer, Beckman, Fullerton, CA, USA). The results are presented as
mean ± standard deviation (SD).

Cell cycle analysis. 293T cells were serum starved for 12 h and
then plated in 6-wells (3� 105cells/well). After 24 h, cells were
transfected with plasmids or siRNAs. Transfected cells were fixed
in 70% ethanol overnight at 4 �C. After washing with PBS, cells were
incubated with Rnase A (0.5 mg/ml) (Sigma) at 37 �C for 30 min. Fi-
nally, the cells were stained with PI (50 lg/ml) and analyzed by fluo-
rescence-activated cell sorter analysis (FACS) (BD, San Jose, CA, USA).
Results

Cloning and bioinformatic analysis of human NSA2

The full-length human NSA2 cDNA clone (GenBank Accession
No. NM_014886) was isolated from mixed tissue cDNA panels
(Clontech, CA). The NSA2 cDNA encodes a protein of 260 amino
acids with a predicted molecular mass of 30 kDa and a theoretical
isoelectric point of 10.28. The full-length cDNA sequence of NSA2
and the amino acid sequence of the corresponding protein are
shown in Fig. 1A. NSA2 is located on chromosome 5q13.3, and
encompasses 6 exons and 5 introns that span nearly 4596 kb
(Fig. 1B). The NSA2 gene is highly conserved among vertebrates
(Fig. 1C); it shares 100% identity with the canis family and pan
troglodytes, and 62.1% identity with the yeast ortholog Nsa2.
Analysis of the NSA2 amino acid sequence by Simple Modular
Architecture Research Tool (smart.embl-heidelberg.de) revealed a
conserved functional domain Ribosomal_S8e from 1 to 237 amino
acids, named after the Rps8 eukaryotic and archebacterial ribo-
somal protein [9].
Expression profiles of NSA2

The expression patterns of the NSA2 gene in various human tis-
sues and cell lines were analyzed by RT-PCR and Western blot. The
NSA2 transcripts were detected in normal human tissues (Fig. 2A),
10 non-leukemia cancer cell lines (Fig. 2B) and 9 leukemia cell lines
(Fig. 2C). NSA2 mRNA was up-regulated in cells stimulated by TGF-
b (Fig. 2D). The specificity of the anti-NSA2 antibody was tested



Fig. 1. Identification and sequence analysis of NSA2. (A) cDNA and amino acid sequences of human NSA2. The start and stop codons are italicized. The Ribosomal_S8e domain
is indicated with a broken line. (B) The schematic map of the NSA2 gene and cDNA structure. The boxes show the exons with their relative sizes and the positions in the NSA2
gene. (C) Phylogenetic analysis of NSA2.
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against the over-expressed EGFP-NSA2 in HeLa cells in a Western
blot (Fig. 2E). A band of �30 kDa could be detected, which was con-
sistent with the calculated molecular weight of the NSA2 protein.
By using this antibody, protein expression of the endogenous
NSA2 was detected in various human cancer cell lines (Fig. 2F).
These results suggest that the NSA2 protein is ubiquitously ex-
pressed in high levels.
Mapping the nucleolar localization signals of NSA2

As shown in Fig. 3A, the NSA2 protein was specifically ex-
pressed in the nuclear region of HeLa cells. We fused the NSA2
cDNA to the 3-end of the GFP cDNA in the pEGFP-C3 vector and
to the 5-end of the GFP cDNA in the pEGFP-N1 vector. NSA2-
GFP expressed in HeLa cells was observed in the nucleolus and



Fig. 2. Expression profiles of NSA2. Real-time PCR analysis shows the mRNA expression of NSA2 in human normal tissues (A) and A549 cells stimulated with or without TGF-b
(5 ng/ml) at the indicated time (B). The data are represented as mean ± SD. NSA2 mRNA expression was also analyzed by RT-PCR in human cancer cell lines (C) and human
leukemia cell lines (D). GAPDH was used as an internal control. (E) HeLa cells were transfected with pEGFP-C3 vector or pEGFP-NSA2 vector. The proteins were extracted 48 h
later and detected with anti-NSA2 antibody and anti-GFP antibody as a positive control. (F) Expression levels of endogenous NSA2 in multiple human cell lines were analyzed
by Western blot. b-Actin expression was detected as an internal control.
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co-localized with nucleolin (Fig. 3B). The subcellar distribution of
GFP-NSA2 was identical.

The sequence analysis predicts two putative NLS spanning
amino acids 1–52 (NLS1) and 131–154 (NLS2), as depicted sche-
matically in Fig. 3C. To analyze the role of the suggested NLS se-
quences of NSA2 in targeting to the nucleolus, a series of
constructs carrying various deletions of NSA2 sequences were
fused to the N1-pEGFP plasmid (Fig. 3D). These constructs were
transfected into HeLa cells and the fluorescent fusion proteins
were monitored under a confocal microscope. As shown in
Fig. 2E, the pEGFP-N1 was expressed in both the nucleus and
cytoplasm. In contrast, all of the I-EGFP, II-EGFP, and III-EGFP fu-
sion proteins, which contained the NLS1, NLS2, and the interme-
diate sequences (aa 53–130), respectively, exhibited diffuse
nuclear staining and clear nucleolar staining. Expression of the
C-terminal region of NSA2 (aa 155–266) (IV-EGFP) displayed nu-
clear and cytoplasmic diffusion staining, similar to the results
with the pEGFP-N1 vector.

