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protection against ROS could be important for cellular survival. In addition, mitochondrial
dysfunction induces apoptosis by releasing cytochrome C to the cytoplasm [40,44,45]. There-
fore, mitochondrial protection could be important to protect cells against apoptosis. Our re-
sults, in conjunction with reported similar improvements by the mitochondrial LEA protein of
Artemia [18], suggest that the preservation of mitochondrial integrity is important and partly
sufficient to afford cellular tolerability against water stress. Simultaneous introduction of mole-
cules that protect other cellular compartments could further enhance tolerability.

In our previous heat-soluble proteome analysis, we identified two tardigrade-unique heat-
soluble protein families, CAHS and SAHS, as predominant heat-soluble proteins in the anhy-
drobiotic tardigrade R. varieornatus. Neither MAHS nor RvLEAM was detected in the previous
study, possibly due to the small proportion of mitochondria in the tardigrade lysate, and thus
other proteins in the cytoplasm and/or extracellular space might overwhelm MAHS and
RvVLEAM. To date, three tardigrade-unique heat-soluble protein families have been identified,
MAHS, CAHS, and SAHS. Their subcellular localizations are mutually exclusive and together
they cover most cellular components: MAHS in the mitochondria, CAHS in the cytoplasm and
nucleus, and SAHS in the extracellular space and secretory organelles.

These tardigrade-unique heat-soluble proteins are hydrophilic and have biochemical prop-
erties similar to LEA proteins, suggesting their involvement in tolerability, but experimental ev-
idence was lacking. The present study provides the first evidence that newly identified MAHS,
a tardigrade-unique heat-soluble protein, confers tolerability against water stress. This is the
first report of the protective effect of tardigrade-unique heat-soluble proteins.

Why have tardigrades evolved to utilize such unique heat-soluble protein complements
alongside LEA proteins, unlike other anhydrobiotic animals? The difference in trehalose accu-
mulation might be a clue to answering this question. Anhydrobiotic arthropods and nematodes
in a dehydrated state accumulate large amounts of trehalose [4-6]. In contrast, there is no or
low accumulation of trehalose in anhydrobiotic tardigrades [8], thus an alternative protective
mechanism/molecule might be required. Tardigrade-unique heat-soluble proteins, including
MAHS identified in this study, are candidate protective proteins that complement the small
amount of trehalose present.

We identified the first mitochondrial complement of tardigrade-unique heat-soluble pro-
teins and demonstrated its protective activity. The current repertoire of tardigrade-unique
heat-soluble proteins covers various cellular components, including mitochondria, which seem
to be key target organelles to confer protection to cells against water stress. This repertoire of
proteins provides clues to help elucidate the protection mechanism of tardigrades against
stress, and may contribute to the development of a method to confer more robust tolerability
to stress-sensitive cells of other species, including humans.

Supporting Information

S1 Fig. Multiple alignments of LEAM proteins among tardigrade species.
(TIF)

S2 Fig. Specific reactivity of anti-RvLEAM antiserum and anti-ATP5A antibody in immu-

nohistochemistry.
(TIF)

S3 Fig. Characteristics of predicted tardigrade-unique proteins in mitochondria.
(TIF)

$4 Fig. Multiple alignments of MAHS proteins among tardigrade species.
(TIF)
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S$1 Table. Subcellular localization of potential mitochondria-targeted LEA protein and tar-
digrade-unique proteins.
(TIF)
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iynthesis of Ribosomal Rna in Nucleoli
Regulates Pluripotency and Differentiation
Ability of Pluripotent Stem Cells

KANAKO WATANABE-SUSAKI™ >, Hitomi TAkaDA ®, Kel ENomoOTO? >,
Kyoko MiwATAY, HiSAKO ISHIMINE®, ATsUSHI INTOH?, MANAMI
OHTAKA®, MAHITO NAKANISHI, HIROMU SUGINO®, MAKOTO
AsasHIMA » %3, AND AkIRA Kurisakr™?

Key Words. Fibrillarin ® rRNA e ES cells » pluripotency e nucleoli » differenti-
ation.

Pluripotent stem cells have been shown to have unique nuclear properties,
e.g., hyperdynamic chromatin and large, condensed nucleoli. However, the
contribution of the latter unique nucleolar character to pluripotency has
not been well understood. Here, we show that fibrillarin (FBL), a critical
methyltransferase for ribosomal RNA (rRNA) processing in nucleoli, is one
of the proteins highly expressed in pluripotent embryonic stem (ES) cells.
Stable expression of FBL in ES cells prolonged the pluripotent state of
mouse ES cells cultured in the absence of leukemia inhibitory factor (LIF).
Analyses using deletion mutants and a point mutant revealed that the
methyltransferase activity of FBL regulates stem cell pluripotency. Knock-
down of this gene led to significant delays in rRNA processing, growth inhi-
bition, and apoptosis in mouse ES cells. Interestingly, both partial knock-
down of FBL and treatment with actinomycin D, an inhibitor of rRNA syn-
thesis, induced the expression of differentiation markers in the presence of
LIF and promoted stem cell differentiation into neuronal lineages. Moreo-
ver, we identified p53 signaling as the regulatory pathway for pluripotency
and differentiation of ES cells. These results suggest that proper activity of
rRNA production in nucleoli is a novel factor for the regulation of
pluripotency and differentiation ability of ES cells. STem CELLs 2014; 00:000-
000
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INTRODUCTION

