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Nucleostemin (NS) is a nucleolar protein abundantly expressed in a variety of proliferating cells and
undifferentiated cells. Its known functions include cell cycle regulation and the control of pre-rRNA
processing. It also has been proposed that NS has an additional role in undifferentiated cells due to its
downregulation during stem cell differentiation and its upregulation during tissue regeneration. Here,

KeyWOdef_ however, we demonstrate that skeletal muscle cell differentiation has a unique expression profile of
’Ii]/[yolge“e“? NS in that it is continuously expressed during differentiation. NS was expressed at similar levels in
p:; eostemin non-proliferating muscle stem cells (satellite cells), rapidly proliferating precursor cells (myoblasts)

and post-mitotic terminally differentiated cells (myotubes and myofibers). The sustained expression of
NS during terminal differentiation is necessary to support increased protein synthesis during this process.
Downregulation of NS inhibited differentiation of myoblasts to myotubes, accompanied by striking
downregulation of key myogenic transcription factors, such as myogenin and MyoD. In contrast, upreg-
ulation of NS inhibited proliferation and promoted muscle differentiation in a p53-dependent manner.
Our findings provide evidence that NS has an unexpected role in post-mitotic terminal differentiation.
Importantly, these findings also indicate that, contrary to suggestions in the literature, the expression

Protein synthesis

of NS cannot always be used as a reliable indicator for undifferentiated cells or proliferating cells.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Nucleostemin (NS)is a nucleolar protein that regulates cell prolif-
eration[1,2]. Up- and downregulation of NS resultin cell cycle arrest,
primarily through interactions with the tumor suppressor protein
p53. Several reports have also suggested that NS might serve as a
marker for an undifferentiated or dedifferentiating state. NS is highly
expressed in neural stem cells, embryonic stem cells and cardiac
stem cells and downregulated during differentiation [2,3]. The
downregulated NS can be upregulated in the regions surrounding
cardiac infarction sites. NS level is also downregulated during the
differentiation of bone marrow stem cells during their differentia-

Abbreviations: APC, allophycocyanin; Cr, threshold cycle; DAPI, 4’,6-diamidino-
2-phenylindole; DMEM, Dulbecco’s Modified Eagle Medium; dpc, days post coitum;
FACS, fluorescent activated cell sorting; FBS, fetal bovine serum; FGF, fibroblast
growth factor; FSC, forward scatter; GAPDH, glyceraldehyde 3-phosphate dehy-
drogenase; MCK, muscle creatine kinase; MHC, sarcomeric myosin heavy chain; NS,
nucleostemin; PBS, phosphate buffered saline; PE, phycoerythrin; qRT-PCR, quan-
titative reverse transcription PCR; SEM, standard error of the mean; SSC, side
scatter.
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tion into chondrocytes, adipocytes or osteocytes [4]. During regener-
ation of a newt lens, NS accumulates in the dedifferentiating
pigmented epithelial cells two days before they reenter the cell cycle
[5]. Additionally, NS is expressed in degenerating multinucleated
muscle fibers during limb regeneration in a newt before formation
of the blastema, a multipotent stem cell-like population [5]. How-
ever, we have recently found that NS has another function as a reg-
ulator of pre-rRNA processing and consequently ribosome
synthesis [6]. This finding prompted us to hypothesize that NS might
be also expressed in non-proliferating cells, including terminally dif-
ferentiated cells, as long as they are actively synthesizing proteins.
We tested this hypothesis using the differentiation process of skele-
tal muscle cells as an experimental model.

Myogenic stem cells, called satellite cells [7], are mitotically
quiescent in adult muscle and their protein synthesis level is rela-
tively low. However, they will initiate proliferation and enhance
protein synthesis upon stimulation by weight bearing or through
damage. The progeny of activated satellite cells, now called myo-
blasts, undergo multiple rounds of cell division prior to terminal
differentiation and formation of multinucleated myotubes by cell
fusion [7]. Nuclei in myotubes are generally post-mitotic. During
maturation myotubes continuously enlarge through additional cell
fusion as well as increased cytoplasmic volume per nucleus, result-


http://dx.doi.org/10.1016/j.bbrc.2009.11.053
mailto:asakura@umn.edu
mailto:kikyo001@umn.edu
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

