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Knocking-down the expression of nucleostemin significantly
decreases rate of proliferation of rat bone marrow stromal stem
cells in an apparently p53-independent manner
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Abstract. Objectives: Nucleostemin (NS) is a recently identified GTP-binding pro-
tein, predominantly expressed in embryonic and adult stem cells but not in terminally
differentiated cells. NS is expressed in bone marrow-derived mesenchymal stem cells,
and its expression ceases upon induction of neural differentiation. The major aim of
this study was to determine whether down-regulation of NS expression acts as a promoter,
or otherwise as a by-product of differentiation and senescence processes. Materials
and methods: We used RNA interference protocols to specifically knock down NS in
rat bone marrow-derived stromal stem cells. Changes in rate of proliferation and cell
cycle profile after knocking-down of NS were measured. In addition, changes in expression
of associated genes were studied by semiquantitative RT-PCR, Western blotting and
immunocytochemistery. Results: Knocked-down expression of NS caused a significant
decrease in the rate of cell proliferation with concomitant shutting off of expression
of cyclin D1 and survivin, two other well-known regulators of cell proliferation. Inter-
estingly, we noticed no obvious changes in expression level of p21, the main effector
of p53 for its cell cycle repressing function. Conclusion: Our findings revealed a master role
for NS in promoting proliferation of rat bone marrow-derived stromal stem cells.
Moreover, we suggest that despite previous proposals, the cell cycle arrest/inhibitory
role of NS is unlikely to be related to its proposed property of interaction with p53.

INTRODUCTION

Nucleostemin (NS) is a GTP-binding protein, predominantly expressed in embryonic and adult
stem cells but not in terminally differentiated cells. NS protein resides in the nucleolus and it
has been suggested that on binding to GTP, NS can interact with the tumour suppressor protein
p53 (in the nucleoplasm), and therefore interfere with its cell cycle inhibitory function, either
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via direct inhibition of p53 or by promoting the function of other suppressors of the p53 protein,
such as mdm2 (Tsai & McKay 2002).

So far, several groups have reported expression of NS in different types of stem cell as well
as in cells of several cancer lines (Baddoo ef al. 2003; Liu ef al. 2004; Fan et al. 2006; Kafienah
et al. 2006; Lacina et al. 2006). Furthermore, very recently, we reported expression of NS in bone
marrow-derived stromal stem cells (BMSCs) and that this expression abruptly disappeared on
in vitro neural differentiation (Yaghoobi et al. 2005). However, it is not yet clear whether the observed
down-regulation of NS expression is, alone, a promoter of the differentiation and senescence,
or otherwise, merely a by-product of the processes responsible for the cell cycle exit phenomenon.

To address this question, we exploited RNA interference (RNA1i) technology to knockdown
expression of NS, specifically, in rat BMSCs and investigated consequences of its down-
regulation on rate of proliferation of these cells. Meanwhile, to assess whether the proliferation
promotive role of NS is solely due to its p5S3-inactivating potential or not, we studied expression
pattern of p21, the main effector of p53 for its cell cycle repressing function, in BMSCs before
and after NS knockdown. Our observations demonstrate that NS plays a major role in regulation
of cell proliferation in BMSCs and that this function might not be related to its proposed p53
binding and probable inactivation function.

MATERIALS AND METHODS

Cell extraction and culture

Rat BMSCs were isolated as described previously (Yaghoobi & Mowla 2006). Briefly, marrows
were flushed from tibias and femurs of 8- to 10-week-old rats. Extracted cells were seeded in
o-MEM supplemented with 20% foetal bovine serum (Invitrogen, Loughborough, UK), 100 U/mL
penicillin, 100 ug/mL streptomycin and 25 ng/mL amphotericin B and were incubated at 37 °C
with 5% humidified CO,. Non-adherent cells were eliminated by changing medium the next day
allowing adherent cells to propagate.