Embryonic stem (ES) cells can undergo self-renewal
while retaining the ability to differentiate into all types
of cells in the body. Pluripotency of stem cells is regu-
lated by a specific transcription network composed of
core transcription factors such as Octd4, Sox2, and
Nanog [1, 2]. On the other hand, ES cells have unique
nuclear properties such as hyperdynamic chromatin and
an unusual morphology of subnuclear compartments,
including large nucleoli [3, 4]. In ES cells, the nucleoli
undergo dynamic morphological changes during the
differentiation process.

Nucleoli are the sites of ribosome biogenesis, ribo-
somal DNA transcription, pre-ribosomal RNA (rRNA)
processing, and assembly of mature rRNAs with ribo-
somal proteins [5]. Nucleoli also have several roles in
cellular processes, including cell-cycle control, regula-
tion of mitosis, biogenesis of multiple
ribonucleoproteins, and cellular stress responses [6].
The nucleolar size varies among cells and is dependent
mainly on the activity of the organelle: fully active nu-
cleoli are larger, whereas inactive nucleoli tend to be
small and fragmented [7]. The size of nucleoli increases
in growing cells in proportion to the amount of rRNA
synthesized [8, 9]. Although a correlation between the
pluripotency of ES cells and the characteristic morphol-
ogy of nucleoli has been suggested, the direct contribu-
tion of nucleoli to pluripotency and differentiation abil-
ity of ES cells has not been explored.

Fibrillarin (FBL) is a specific marker for the dense
fibrillar component, and indispensable for ribosome
biogenesis. FBL functions as a catalytic center of C/D
box small nucleolar ribonucleoprotein complexes that
catalyze the 2'-O-methylation of rRNA [10-12]. In yeast,
FBL is essential for cell viability [10, 12]. In mice, loss of
the methyltransferase domain of FBL by gene targeting
led to embryonic lethality before the blastocyst stage
[13]. Previously, we performed proteomic analyses of
mouse ES cells and identified FBL as one of the highly
expressed proteins in pluripotent mouse ES cells [14].

In this study, we investigated the functions of nucle-
oli in pluripotent ES cells by modulating this principal
nucleolar methyltransferase, FBL. We show that biosyn-
thesis of rRNA regulates the maintenance and differen-
tiation of ES cells through the p53 signaling pathway.

IMIATERIALS AND METHODS

Cell culture

The mouse ES cell line D3 was purchased from the
American Type Culture Collection (ATCC, Manassas, VA).
EBRTcH3, a mouse ES cell line used for knock-in experi-
ments, was a kind gift from Drs. Hitoshi Niwa and Shinji
Masui (Riken, Japan). These cells were maintained on
feeder layers of mitomycin C-treated MEFs or 0.1% gel-

STem CELLS 2014;00:00-00 www.StemCells.com

atin-coated dishes in ES medium, DMEM (high-glucose;
Wako, Osaka, Japan) containing 15% heat-inactivated
fetal calf serum (FCS, Roche, Mannheim, Germany),
nonessential amino acids (Sigma-Aldrich, St. Louis, MO),
0.1 mM B-mercaptoethanol (Sigma-Aldrich), 0.1 mg/mL
penicillin/streptomycin (Wako), and 1000 U/mL LIF
(ESGRO; Chemicon, Billerica, MA). To prepare RNA and
protein samples from pluripotent and differentiated
cells, mouse ES cells were cultured for 10 days in the
above medium in the presence or absence of LIF, re-
spectively.

Plat-E packaging cells were kindly provided by Dr.
Kitamura (University of Tokyo, Japan) [15] and were
used to produce retroviruses. Plat-E cells were main-
tained in DMEM (low-glucose; Wako) containing 10%
FCS, 0.1 mg/mL penicillin/streptomycin, 1 pg/mL
puromycin (Sigma-Aldrich), and 10 pg/mL blasticidin
(Life Technologies). The human cell lines Hela and
HaCaT and the mouse cell lines C2C12 and KUM9 were
maintained in DMEM (low-glucose; Wako) containing
10% FCS and 0.1 mg/mL penicillin/streptomycin (Wako).
KUMB9 cells were generously provided by Dr. Umezawa
(NCCHD, Japan).