300 H. Hirai et al./Biochemical and Biophysical Research Communications 391 (2010) 299-304

ing in functional myofibers with the capability of contraction.
Myotube formation and myofiber maturation are characterized
by a striking increase in protein synthesis. For instance, chicken
embryonic myotubes increase their protein amount per nucleus
more than tenfold in ten days [8]. Mouse myotubes derived from
C2C12 cells increase their protein synthesis rate fourfold in two
days [9]. Thus, skeletal myogenesis provides an experimental mod-
el in which a radical increase of protein synthesis can be separated
from cell proliferation. Taking advantage of this feature in skeletal
muscle cells, in the current work we uncovered a unique expres-
sion pattern of NS and its role during skeletal myogenesis.

Materials and methods

Myoblast culture and preparation of muscle sections. p53*/~ mice,
homozygous dystrophin gene mutant (DMD™>) mice and wild-
type BALB/c and C57BL/6 mice were purchased from Jackson Lab-
oratory. p53~~ mice were generated by crossing p53”~ parent
mice. Satellite cell-derived myoblasts were isolated from the hind
limbs of two-month-old wild-type BALB/c mice, p53~/~ mice and
DMD™-5" mijce [10]. The myoblasts were maintained in colla-
gen-coated dishes in myoblast growth medium consisting of
HAM'’s F-10 medium supplemented with 20% fetal bovine serum
(FBS) and 5 ng/ml basic fibroblast growth factor (FGF) (R&D Sys-
tems). To induce differentiation of myoblasts, the culture medium
was replaced with differentiation medium that contained Dul-
becco’s Modified Eagle Medium (DMEM) with 5% horse serum on
Day 0. The cells were harvested on Day 0 (before switching to
the differentiation medium), 1, and 3 for Western blotting and
immunostaining. Frozen sections were prepared from the tibialis
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anterior muscle of fetal and two-month-old C57BL/6 mice and
DMD™#- mice, The protein amount in the Day 0, 1, and 3 cells
was measured with a Quant-iT Protein Assay kit (Invitrogen). Sin-
gle myofibers were isolated from the extensor digitorum longus
muscle prepared from one to two-month-old wild-type BALB/c
mice by digestion as previously described [11].

Fluorescentactivated cell sorting (FACS). Satellite cells were isolated
from the hind limb skeletal muscle of one to two-month-old mice
[12]. The sources of the antibodies are listed in Supplementary Table
1. Sorting gates were strictly defined based on single antibody-stained
control cells, as well as the forward scatter (FSC) and side scatter (SSC)
patterns of satellite cells. After the FSC/SSC gating the triple-negative
cells for CD45- phycoerythrin (PE), CD31-PE and Sca-1-PE were gated
out. Lastly, double-positive cells for integrin o7-Alexa 488 and inte-
grin B1-APC were sorted to enrich for satellite cells [13].

Knockdown of NS. Myoblasts were transfected with NS or control
siRNA using Lipofectamine 2000 (Invitrogen) on Day —3, —2,and —1
while cultured in the growth medium. The culture medium was re-
placed with the differentiation medium on Day 0 and the cells were
harvested on Day 0 (before exposed to the differentiation medium),
1, and 3 for immunostaining and Western blotting. The sequences of
NS siRNA and control siRNA were described before [6].