RNA interference

Double-stranded siRNA corresponding to NS (NS-siRNA) and an irrelevant siRNA (IR-siRNA)
with no complementary target sequence more than 16 out of its 21 mer length within the
rat genome, were designed using the siRNA selection program at the Whitehead Institute for
Biomedical Research (http://jura.wi.mit.edu/) with the following sequences, and were synthesized
by Qiagen (Qiagen, Valencia, CA, USA): NS: sense: GAACUAAAACAGCAGCAGATdT; anti-
sense: UCUGCUGCUGUUUUAGUUCATAT. IR: sense: CUGAUGCAGGUAAUCGCGUTAT;
antisense: ACGCGAUUACCUGCAUCAGATdT.

For transfection, rat BMSCs was seeded in six-well plates at a density of 4 x 10* cells per
well. Next day, when cultures were 30-50% confluent, siRNAs were introduced into the cells
using Oligofectamine transfection reagent (Invitrogen, Carlsbad, CA, USA). In brief, 10 uL
siRNA (20 um solution) was incubated with 4 UL Oligofectamine in 190 pL Opti-MEM medium
(Invitrogen) for 20 min; the mixture was then added to the cells with a final volume of 1 mL.
Transfected cells were cultured and were fed daily with fresh medium until were assay.

RNA extraction and RT-PCR
Total RNA was extracted from NS-siRNA and IR-siRNA transfected cells 24 h after transfection
using RNX plus™ kit (Cinnagen, Tehran, Iran). Reverse transcription was carried out on 1 ug
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of total RNA in a final volume of 20 uL, using random hexamer primers and RevertAid™
M-MuLV Reverse Transcriptase (Fermentas, Lithuania). PCRs were performed using 2 uL of
cDNA with 1 U Tag polymerase (Cinnagen), 1.5 mm MgCl,, 200 um dNTPs, 0.5 um of each
primer and buffer supplied by the company in 25 uL reaction volumes. Primers were designed
as follows: NS (NM-175580): forward: TCCGAAGTCCAGCAAGTATTG; reverse: AATGAG-
GCACCTGTCCACTC. Cyclin D1 (NM-171992): forward: ATGTTCGTGGCCTCTAAGATG;
reverse: TGCGGATGATCTGCTTGTTC. Survivin (NM-022274): forward: TCTACACCTTCAA-
GAACTGGC; reverse: CTGGAAAGCTGGGACAAGTG. CDKNI1A (p21) (NM-080782.3):
forward: TCCACAGCGATATCGAGACA, reverse: AACACGCTCCCAGACGTAGT. B-2-Microglobulin
(NM-012512): forward: CCGTGATCTTTCTGGTGCTT; reverse: TTTTGGGCTCCTTCAGAGTG.

Expression of B-2-microglobulin (a housekeeping gene) was monitored in all semiquantitative
RT-PCR experiments as internal control.

Cell growth analysis
Twenty-four and 48 h after transfection, NS-siRNA and IR-siRNA treated cells were trypsinized,
harvested and the number of cells counted, using a haemocytometer.

Cell cycle analysis

For FACS analysis, cells were harvested by trypsinization 24 h after transfection, were fixed with
ice-cooled 70% ethanol, then were stained with 60 mg/mL propidium iodide solution containing
20 mg/mL RNase A, for 30 min, and were analysed for cell cycle status using a FACScan cell
sorter (Becton Dickinson, Mountain View, CA, USA). Cell cycle profiles were calculated by
using WinMDI version 2.8 software (J. Trotter, Scripps Research Institute, La Jolla, CA, USA).