Plasmid construction

Full-length and deletion mutants of FBL expression
plasmids were constructed with a PCR-amplified DNA
fragment using plasmids encoding full-length FBL
(pcDNA3.1[+]-FBL) and the deletion mutants
(pcDNA3.1[+]-FIB IV for FBL-N and FIB Ill for FBL-C) [16]
as templates. The PCR primer sets were as follows: for
full-length FBL, forward, 5-GGA ATT CGC CAC CAT GGA
CTA CAA GGA C-3' and reverse, 5'-GCT CTC GAG TCA
GTT CTT CAC CTT GGG GGG-3'; for the deletion mutants
of FBL, forward for both FBL-N and FBL-C, 5-GGA ATT
CGC CAC CAT GGA CTA CAA GGA C-3' and reverse for
FBL-N, 5’-CTC GCG GCC GCT CAT CGG TAC TCA ATT TTG
TCA TC-3', and reverse FBL-C, 5'-CTC GCG GCC GCT CAG
TTC TTC ACC TTG GGG G-3". The full length cDNA were
amplified with a high-fidelity PCR enzyme, KOD-Plus
(TOYOBO, Osaka, Japan), digested with EcoRl and Xhol,
and inserted between the EcoRl and Xhol sites of the
pCAG-IP vector [17]. Similarly, the deletion mutant
cDNAs were amplified and inserted between EcoRl and
Noti sites of the same vector. All constructed pCAG-IP-
based expression vectors for the generation of FBL pro-
teins were FLAG-tagged at the N-terminus.

Point mutations in FBL were introduced by PCR-
based site-directed mutagenesis using KOD-Plus with
the following primers: forward, 5'-CTG CCT CGG GCG
CCA CGG TCT CCC ATG TCT CTG ACA TCG TTG-3' and
reverse, 5-CAA CGA TGT CAG AGA CAT GGG AGA CCG
TGG CGC CCG AGG CAG-3'. pCAG-IP full-length FBL was
used as template. PCR products were treated with Dpnl
at 37°C for 1 h to selectively digest the template plas-
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mid. Competent Escherichia coli (DH5a) were trans-
formed with Dpnl-digested DNA, and the mutated
plasmid was selected in LB broth supplemented with
ampicillin.

Retroviral vectors, pMXs-Oct4, pMXs-Sox2, pMXs-
KIf4, and pMXs-cMyc, were obtained from Addgene
(Cambridge, MA). The FBL expression retroviral vector
was constructed using a PCR-amplified DNA fragment.
The PCR primer set was as follows: forward, 5'-GGA ATT
CGC CAC CAT GGA CTA CAA GGA C-3' and reverse 5'-
CTC GCG GCC GCT CAG TTC TTC ACC TTG GGG GG-3".
FBL cDNA was amplified with KOD-Plus, digested with
EcoRl and Notl, and inserted between the EcoR! and
Notl sites of the pMYs vector [15].

Engineered miRNA expression vectors were con-
structed using the BLOCK-it Pol Il miR RNAIi expression
vector kit (Life Technologies) by inserting the following
sense-loop-antisense DNA sequences into the cloning
sites of the pcDNA6.2-GW/EmGFP-miR and pcDNAG.2-
GW/miR vectors (Life Technologies). The sequences
were as follows: FBL miRNA #1, sense, 5'-TGC TGA AAT
CAC AAA GTG TCC TCC ATG TTT TGG CCA CTG ACT GAC
ATG GAG GAC TTT GTG ATT T-3/, antisense, 5'-CCT GAA
ATC ACA AAG TCC TCC ATG TCA GTC AGT GGC CAA AAC
ATG GAG GAC ACT TTG TGA TTT C-3', and FBL miRNA
#2, sense, 5-TGC TGA TTC TTC CCT GAC TGG TTT CCG
TTT TGG CCA CTG ACT GAC GGA AAC CAC AGG GAA
GAA T-3', antisense, 5'-CCT GAT TCT TCC CTG TGG TTT
CCG TCA GTC AGT GGC CAA AAC GGA AAC CAG TCA
GGG AAG AAT C-3'. As a negative control miRNA ex-
pression vector, we used the pcDNA 6.2-GW/EmGFP-
miR-neg control plasmid (Life Technologies). The nega-
tive control sequence without the 5@ overhang was as
follows: 58- GAA ATG TAC TGC GCG TGG AGA CGT TTT
GGC CACTGA CTG ACG TCT CCA CGC AGT ACATTT-3R.

For the tetracycline (Tc)-off-regulated miRNA ex-
pression, the expression cassettes encoding miRNA
were amplified with the pcDNA 6.2-GW/EmGFP-mFBL-
miR #1 as the template, digested with Xhol and Notl,
and inserted between the Xhol and Notl sites of the
pPhC vector [18]. The primer set was as follows: for-
ward, 5-AAA CTC GAG TAG GCG TGT ACG GTG GGA
GGC CTA TAT AAG CAG AGC TCG TTT AGT GAA CCG TCA
GAT CGC CTG GAG AAT TCG CCA CCC TGG AGG CTT GCT
GAA G-3', reverse, 5'-TTT GCG GCC GCA CAC ACA AAA
AAC CAA CAC ACA GAT GTA ATG AAA ATA AAG ATATTT
TAT TGG GCC ATT TGT TCC ATG TGA-3E. For the nega-
tive control, pcDNA6.2-GW/miR-neg was used as the
template for PCR with the same primers.