Metabolic labeling of protein with 3°S methionine. The abovemen-
tioned Day O myoblasts were washed and cultured in methionine-
free DMEM containing 5% dialyzed FBS for 1 h. After addition of
1-[>°S] methionine (GE Healthcare) to a final concentration of
15 pCi/ml, the cells were incubated for an additional 4 h. Whole
cell extracts prepared from these cells were resolved by SDS-PAGE
at 2 x 10° nuclei equivalent per well and analyzed by autoradiog-
raphy of dried gels.
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Fig. 1. Expression of NS during differentiation of skeletal muscle cells. (A) and (B) Immunofluorescence staining of sections prepared from the tibialis anterior muscle of 20
dpc and adult wild-type mice and an adult DMD™*->® mouse. The sections were double immunostained with a combination of anti-dystrophin antibody and anti-NS
antibody or with a combination of anti-integrin o7 antibody and anti-NS antibody. DNA was counterstained with DAPI. Arrowheads indicate NS signals in centrally located
nuclei in myofibers. The areas denoted by arrows in the adult wild-type mouse section were enlarged threefold in (B) to demonstrate the presence of NS-positive nuclei inside
the plasma membrane of myofibers. Bar, 30 um in (A) and 10 pum in (B). (C) Expression pattern of NS during differentiation of mouse myoblasts in vitro. Bar, 40 pum. (D)
Myoblasts (Day 0) and myotubes on Day 1 and 3 were applied for Western blotting with anti-NS antibody. Histone H2B was monitored as a loading control. Whole cell extract
corresponding to 2 x 10° nuclei was loaded in each well. (E) The total amount of cellular protein was compared among the muscle cells harvested on Day 0, 1, and 3. Protein
amount in 1 x 10° muscle cells was divided by the number of DAPI-stained nuclei to determine the normalized protein amount per nucleus. The relative protein amount per
nucleus on each day was calculated by using the normalized protein amount in the Day 0 cells as 100%. Results obtained from three sets of experiments are presented as

mean + SEM.
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Overexpression of NS. NS cDNA with a 6x His tag at the carboxy
terminus was inserted into the retrovirus vector plasmid pMXs
[14]. The empty pMXs plasmid or the pMXs-NS plasmid was trans-
fected into the packaging cell line Plat-E [15] with Lipofectamine
2000 to prepare retrovirus. Wild-type or p53~/~ myoblasts were
infected with the empty virus or the NS virus for 3 h. For a prolif-
eration assay, cell number was counted with trypan blue staining
on Day O (the day after transfection), 1, 2, and 3 while maintained
in the growth medium. For a differentiation assay, the culture
medium was replaced with the differentiation medium the day
after transfection as Day 0 and the cells were harvested on Day 0
(before exposed to the differentiation medium), 1, and 3 for Wes-
tern blotting and immunostaining.

Antibodies. Antibodies used for immunostaining and Western
blotting are listed in Supplementary Table 1.

Quantitative reverse transcription PCR (qRT-PCR). Total RNA was
purified from muscle cells with a PureLink RNA Purification System
(Invitrogen) and treated with DNase I as indicated by the manufac-
turer. Primer sequences are listed in Supplementary Table 2. The
relative amount of each mRNA was calculated as follows. ACr
(threshold cycle) of each mRNA = average Cr value of each mRNA
obtained from three PCRs — average C; value of glyceraldehyde
3-phosphate dehydrogenase (GAPDH) mRNA obtained from three
PCRs. AACy of each mRNA = ACy of the cells infected with the
empty or the NS-expressing retrovirus on each day —AGCr of the
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Day 0 cells infected with the empty retrovirus. Relative expression
(fold) =224, For all these analyses mean and standard error of
the mean (SEM) were calculated from the values obtained from
three independent experiments.

Results and discussion
NS is expressed in terminally differentiated skeletal muscle cells

To understand the expression level of NS during skeletal muscle
differentiation, sections of the tibialis anterior muscle of wild-type
fetal mice were co-immunostained with anti-NS antibody and
anti-dystrophin antibody. Dystrophin, a protein localized under
the plasma membrane [16], was used to identify NS signals located
within the cytoplasm of myofibers. NS signals were clearly detect-
able in the centrally located nuclei of a mouse embryo 20 days post
coitum (Fig. 1A, 20 dpc). Centrally located nuclei are characteristic
for newly formed and terminally differentiated myofibers of fetal
mice and regenerating muscle in adult [7,17]. During maturation
these nuclei migrate to the periphery of the cytoplasm and major-
ity of myofibers in adult mice contain peripherally located nuclei.
The peripherally located nuclei expressed NS as demonstrated by
NS-positive nuclei underneath the dystrophin-positive plasma
membrane in the wild-type adult tibialis anterior muscle sections
(Fig. 1A and B). We also examined the expression of NS in adult