We also constructed various deletion mutants. An EGFP protein
fused to the NSA2 region deleted of NLS2 (Fig. 3E, V) consistently
showed nucleolar staining. The same pattern was also seen when
the cells were transfected with the NSA2 region in deleted of
NLS1 (Fig. 3E, VI) or of both NLS1 and NLS2 (Fig. 3E, VII). The
NLS1 comprises two bipartite NLSs (10HRKRYGYRLDYHEKKRKK27

and 23KKRKKESREAHERSKKAKKM42), and both of these appeared
to be responsible for nuclear staining and nucleolar accumulation
(Fig. 3E, VIII and IX). However, flanking both sides of the NLS1 re-
gion with the two bipartite NLSs deleted displayed cytoplasmic
and nuclear diffuse staining, resembling the localization of EGFP
alone (Fig. 3C, X).



Fig. 3. NLS regions of NSA2. (A) NSA2 protein was detected in the nuclear extracting proteins (NP) of HeLa cells, but not in the cytoplasmic extracting proteins (CP). (B) EGFP-
NSA2 co-localized with nucleolin in HeLa cells. (C) Full-length NSA2 with two putative NLSs. (D) Constructs with deleted sequences within NSA2 fused with EGFP are shown
schematically. (E) The subcellular localization of these constructs and EGFP alone in HeLa cells. N, nuclear; No, nucleolus; C, both nuclear and cytoplasmic diffuse staining.
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Fig. 4. Function of NSA2 in cell proliferation and cell cycle. (A) CCK8 assay for PC-3 cells transfected with pCDB (vector control), pCDB-NSA2, or pCDB-K-ras (positive control).
Cells were collected at indicated times, processed and then the absorbance was measured at 450 nm. (B) Growth curve of K562 cells transiently transfected with pCDB, pCDB-
NSA2, and pCDB-K-ras. Cells were collected at the indicated times and counted on a Coulter cell counter. (C) A representative FACS profile of cells transfected with pCDB,
pCDB-NSA2, or pCDB-K-ras. Cells were collected 24 h after transfection and analyzed by flow cytometry. Data are representative of three separate experiments. (D) siRNA
against NSA2 inhibited NSA2 expression at both mRNA and protein levels. (E) CCK8 assay for NSA2 knockdown by double-stranded siRNAs in PC3 cells. (F) Growth curve of
K562 cells transiently transfected with siNSA2 and non-silencing siRNA. Cell proliferation was measured using a Coulter counter. (G) A representative FACS profile of cells
transfected with siNSA2 and non-silencing siRNA. Cells were collected 24 h after transfection and analyzed by flow cytometry. (H) Graphic representation of the percentage of
cells in G1 phase. Transfected cells were collected after 24 h and 48 h. *P < 0.05, compared with mock-transfected cells. Error bars represent SEM.
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Basic amino acid residues have been speculated to be important
in nucleolus targeting. The NLS1 contains three clusters of basic
residues at positions 10–13, 23–28, and 37–41 with sequences of
HRKR, KKRKK, and KKAKK, respectively. All three clusters can lead
to nucleolar accumulation (Fig. 3C, XI–XIII). While it is possible
that the nucleolar accumulations of GFP-NSA2 and its variants
were artifacts of high expression levels, we also examined their
localization patterns as early as 12 h after transfection when
expression levels were low, and the results were the same.
Over-expression of NSA2 promotes cell proliferation and G1/S
transition in the cell cycle

PC-3 cells were transiently transfected with NSA2 expression
vectors followed by CCK8 measurement of cell proliferation. As
shown in Fig. 4A, an increase in cell proliferation was noted, during
a 5-d period, in cells transfected with NSA2 compared with mock-
transfected cells. Over-expression of NSA2 in K562 also resulted in
a remarkable increase in the cell number as determined by using a
Coulter cell counter (Fig. 4B). We obtained similar results from the
experiments in 293T and HeLa cells.

To explore the possible roles of NSA2 in controlling cell cycle,
we examined the cell cycles of transfected cells by FACS (Fig. 4C).
The results showed that at 24 h after transfection, over-expression
of NSA2 resulted in a 14.36% decrease of G1 phase cells and an
11.90% increase of S-phase cells compared with the vector control
group. These results suggest that NSA2 plays a role in the protein
synthesis and DNA synthesis in different cells.