Similarly, for the overexpression of FBL, the expres-
sion cassette encoding FLAG-FBL was amplified, digest-
ed with Xhol and Notl, and inserted between the Xhol
and Notl sites of the pPhC vector.

Tc-off-regulated FBL-miRNA-expressing ES cell lines
and Tc-off-regulated FBL-expressing ES cell lines were
established according to the method of Masui et al.
[18]. An EB3 cell-derived mouse ES cell line, EBRTcH3,
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which has a Tc-off cassette in the ROSA26 locus, was co-
transfected with the above targeting vector, pPthC-FBL-
miR or pPthC-FLAG- FBL, and a Cre recombinase-
expressing vector, pCAGGS-Cre, using Lipofectamine
2000 (Life Technologies). The cells were cultured in the
presence of 1.5 pg/mL puromycin (Sigma-Aldrich) and 1
pg/mL Tc. The established ES clones were cultured in ES
medium in the presence or absence of Tc, and the ex-
pression of the exogenous gene was examined by
immunoblotting and immunofluorescence assay.

For the construction of miRNA-insensitive FBL ex-
pression vectors, mutations were introduced into the
pCAG-IP-FBL expression vector by PCR-based site-
directed mutagenesis using KOD-Plus with the following
primers: forward, 5-CCT GCG TAA TGG TGG ACA TTT
CGT AAT ATC CAT TAA GGC CAA CTG-3' and reverse, 5'-
CAG TTG GCC TTA ATG GAT ATT ACG AAA TGT CCA CCA
TTA CGC AGG-3'. PCR products were treated with Dpnl
at 37°C for 1 h to digest selectively the template plas-
mid, as described above.

Alkaline phosphatase staining

Mouse ES cells were cultured for 10 days in the pres-
ence or absence of LIF, fixed with 3.7% formaldehyde in
phosphate-buffered saline (PBS) for 5 min at room tem-
perature, and then incubated with an alkaline phospha-
tase substrate, NBT/BCIP (Roche), at room temperature
to visualize the enzyme activity.

Western blotting

Cells were lysed in lysis buffer (20 mM Tris-HCl [pH 7.4],
150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 1 mM
NazVO,, 25 mM NaF, and 25 mM B-glycerophosphate),
supplemented with a protein inhibitor cocktail (Com-
plete, Roche), and rotated at 4°C for 1 h. After centrifu-
gation at 17,000 g for 10 min at 4°C, the supernatants
were collected and protein concentrations were deter-
mined with a protein assay kit (Bio-Rad). Then, 10 ug
protein of the whole cell lysate samples were resolved
by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred to polyvinylidene fluoride
membranes. The membranes were blocked with 5%
non-fat skim milk in TBS/Tween-20 (10 mM Tris-HCl [pH
7.4], 150 mM NadCl, 0.1% Tween-20), and incubated
with primary antibody overnight at 4°C. After incuba-
tion with a horseradish peroxidase-conjugated second-
ary antibody, the blots were incubated with an en-
hanced chemiluminescent assay reagent (SuperSignal
West Femto, Pierce) for 5 min at room temperature,
and the protein bands were visualized using an LAS
1000 Pro Image Analyzer (Fuji Film). For the quantita-
tive analysis, the protein bands were further analyzed
using the Image Gauge software (Fuji Film).

Immunofluorescence staining

Mouse ES cells were washed with PBS, fixed in 3.7%
formaldehyde in PBS for 30 min at room temperature,
and then permeabilized with 0.5% Triton X-100 in PBS
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for 5 min at room temperature. The cells were blocked
with 5% FCS in PBS for 1 h at room temperature, and
then incubated with primary antibodies. After washing
3 times with 5% FCS in PBS for 10 min, the cells were
incubated with fluorescently labeled secondary anti-
bodies for 1 h at room temperature, and cell nuclei
were stained with 4',6-diamidino-2-phenylindole (Vec-
tor Laboratories). The cells were observed under a fluo-
rescence microscope (Olympus, IX70) equipped with a
CoolSNAP HQ? (Photometrics) and processed using
MetaMorph software (Molecular Devices). A confocal
fluorescence microscope {Olympus, FV1000) was also
used to analyze the cells.

Immunoprecipitation

Tc-off-regulated FBL-miRNA-expressing ES cells were
cultured with or without Tc for 2 days, and subsequent-
ly harvested for immunoprecipitation. After preparation
of whole cell lysates (1 mg of protein) with the lysis
buffer as described above, endogenous Mdm2 was
immunoprecipitated with 5 pg of antibody against
Mdm2 (Santa Cruz, sc-965) and Dynabeads protein G
(Life Technologies, 1004D). The immunoprecipitated
proteins were detected by immunoblotting with an an-
tibody against L11 (Santa Cruz, sc-25931). An antibody
against a-tubulin (Sigma-Aldrich, T9026, 1:3000) was
used as loading control.