Day 1

Day 3

Fig. 2. Delayed muscle cell differentiation by NS depletion. (A) Western blotting of Day 0 myoblast extract after transfection of siRNAs. (B) Differentiation pattern of muscle
cells after siRNA transfection. Cells were double immunostained with anti-NS antibody and anti-MHC antibody. Bar, 40 pm. (C) Mean + SEM of the ratio between the number
of DAPI-positive nuclei in MHC-positive cells and the total number of DAPI-positive nuclei shown in (B) obtained from three independent experiments. Two hundred nuclei
were counted in each experiment. Asterisks indicate pairs where differences were statistically significant (t-test, P < 0.05). (D) Autoradiograph of an SDS-PAGE gel loaded
with Day 0 myoblast extracts after siRNA transfection. These myoblasts were metabolically labeled with 3>S methionine for 4 h while cultured in the growth medium. (E)
Relative intensity of the total radioactivity in each lane shown in (D). Each lane in the dried gel was excised and the radioactivity was measured with a scintillation counter.

Radioactivity of the control siRNA lane was defined as 100%.
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dystrophin mutant mice (DMD™#->"), an animal model for Duch-
enne and Becker type muscular dystrophy. In these mice myofibers
are constantly degenerating and regenerating, and display a large
number of regenerating myofibers with centrally located nuclei
[7]. These centrally located nuclei also expressed NS as shown by
co-immunostaining of integrin o7, which was stained to locate
the plasma membrane instead of the absent dystrophin epitopes
(Fig. 1A). These results indicated that NS is expressed at significant
levels in terminally differentiated skeletal muscle cells in embry-
onic, normal adult and regenerating adult muscle tissues.

We next compared the protein levels of NS between undifferenti-
ated proliferating muscle cells (myoblasts) and terminally differenti-
ated non-proliferating muscle cells (myotubes) in vitro. Primary
myoblasts were prepared from adult muscle satellite cells and ini-
tially maintained in the growth medium to prevent differentiation
(Day 0). The medium was then replaced with the differentiation med-
ium and the cells were fixed for immunostaining on Day 1 and 3. The
expression of sarcomeric myosin heavy chain (MHC) and cell fusion
(appearance of multinuclei in a single cell) were monitored as
definitive indicators for myotubes [10]. As shown in Fig. 1C, NS was
detected at similar levels in the nucleoli on Day 0, 1, and 3. The
expression levels of NS in these cells were also compared by Western
blotting. To normalize the decrease in cell number due to cell fusion,
muscle cell extracts corresponding to the same number of nuclei were
loaded into each well of an SDS-PAGE gel. The amount of NS per nu-
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cleus did not visibly change after the induction of differentiation
(Fig. 1D) while the total amount of cellular protein per nucleus in-
creased 1.4 + 0.07 times by Day 3 (Fig. 1E). These results indicated that
muscle cells maintain a stable expression level of NS during in vitro
differentiation.

NS is expressed in quiescent and activated satellite cells

The above expression pattern of NS led us to investigate if NS is
also expressed in the earlier stage of myogenesis, satellite cells.
We co-immunostained tibialis anterior muscle sections of adult
mice with anti-NS antibody and anti-Pax7 antibody. The transcrip-
tion factor Pax7, which is expressed in satellite cells and myoblasts
but not in myotubes, is essential for satellite cell specification and
survival [18]. NS signal was clearly detectable in 71 + 8% of the
Pax7-positive satellite cell nuclei in the muscle sections (Supple-
mentary Fig. 1A and C). To verify this observation we co-immuno-
stained single myofibers freshly isolated from the extensor
digitorum longus muscle of adult mice (Supplementary Fig. 1B). NS
was also clearly detected in 82 + 5% of the Pax7-positive satellite cell
nuclei in these myofibers (Supplementary Fig. 1C). Thus, NS is also
expressed in satellite cells which are mitotically quiescent under
physiological conditions in adult mice.