Western blotting

Cells were lysed 24 h after transfection in radioimmunoprecipitation buffer (phosphate-buffered
saline, 1% triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate). Lysates
containing the equivalent of 50 ug protein per lane were electrophoresed using sodium dodecyl
sulfate polyacrylamide gel electrophoresis (12% polyacrylamide gel) and were blotted on poly-
vinylidene fluoride membranes (Amersham Biosciences, Germany). Blots were blocked for 2 h
with enhanced chemiluminescence advanced kit blocking solution. Samples were then probed
with polyclonal antibodies against NS (1 : 1000; R&D Systems, Abingdon, UK), B-actin (1: 2000;
Prosci, Poway, CA, USA) or p21 (1 : 200; Novus Biologicals, Littleton, CO, USA) and subsequently
with the horseradish peroxidase (HRP)-conjugated antigoat (1 : 5000; abcam, Cambridge, UK)
or HRP-conjugated secondary antirabbit (1 : 5000; DakoCytomation, Glostrup, Denmark)
antibodies. Staining was visualized using an enhanced chemiluminescence kit (enhanced
chemiluminescence advanced, Amersham Biosciences, Buckinghamshire, UK).

Immunocytochemistry

Cells were cultured on collagen-coated coverslips and were fixed with 4% paraformaldehyde.
For detection of NS, polyclonal antibody against NS (1 : 200; R&D system) was applied for 2 h
at 37 °C, then with polyclonal HRP-conjugated rabbit antigoat (1 : 500; Abcam, Cambridge, UK)
as secondary antibody, for 2 h followed by addition of 3,3’-diaminobenzidine (Sigma, St. Louis,
MO, USA) as a substrate for HRP.

Statistical analyses
All experiments were replicated two or three times, and statistical significance was measured by
using the one-way ANOVA test. P values of < 0.05 were considered to indicate statistical significance.
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Figure 1. (a) RT-PCR analysis of expression of nucleostemin, cyclin D1 and survivin in rat BMSCs. Expression of f2m
was used as internal control. Note expression of nucleostemin (NS) in the NS group is reduced by up to 20-30% of
that of the irrelevant (IR) group, and expression of cyclin D1 and survivin declined to almost half those of the IR group.
(b) Western blot analysis of expression of nucleostemin protein in IR and NS groups. Expression of B-actin was used
as loading control. (c) Anti-NS staining in IR-siRNA-treated cells (typical nucleolus localization of NS protein, arrows).
(d) Anti-NS staining in NS-siRNA-treated cells; very few cells retained any indication of NS expression.

RESULTS

Extraction and characterization of BMSCs

We isolated stromal stem cells from bone marrow of 5- to 10-week-old rats and cultured the cells
as described previously (Yaghoobi et al. 2005; Yaghoobi & Mowla 2006; Marandi ef al. 2007);
they were positively selected for their ability to adhere to plastic surfaces. The phenotype of the
isolated cells and expression pattern of several markers, has confirmed that they are indeed
BMSCs (Yaghoobi ef al. 2005; Yaghoobi & Mowla 2006). According to our previous work, these
cells express certain mesenchymal lineage markers such as type I ol collagen and vimentin, as
well as stem cell specific genes such as NS but not OCT4, Nanog and Notchl (Yaghoobi et al.
2005).

NS-specific siRNA reduced NS mRNA level in a specific manner

A specifically designed siRNA that could exclusively identify a complementary sequence in the
open reading frame of rat NS mRNA was introduced into the culture of rat BMSCs. Further-
more, to rule out possible false results due to off-target binding of NS RNAI, we designed an
irrelevant siRNA as control with no complementary sequence in rodent.

The RT-PCR analysis revealed that application of NS-siRNA caused dramatic reduction in
expression of NS, when normalized to the corresponding B2m internal control, compared
to IR-siRNA-treated cells (Fig. 1a). Furthermore, to assess whether the observed reduction in
NS mRNA level, follows a similar reduction at protein level, we performed immunostaining and
Western blotting on transfected cells. Both Western blotting (Fig. 1b) and immunocytochemistry
(Fig. 1c,d), confirmed a significant reduction at protein level.
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Figure 2. (a) Cell growth curves of the two groups of rat BMSCs at 24 and 48 h post-transfection. (b) Analysis of cell
cycle progression. Distribution and percentage of cells in G,/G,, S and G, + M phases of the cell cycle are indicated.