Statistical analysis

Values are expressed as the average + standard errors.
The unpaired Student’s t-test was used for comparisons
of the parameters between 2 groups. p-values less than
0.05 were considered statistically significant.

FBL is highly expressed in ES cells and pro-

motes pluripotency

Our previous differential proteomic analysis identified
FBL, a critical methyltransferase indispensable for rRNA
processing, as one of the highly expressed nucleolar
proteins in pluripotent ES cells [14]. When mouse ES
cells were cultured without leukemia inhibitory factor
(LIF) for 10 days, they differentiated into alkaline phos-
phatase-negative and morphologically flat cells (Figure
1A). Under these conditions, the amount of FBL tran-
script and protein were significantly decreased, i.e., to
about one-third of that found in pluripotent ES cells, as
was observed in pluripotency-specific transcription fac-
tors, Nanog and Oct4 (Figure 1B-1D). Immunofluores-
cence analysis further confirmed a decrease in FBL in
those cells (Figure 1E). Interestingly, FBL was localized in
1 or 2 large condensed foci in the nuclei in pluripotent
ES cells. In contrast, in the differentiated cells and non
ES cells FBL was detected in multiple scattered small
foci in the nuclei (Figure 1F). A similar morphological
change in the nucleoli between pluripotent and differ-
entiated cells has been observed in human ES cells [4].
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These results suggested the existence of specific
nucleolar functions in pluripotent stem cells.

To explore the functions of nucleoli in ES cells,
mouse ES cells stably expressing Flag-tagged FBL were
established. These cells showed prolonged alkaline
phosphatase activities when cultured without LIF (Fig-
ure 2A). FBL-expressing cells showed sustained expres-
sion of Oct4, Nanog, and SSEA-1 even when the cells
were cultured for 10 days without LIF (Figure 2B, 2C).
Furthermore, the morphology of the nucleoli was main-
tained as large foci in FBL-stably expressing cells (Figure
S1). These results suggest that nucleolar FBL has the
ability to prolong the pluripotent state of mouse ES
cells. In contrast, we did not see a clear effect of exoge-
nous FBL expression on pluripotent ES cells, such as the
morphology of ES cells (Figure 2A), the size of nucleoli
(Figure S1), and the expression of Nanog and Oct4 (Fig-
ure 2B, S2). One possible explanation for this apparent
lack of an effect is that the overexpression of FBL on top
of the high levels of endogenous FBL in pluripotent
stem cells might not produce an effect as robust as the
one observed in the differentiated cells.

Next, we examined the effect of FBL on the repro-
gramming of somatic cells into induced pluripotent
stem (iPS) cells [19]. Mouse embryonic fibroblasts
(MEFs) were infected with retroviruses that express
Oct4, Sox2, Kif4, and c-Myc with or without FBL. Intro-
duction of FBL increased the number of alkaline phos-
phatase activity-positive colonies as well as the size of
the colonies with the transcription factors Oct4, Sox2,
and KIf4 (Figure 2D, 2E), suggesting that nucleolar FBL
also regulates the reprogramming process of fibroblasts
to pluripotent stem cells. However, this effect was not
observed with four factors including c-Myc (Figure 2E).
FBL is one of the downstream target genes of c-Myc
[20]. Although overexpression of c-Myc induced FBL in
MEFs, overexpression of FBL failed to induce c-Myc
(Figure S3C, S3D). These results suggest that MEFs
overexpressing c-Myc already expressed higher levels of
endogenous FBL and thus appeared to fail to further
promote reprogramming by exogenous FBL.

FBL protein contains a glycine- and arginine-rich
(GAR) domain at the N-terminus (Figure S4A). The C-
terminal half, containing a central RNA-binding domain
(RBD) and a-helical domain, functions as a
methyltransferase; it is highly conserved among many
FBL orthologs, from archaebacteria to mammals [11].
The N-terminal GAR-domain is only present in eukary-
otes [11, 28]. To locate the functional domain of FBL
associated with the maintenance of pluripotency, we
established mouse ES cells stably expressing Flag-
tagged deletion mutants of FBL (FBL-N and FBL-C, Figure
S4A). Only ES cells expressing FBL-C showed prolonged
alkaline phosphatase activities in the absence of LIF
(Figure S4B). Thr-70 of an archaeal FBL has been report-
ed to be an indispensable amino acid for the
methyltransferase activity [29]. Stable expression of the
corresponding T-to-A mutation at Thr-172 in the human
FBL (T172A FBL) in ES cells resulted in flattened mor-
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phology and loss of both alkaline phosphatase activity
and Nanog protein expression, even in the presence of
LIF (Figure S4C). Decreased Nanog expression was also
confirmed by quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) analysis (Figure
S4D). In addition to Nanog, the expression of Eomes
was down-regulated, whereas the differentiation mark-
er Fgf5 was slightly up-regulated. These results indicate
that nucleolar methyltransferase activity is important
for the regulation of pluripotency of ES cells.