Previous works demonstrated that quiescent satellite cells can
be prospectively isolated by FACS as a CD45~ CD31~ Sca-1~ inte-
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Fig. 3. Facilitation of muscle cell differentiation by overexpressed NS. (A) Myoblasts infected with the empty or the NS-expressing retrovirus were immunostained with anti-
6x His tag antibody to detect NS. Bar, 10 um. (B) Comparison of cell proliferation rates between myoblasts infected with the empty retrovirus and the NS-expressing
retrovirus. The cells were cultured in the growth medium. (C) Immunostaining of muscle cells with anti-MHC antibody after infection with the empty or the NS-expressing
retrovirus. The cells were cultured in the differentiation medium. Bar, 20 pm. (D) Mean + SEM of the ratio between the number of DAPI-positive nuclei in MHC-positive cells
and the total number of DAPI-positive nuclei shown in (C) obtained from three independent experiments. One hundred nuclei were counted in each experiment. (E) Western
blotting of extracts prepared from muscle cells infected with the empty or the NS-expressing retrovirus. $ Actin was monitored as a loading control. (F) Relative expression
levels of three mRNAs measured by qRT-PCR after overexpression of NS. The value with the empty virus on Day 0 was defined as 1 for each mRNA.
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grin o7" integrin B1° fraction [19]. We purified these cells with a
FACS (Supplementary Fig. 1D) and confirmed the purification
quality of the cells using the expression of the satellite cell mark-
ers, Pax7, c-Met, and CD34 (data not shown). Immunostaining
showed that the purified satellite cells also expressed NS in their
nuclei (Supplementary Fig. 1E and F, Day 0). The cells were cul-
tured to obtain activated satellite cells which initiated cell division.
Immunostaining showed NS signals in most of the activated satel-
lite cells on Day 2 and 4 (Supplementary Fig. 1E and F). Collectively,
NS is expressed during muscle development and differentiation
regardless of their cell proliferation status, including both quies-
cent and activated stem cells (satellite cells), proliferating precur-
sor cells (myoblasts) and terminally differentiated post-mitotic
cells (myotubes and myofibers).

Knockdown of NS inhibits muscle cell differentiation

To understand if NS is necessary for the differentiation of mus-
cle cells, we knocked down NS in myoblasts and induced differen-
tiation of the cells. The efficiency of siRNA transfection, monitored
with fluorescence-labeled siRNA, was higher than 90% in prelimin-
ary experiments (data not shown). Western blotting and immuno-
staining of the Day O cells confirmed highly efficient knockdown of
NS in the myoblasts (Fig. 2A and B). A minor population of myo-
blasts (generally lower than 10%) tended to spontaneously differ-
entiate in the growth medium and expressed MHC; however, this
tendency was inhibited by NS siRNA (Fig. 2B and C, Day 0). This
inhibition of differentiation became more obvious when the cells
were induced to differentiate. Only 19 + 7% of the cells transfected
with NS siRNA expressed a detectable level of MHC on Day 1, com-
pared with 43 +5% of the cells transfected with control siRNA
(Fig. 2B and C, Day 1). This delay in differentiation, however, was
almost completely overcome by Day 3, accompanied by a signifi-
cant increase in NS levels in the NS-depleted cells, which likely re-
flects rapid turnover of siRNA.

Knockdown of NS decreases the overall protein synthesis rate
(uptake of 3°S methionine) by approximately 25% in HeLa cells,
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probably by disrupting ribosome synthesis [6]. The observed delay
in muscle differentiation by NS knockdown could be due to the
downregulation of some key transcription factors for muscle differ-
entiation, such as MyoD and myogenin. MyoD is abundantly ex-
pressed in myoblasts and myogenin is upregulated in myocytes
(post-mitotic mononuclear muscle cells) and myotubes, which
both spontaneously appear in myoblast culture [20]. As we ex-
pected, the levels of these two proteins were drastically decreased
in the NS-depleted Day 0 myoblasts (Fig. 2A) while overall protein
synthesis rate remained 62 + 9% of that in the control cells (Fig. 2D
and E). The extremely short half-lives of MyoD and myogenin (30-
60 min and 20-30 min for each protein) could be a major reason
for their disproportionately severe depletion compared with the
decrease of the total protein synthesis rate [21,22]. The significant
loss of MyoD, myogenin and potentially other key transcription
factors almost certainly contributed to the delay in muscle differ-
entiation observed in these experiments.