Cell proliferation reduction by NS down-regulation

Cell growth curves of NS-siRNA-treated cells (Fig. 2a) revealed a significant reduction in rate
of proliferation compared to those of the IR-siRNA-transfected cells. Forty-eight hours after
transfection, numbers of cells in the NS group (10.6 = 0.5 x 10%) were 85% of those of the con-
trol group (12.4 + 0.4 x 10%).

Cell cycle alteration after knocking-down expression of NS

To investigate whether reduction in rate of proliferation of NS-siRNA-treated cells was due to
an increase in cell cycle length or in number of cells that exit the cell cycle, ratios of the cells
existing in different cell cycle phases were measured by staining cell DNA content by propidium
iodide, followed then by FACS analysis. According to our data, the ratio of cells in S and G, + M
phases in the NS group was proportionally lower (15.71%) than that of the irrelevant group
(25.83%). In contrast, percentage of cells in Gy/G, in the NS group was higher (84.29%) than
that of the IR group (74.17%; Fig. 2b).

Changes in the expression pattern of certain cell cycle regulatory genes in
NS-siRNA-treated cells

According to RT-PCR results (Fig. 1), as early as 24 h after transfection of BMSCs by NS-
specific siRNA, levels of expression of both cyclin D1 and survivin reduced to almost half of
that of controls. Additionally, we tried to monitor changes in expression level of one of the main
effectors of p53 tumour suppressor gene in cell cycle checkpoints, p21. As shown in Fig. 3, we
were not able to detect any considerable changes in expression of either its mRNA or the protein,
in NS-siRNA-treated cells compared to IR-siRNA-treated cells.

DISCUSSION

Recent work on stem cell-specific genes (sometimes called ‘stemness’ genes, which can sustain unique
properties of stem cells, self-renewal and developmental potential) have resulted in identifying
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Figure 3. (a) Expression of p2/ gene in irrelevant (IR) and nucleostemin (NS) groups compared to expression of 2m.
Nucleostemin’s knockdown had no influence on expression level of p21 mRNA. (b) Western blot analysis of expression
of p21 protein in IR and NS groups. Expression of -actin was used as internal control.

certain candidate genes such as OCT4, Nanog, Sox family members, and more (Ivanova et al.
2002; Cai et al. 2004; Chambers & Smith 2004). However, the exact roles and functional
mechanisms of most of these genes are not yet fully understood (Chambers & Smith 2004).

Nucleostemin (NS) is one of these genes, initially described by Tsai & McKay in 2002. NS
is highly expressed in central nervous system stem/progenitor cells and in haematopoietic stem
cells, but not in their differentiated progeny (Tsai & McKay 2002). NS expression has also been
shown in certain somatic cells, such as human BMSCs and those of several cancer cell lines
(Baddoo et al. 2003; Liu et al. 2004; Fan et al. 2006; Kafienah et al. 2006; Lacina et al. 2006).
Previously, we have shown that NS is highly expressed in rat BMSCs, and its expression shuts
off abruptly upon induction of neural differentiation. Interestingly, down-regulation of NS pre-
cedes reduction in expression of the proliferative cell stage limiting protein, cyclin D1. The latter
observation has promoted us to investigate whether down-regulation of NS is an inducer of cells’
entry into the course of differentiation then senescence, or otherwise it is merely a by-product
of cell cycle exit.

To this aim, we used an RNAIi approach to specifically promote degradation of NS mRNA.
This designed siRNA specifically reduced expression of NS by 70-80% compared to that in the
irrelevant siRNA-treated control group. Down-regulation of NS mRNA was also mirrored at the
protein level, as demonstrated by Western blot analysis, and disappearance of nucleolar protein
in NS in immunocytochemistry. It was interesting that RNAi-mediated down-regulation of
NS was accompanied by a significant decrease in rate of proliferation of BMSCs, suggesting a
master regulatory role for NS in promoting proliferation of these cells. This result is in contrast
to a recent report by Kafienah ef al. (2006), which reported that down-regulation of NS in human
BMSCs does not have any detectable impact on their proliferation rate, in the absence of soluble
basic fibroblast growth factor in the culture media. This discrepancy could be due either to
possible intrinsic differences between the two species (rat/human) or due to differences in the
experimental procedures.