Nucleolar FBL is indispensable for the survival

of pluripotent ES cells

To verify the functional importance of nucleolar
methyltransferase in ES cells, mouse ES cells that ex-
press FBL-specific engineered miRNA under the control
of the tetracycline (Tc)-off inducible promoter were
established by using a Cre recombinase-based knock-in
method [18]. Removal of Tc from the culture medium
induced knockdown of FBL in ES cells (Figure 3A, 3B).
Until 48 h after removal of Tc, no significant morpholog-
ical change in FBL-knockdown cells was observed when
ES cells were cultured in the presence of LIF. However,
the growth of FBL-knockdown ES cells was clearly de-
creased on day 3. Within 7 days, most of the knock-
down ES cells had disappeared (Figure 3C, 3D). These
observations were specific for FBL, as the control
miRNA did not show any significant effect on the cell
number (Figure 3D). Similar results were also observed
with another miRNA against FBL (Figure S5). Knockdown
of FBL significantly induced apoptosis (Figure 3E). The
ratio of TUNEL-positive cells increased by more than 8-
fold when ES cells were cultured for 2 days without Tc
(Figure 3F). A 6-fold increase of caspase-activated cells
was detected after knockdown of FBL (Figures 3G, 3H).
Interestingly, the knockdown of FBL increased apoptosis
in pluripotent ES cells but not in the differentiated cells
(Figure 31) and other non-stem cell lines (Figure 3H). We
also asked whether the phenotypes of FBL knockdown
can be rescued by activating rRNA  pro-
cessing/biosynthesis. c-Myc is a widely recognized up-
stream regulator that controls the biosynthesis of rRNA
by inducing RNA polymerase | [21-23], and it promotes
the expression of FBL [20]. However, overexpression of
c-Myc failed to inhibit FBL-knockdown-induced apopto-
sis (Figure S3E, S3F). Only the ectopic expression of the
miRNA-insensitive form of FBL rescued ES cells from
apoptosis (Figures S6). These results suggest that highly
expressed nucleolar FBL is an indispensable terminal
rate-limiting enzyme in rRNA processing and in the sur-
vival of pluripotent ES cells.

Nucleolar FBL is a principal regulator of rRNA
biosynthesis in pluripotent ES cells

Nop1, an ortholog of FBL in yeast, is essential for pre-
rRNA processing, and mutations in Nop1l lead to a re-
duced production rate of mature rRNAs and accumula-
tion of unspliced precursor molecules [10, 12]. Thus, we
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examined the ribosomal synthesis in FBL-knockdown
mouse ES cells using pulse-chase labeling with [*H]-
uridine and [methy!-aH]-methionine. Labeling with BH]-
uridine revealed the loss of the 41S precursor and re-
duction of the 36S precursor, whereas the 345/32S pre-
cursor accumulated in FBL-knockdown ES cells (Figures
4A, 4B). Although both 28S and 185 mature rRNA were
reduced in FBL-knockdown ES cells, much less 185 rRNA
was synthesized compared to 28S mature rRNA. A pulse
chase labeling experiment with {methyl-sH]—me‘chionine
revealed an overall delay in rRNA processing and de-
creased methylation levels of rRNA in FBL-knockdown
ES cells. In control cells, 18S and 28S mature rRNA was
first detected immediately after the addition of [me-
thyl-aH]-methionine and at 15 min, whereas those of
FBL-knockdown ES cells were barely detected at 30 min
or 45 min (Figure 4C). In FBL-knockdown ES cells, the
amount of methionine-labeled rRNA was decreased to
35% of that in control cells (Figure 4D). Although FBL is
the catalytic center of the methyl-transferase complex
for rRNA and is essential for the processing of rRNA,
there is a possibility that the altered pre-rRNA pro-
cessing we observed could be one of the indirect out-
comes of the complex apoptosis pathway and not a
direct consequence of FBL knockdown. To exclude this
possibility, we examined the effect of an apoptosis in-
hibitor on the processing of pre-rRNA (Figure S7A). At
48 h after the induction of FBL knockdown, a statistical-
ly significant induction of TUNEL-positive cells was de-
tected. Z-VAD-FMK, a caspase inhibitor, potently sup-
pressed the apoptosis induced by FBL knockdown.
However, significant amounts of an intermediate 45S
rRNA were still accumulated after treatment with Z-
VAD-FMK (Figure S7B), which suggests that altered pre-
rRNA processing does not occur as a consequence of
apoptosis.