Down-regulation of NSA2 inhibits cell proliferation and G1/S transition
in the cell cycle

Since over-expression of NSA2 promoted cell proliferation and
G1/S transition, we examined the effect of down-regulating NSA2
on these parameters. SiRNA against NSA2 was used to reduce its
expression in PC3 cells. Non-silencing siRNA or siNSA2 was trans-
fected into PC3 cells. At 24 and 48 h after transfection, both NSA2
mRNA and NSA2 protein levels were significantly decreased in cells
that were transfected with siNSA2, as assessed by RT-PCR and
Western blot (Fig. 4D).

As shown in Fig. 4E, siNSA2 resulted in a decrease in PC-3 cell
proliferation compared with the control. Similar results were also
obtained in K562 cells by cell counting (Fig. 4F). The inhibition of
G1/S transition was observed in cells transfected with siRNA
against NSA2, but not in cells transfected with non-silencing siRNA
(Fig. 4G). Furthermore, siNSA2-transfected cells consistently exhib-
ited a higher percentage of cells in G1 phase of the cell cycle
(Fig. 4H).
Discussion

In this study, we report that human NSA2 is located in the
nucleolus of cells and contains multiple nucleolar localization sig-
nals (NoLSs). The nucleolus is the most prominent structure in a
cell nucleus and defined as a genetically determined element.
The functional annotation of proteins in the human nucleolus has
been drafted [10], while a large fraction of the uncharacterized
proteins confer a role in ribosome biogenesis complexes. There
are also nucleolar protein complexes involved in DNA repair, tRNA
processing, DNA replication, and transcription initiation. Emerging
evidence also describes other unconventional roles for the nucleo-
lus, such as in stress sensing and the control of cellular activity
[11,12].

Several NoLSs have been identified by previous studies [13–16],
but sequence analysis of nucleolar proteins did not lead to the
identification of a general NoLS [13–15]. An important characteris-
tic of the nucleolar localization sequences is that they overlap with
nuclear localization signals (NLSs) [13,14,16]. NLSs are often char-
acterized by clusters of positively charged amino acids such as ly-
sine (K), arginine (R), or histidine (H) [17]. Except NSA2, other
proteins such as parafibromin, MDM2 and p14ARF have also been
found to contain NoLSs composed of clusters of basic amino acids
highly similar to or overlapping those identified in NLSs [18–20].
The nucleolar localization of proteins possibly relies on direct or
indirect interaction with the ribosomal DNA, RNA, or protein [21].

In this study, we identified two NLSs in NSA2 for the first time.
There are three clusters of NLS1 which play roles in the nuclear
localization, and all of them can function independently. However,
unlike the classical bipartite NLS consisting of a defined spacer of
8–10 non-basic amino acids between two clusters of basic amino
acids, the NLS1 of NSA2 is composed of three clusters of basic ami-
no acids or two overlapping bipartite NLSs. Interestingly, both the
mutant NSA2 lacking NLSs and the intermediate sequences be-
tween the two NLSs still localized to the nucleolus, suggesting
the existence of at least one additional NoLS between NLS1 and
NLS2 of NSA2. This intermediate region may also modulate NSA2
localization by binding to protein or nucleic acid constituents of
the nucleoli.

Nucleolar proteins are increasingly recognized as possible regu-
lators of cell growth [22,23]. Besides, nucleolar breakdown and
division are closely coordinated with mitosis and regulation of
the cell cycle [24]. We demonstrated that over-expression of
NSA2 could promote the proliferation of different cell lines and
facilitate G1 to S transition in the cell cycle, while down-regulation
of NSA2 by siRNA showed the opposite effect. Therefore, we can
conclude that NSA2 is crucial for cell growth since the apparent
proliferation arrest corresponded to an increase in the G1 phase
cell population and a decrease in the number of cells in the S
and G2 phase. However, the mechanisms used by NSA2 to affect
the cell cycle are still unknown.

Bioinformatics analysis shows that NSA2 contains the con-
served Ribosomal_S8e domain and implies that NSA2 belongs to
the ribosomal protein superfamily. The nucleolus has been
determined to be the site of ribosomal RNA (rRNA) transcription,
pre-rRNA processing and ribosome subunit assembly [25]. Cell
proliferation depends on protein synthesis through ribosome bio-
genesis [26,27]. For example, it was shown that down-regulation
of ribosomal protein L15 expression inhibited SGC7901 cell growth
[28]. Furthermore, the yeast homolog Nsa2 was demonstrated to
be a pre-ribosomal factor required for adequate processing of the
ITS2, which separates 25S and 5.8S rRNA. The expression of NSA2
was able to restore growth in a Nsa2-deleted strain [5]. Therefore,
we inferred that NSA2 may have similar activities to that of Nsa2
and appears to have essential roles in ribosomal biogenesis as well
as regulation of cell proliferation.

In conclusion, our experimental data indicate that NSA2 is a no-
vel nucleolus protein which has multiple nucleolar localization sig-
nals. Over-expression of NSA2 induced cell proliferation and G1/S
cell cycle transition. Suppression of NSA2 by small interfering
RNA (siRNA) inhibited the G1/S transition in cell cycle and cell pro-
liferation. Therefore, NSA2 plays an important role in cell growth
and cell cycle regulation, the mechanism of which will require fur-
ther study.
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