Overexpression of NS promotes muscle differentiation

As a complementary study we investigated its effects of overex-
pressed NS on myoblast differentiation. Infection with NS retrovi-
rus resulted in nucleolar expression of the 6x His-tagged NS in
more than 90% of myoblasts (Fig. 3A). Overexpression of NS in
myoblasts reduced cell proliferation compared with control myo-
blasts infected with the empty retrovirus while cultured in the
growth medium (Fig. 3B). In addition, NS overexpression facilitated
muscle differentiation in the differentiation medium (Day 1-3)
when compared with the control myoblasts (Fig. 3C and D). This
facilitation of muscle differentiation was accompanied by clear
upregulation of myogenin, as well as a more subtle increase in
myotube-specific proteins, such as o-sarcomeric actin, muscle cre-
atine kinase (MCK) and MHC, compared with control cells (Fig. 3E).
The facilitation of differentiation could potentially be explained by
the increased level of myogenin [23]. It is known that upregulation
of NS does not increase the global protein synthesis rate [6]. In-
deed, levels of desmin and MyoD, expressed in both myoblasts
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Fig. 4. Promotion of muscle differentiation by overexpressed NS is dependent on p53. (A) Immunostaining of p53~/~ myoblasts infected with the empty or the NS-expressing
retrovirus. Anti-6xHis tag antibody was used to detect NS. Bar, 10 um. (B) Cell proliferation profiles of p53~/~ myoblasts infected with the empty or the NS-expressing
retrovirus. (C) Immunostaining of p53~/~ myoblasts during differentiation after infection with the empty or the NS-expressing retrovirus. Bar, 40 pm. (D) Mean + SEM of the
ratios between the number of DAPI-positive nuclei in MHC-positive cells and the total number of DAPI-positive nuclei shown in (C). One hundred nuclei were counted in each

experiment.
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and myotubes, did not show any apparent increases during this
process. The increase in the levels of myogenin, o sacromeric actin
and MCK following NS overexpression appears to be regulated at
the post-transcriptional level because the mRNA levels of these
proteins were not significantly altered by the overexpressed NS
(Fig. 3F). Details of this regulatory mechanism remain unknown.

NS-induced promotion of muscle differentiation is p53-dependent

Overexpressed NS binds to the MDM2 protein and inhibits
MDM2-mediated ubiquitylation and subsequent degradation of
P53 [24]. This leads to the increased p53 and consequently G1 ar-
rest of the cell cycle. Therefore, we next investigated whether NS-
induced promotion of cell cycle arrest and differentiation in myo-
blasts is also dependent on p53. We isolated primary myoblasts
from adult p53~/~ mice and infected them with empty or NS-
expressing retrovirus (Fig. 4A) to study their proliferation and dif-
ferentiation profiles. p53~/~ myoblasts are known to display an in-
creased cell proliferation rate in the maintenance medium and
continue proliferation even in the differentiation medium at the
expense of differentiation [25]. As expected, our p53~/~ myoblasts
proliferated faster than wild-type counterparts as shown in the
numbers of Day 3 cells infected with the empty virus (6.1 +0.6
in Fig. 3B vs. 9.2+0.3 in 4B). This increased proliferation rate
was not brought down by overexpressed NS (Fig. 4B). In addition,
emergence of MHC-positive cells was not facilitated by overex-
pressed NS in p53~/~ myoblasts (Fig. 4C and D). These results dem-
onstrated that NS-induced promotion of muscle differentiation is
dependent on p53. The aggressive proliferation of p53~/~ myo-
blasts could be a reason for the delayed differentiation because
myoblasts need to exit from the cell cycle prior to differentiation
[26].

In summary, our findings demonstrated that NS is continuously
expressed throughout skeletal muscle cell differentiation regard-
less of cell proliferation and plays a vital role in the differentiation.
This is evidence that the expression of NS is not necessarily a reli-
able indictor for proliferating cells or undifferentiated cells. In-
stead, the expression level of NS may depend on the level of
protein synthesis or potentially other cellular activities which of-
ten, but not always, correlate with cellular proliferation or differ-
entiation. This last conclusion is important when interpreting the
expression patterns of NS in stem cell biology.
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