Reduction of ribosomal biosynthesis in nu-

cleoli induces the activation of p53 in ES cells

To examine systematically the effect of the loss of FBL
on ES cells, we performed a DNA microarray analysis to
screen for the genes that are up- or down-regulated
upon knockdown of FBL. Two days after Tc removal,
1,132 entities were up- and 885 entities were down-
regulated compared to the control cells (2-fold change).
Up-regulated genes were enriched for developmental
gene ontology terms in the biological process category
(Figure S8A). In contrast, down-regulated genes dis-
played no significant gene ontology term. interestingly,
the expression of other nucleolar proteins, such as
nucleostemin, nucleophosmin, and nucleolin was not
changed after FBL-knockdown (data not shown), sug-
gesting that the effects of FBL-knockdown are not the
indirect effects caused by the other nucleolar regula-
tors. Bioinformatic pathway analysis identified p53 sig-
naling (p = 2.83E-05) as the most probable pathway
specifically activated in FBL-knockdown ES cells (Figure
5A). The activity of p53 is regulated by post-
translational modification. Phosphorylation of p53 at
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Serl8 is correlated with the induction of cell-cycle ar-
rest/apoptosis [24], and phosphorylation at Ser389 is
observed upon UV irradiation [25, 26] or during the
differentiation initiated by NO [27] and RA [25]. Immu-
nofluorescence analysis confirmed the induction of p53
expression and its activated form (phosphorylated at
Ser18 and at Ser389) after knockdown of FBL in ES cells
(Figures 5B, 5C). The activation of p53 could be induced
through the binding of ribosomal protein L11 with a p53
inhibitor, Mdm2 [30, 31]. A previous report suggested
that upon induction of ribosomal stress, L11 is released
from nucleoli into the nucleoplasm, where it associates
with Mdm?2; this, in turn, rescues p53 from the Mdm2-
dependent p53 degradation pathway [31]. Our co-
immunoprecipitation experiments also confirmed en-
hanced binding of Mdm2 with L11 in FBL-knockdown ES
cells (Figure. 5D). These results indicate that impaired
nucleolar activity by decreasing the rRNA production
specifically induces the activation of p53 in ES cells.

Reduction of ribosomal biogenesis also in-

duces the differentiation of ES cells

Whereas complete knockdown of FBL led to apoptosis
in ES cells (Figures 3), partial knockdown of FBL pro-
moted their differentiation. In ES cells cultured with 5
ng/mL Tc for 6 days, the FBL protein level decreased to
one third of that measured under control conditions
(Figures 6A-C), which is similar to the level determined
in differentiated cells cultured without LIF (Figure 1B-
1D). These cells showed a morphological transition of
nucleoli, i.e., from large condensed to small scattered
foci, and flattened morphology, even in the presence of
LIF (Figures 6A, 6B). gRT-PCR analysis revealed a 5-fold
increase in the primitive ectodermal marker Fgf5 and a
more than 2-fold increase in the mesodermal markers
Flk1 and Brachyury (T). In contrast, pluripotent markers
were not affected except for Oct4 and Rex1, which were
slightly up-regulated (Figure 6D). In addition, the neural
progenitor markers Pax6 and Nestin were up-regulated
by about 2-fold compared to the controls (Figure 6D).
Immunofluorescence staining also confirmed the up-
regulation of these differentiation-specific markers
(Figure S9). Similar results were also observed with
actinomycin D treatment, which blocks rRNA transcrip-
tion by inhibiting RNA polymerase | (Figure 6E). Under
FBL-reduced culture conditions, p53 and its phosphory-
lated forms were transiently activated at around day 2
to day 3 of culture (Figures $10). As shown in Figure 6F-
G, FBL-knockdown-dependent induction of the early
differentiation markers T and Fgf5 was strongly inhibit-
ed by the p53-specific inhibitor pifithrin-a (PFTa), which
indicates that the FBL-p53 axis controls the differentia-
tion of ES cells. The activation of p53 was also observed
during spontaneous differentiation of ES cells cultured
in the absence of LIF. Stable expression of FBL inhibited
p53 activation and differentiation (Figure S11). One of
the kinases responsible for the phosphorylation of p53
at Ser389 is casein kinase 1l (CK Il) [32]. Interestingly,
the expression of CK Il was induced concomitantly with
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$389 phosphorylation of p53 {Figure S11A). We further
examined the specificity of p53 phosphorylation by CK Il
with a CK ll-specific kinase inhibitor, 5,6-dichloro-1-
beta-p-ribofuranosylbenzimidazole. However, this inhib-
itor did not show a clear inhibition of p53 phosphoryla-
tion (data not shown), suggesting the existence of other
kinases that can phosphorylate p53 in ES cells.