Consequently, we used FACS analysis to determine whether the reduction in rate of cell
proliferation in the NS-siRNA-treated group was due to an increase in the number of cells
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leaving the cell cycle or by lengthening cell cycle progression time. Our results revealed that this
treatment caused a proportional decline in ratio of cells in S and G, + M phases of the cell cycle
and a comparable increase in the ratio of cells in G/G,. Furthermore, the results of FACS
analysis closely resembled those of cell population growth analysis. Thus, it would be plausible
to propose that absence of NS or reduction in its expression induces cell cycle arrest and
promotes at least a subset of these cells to leave the cell cycle. This conclusion was further
supported by our data showing that abolition of NS expression was followed by a considerable
reduction in expression of cyclin D1 and survivin, two well-known positive regulators of cell
proliferation that are present in proliferative cells but not in terminally differentiated, quiescent
cells (Astier et al. 2003; Caldas ef al. 2005). However, the exact mechanism by which NS
influences their expression is yet to be identified.

It was first proposed that the proliferation promotive function of NS is due to its p53 binding
and possibly inactivating property (Bernardi & Pandolfi 2003). Nevertheless, to date no experi-
mental evidence has been presented to support the hypothesis, beyond the observation that these
two proteins co-immunoprecipitate and can bind to each other, as demonstrated by the GST pull-
down assay (Tsai & McKay 2002). Thus, we tried for the first time to experimentally evaluate
the above-mentioned hypothesis. To this aim, we studied changes in the expression level of p21
(also known as p21"4FI/CIPIy and CDKNI1A, one of the most prominent effectors of p53 in its
cell cycle regulatory function (Deng et al. 1995). It was anticipiated that down-regulation of
NS would result in a dramatic increase in expression of p21 (as its transcription is under tight
control of p53) and the activated p53 (due to absence of NS) would promote its transcription
in order to repress cell cycle progression (Gartel & Radhakrishnan 2005). Nevertheless, our
analysis revealed that down-regulation of NS did not have any detectable impact on expression
of p21, despite apparent reduction in cell proliferation and increasing the proportion of cells
in G/G,. This reveals that the proliferation promotion function of NS might not be merely due to
its p53 binding activity. Moreover, this observation is in line with our other experiments on
human p53-negative bladder carcinoma cell line 5637 cells (Stott et al. 1998; Nixdorf et al.
2004), in which down-regulation of NS caused a proportional reduction in their proliferation
rate. Reduction in the number of cells in the NS-siRNA-treated 5637 cells is in line with our
results in rat BMSCs and further support a pS3-independent route of function for NS (Nikpoor
et al., unpublished observations). Furthermore, similar experimentation has previously shown
that down-regulation of NS would decrease the rate of propagation of the p53-null HeLa cells
(Sijin et al. 2004). These observations would further support our claim that NS might be able
to conduct its function via mediators other than p53 protein. Of great interest, a recently
published paper by Beekman’s group (Beekman et al. 2006) revealed that removal of p53 in
NS~ mice could not rescue the embryonic lethality associated with impaired cell division
in the course of blastocyst formation. The latter report is clearly consistent with our findings.

In conclusion, our data suggest an effective, master regulatory role of NS in coordinating
proliferation of rat BMSCs. We observed a significant reduction in cell proliferation of NS-
siRNA-treated cells, which was concomitant with proportional down-regulation of certain cell
cycle promoting genes. However, despite initial presumption that assigned the proliferation pro-
motive function of NS to its p53-binding ability, our study suggests a potential p53-independent
scenario for NS function, as its down-regulation-induced cell cycle arrest neither was mediated
by up-regulation of p21, nor could be impaired in the absence of functional p53. Finally,
considering these observations and lack of solid experimental data regarding the mechanism
of function of NS, a comprehensive analysis of the transcriptome and proteome in the presence
and absence of NS, for identification of candidate pathways and putative mediator genes for
conduction of its function in stem and cancerous cells, seems desirable.
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