Next, we asked whether the activity of rRNA produc-
tion in nucleoli could regulate neuronal differentiation
of ES cells. Using Tc-off miRNA FBL knock-in ES cells,
monolayer neural differentiation was performed ac-
cording to a previously published report [33]. After 7
days of culture with 5 ng/mL Tc, the differentiation of
Tuj1* neural cells was enhanced (9.0 + 1.5%) compared
to those cultured under control conditions (1000 ng/mL
Tc) (3.1 £ 0.5%) (Figure 7A). Embryoid body-based dif-
ferentiation also revealed a similar increase in neural
differentiation in FBL-partial knockdown cells (Figure
78B). The numbers of both Tuj1* and NF200" cells were
increased as the Tc concentration decreased (Figures
7C, D). In contrast, overexpression of FBL showed a ra-
ther inhibitory effect on this differentiation (Figure 7E,
7F). Te-off-induced FBL knockdown-dependent differen-
tiation was completely inhibited by PFTq, but not by the
caspase-specific inhibitors Z-VAD-FMK and Z-VDVAD-
FMK (Figure 7G, 7H), indicating that a reduction in FBL
levels induces the differentiation of ES cells in a p53-
dependent manner, which is independent from apopto-
sis-dependent activation of p53. These results demon-
strate that the decrease in rRNA production can control
the efficiency of ES cell differentiation.

DiscUsSION

Nucleoli are the centers of rRNA biosynthesis, and their
size reflects ribosomal activity, cell-cycle progression,
and proliferation [6, 34]. Hypertrophy of the nucleoli
has been reported as one of the most distinctive cyto-
logical features of cancer cells [35]. In contrast, defects
in ribosomal activity are associated with several inherit-
ed bone marrow failure syndromes, e.g., Diamond-
Blackfan, and characterized by a decreased number of
erythroid progenitors as well as a variety of abnormali-
ties during development, e.g., congenital and growth
retardation [36, 37].

in ES cells, large and condensed nucleoli are one of
the hallmarks of pluripotency [4]. The morphology of
the nucleoli changes from large to scattered, small foci
during the differentiation of ES cells. In this study, we
have shown that ES cells stably expressing FBL, a critical
regulator of rRNA synthesis, retained pluripotency-
state-specific large nucleoli for a longer time in the ab-
sence of LIF and prolonged their pluripotency. In con-
trast, when the status of nucleoli was changed to the
differentiated state by reducing the expression of FBL to
the level of differentiated cells, the ES cells became par-
tially differentiated even under self-renewing culture
conditions. These results clearly indicate that the
nucleolar state, i.e., the activity of ribosome biogenesis,
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controls the pluripotency of ES cells. We further
demonstrated that a decrease in the nucleolar activity
by partial knockdown of FBL promotes neural differen-
tiation.

In FBL-knockdown ES cells, complete shutdown of
rRNA biosynthesis triggered p53 activation, and induced
apoptosis. This could be due to nucleolar stress-
dependent activation of p53 signaling followed by cell-
cycle arrest in ES cells [30, 31). On the other hand,
modulation of the nucleolar activity to a level similar to
that of the differentiated state by reducing FBL expres-
sion could mildly activate p53 and induce the differenti-
ation of ES cells even in the presence of LIF. The differ-
entiation of ES cells induced by the modification of
rRNA biosynthesis was completely suppressed by a p53
inhibitor, PFTa. Therefore, the activity of rRNA biosyn-
thesis could control not only apoptosis but also differ-
entiation of ES cells via the p53 signaling pathway.

Several proteins localized in the nucleolus have
been suggested to regulate ES cells proliferation and
survival. Nucleostemin was shown to participate in con-
trolling cell proliferation and survival in ES cells {38, 39].
In addition, nucleophosmin 1 is essential for mouse ES
cell growth [40, 41]. However, these two proteins do
not directly regulate biosynthesis of rRNA, and the curi-
ous relationship between unique nucleolar morphology
i.e. regulation of ribosomal biogenesis and the ES cell-
specific characteristics, i.e. pluripotency and differentia-
tion, has not been elucidated.

In this study, we demonstrated that biosynthesis of
rRNA itself could regulate pluripotency of ES cells by
modulating a principal protein for ribosome biogenesis,
FBL, and also showed that inhibition of rRNA transcrip-
tion triggers the expression of differentiation-associated
markers by an RNA polymerase I-specific inhibitor,
actinomycin D. Our results suggest that rRNA biosyn-
thesis in the nucleolus is a novel regulator for not only
pluripotency but also preventing ES cells from differen-
tiating. Very recently, involvement of rRNA transcription
in the proliferation and cell fate decision has also been
reported in the other stem cells, ovarian germ line stem
cells in Drosophila [42] and mouse hematopoietic stem
cells [43].

For several decades, researchers have been describ-
ing the relationship between nucleolar size, rRNA bio-
synthesis, cell proliferation, and development. Down-
regulation of nucleolar activity during differentiation
has been reported in various tissues. For example, re-
duction of the nucleolar size has been reported during
maturation of the intestinal epithelium in rat [44], epi-
dermal maturation in chick [45], and eye differentiation
in Drosophila [46]. p53 is also expressed in various or-
gans during development, and its expression level is
significantly down-regulated as differentiation proceeds
[47, 48]. Although p53-null mice are viable, previous
studies suggested the importance of p53 in normal de-
velopment in several tissues, e.g., the nervous system,
eyes, hind limbs, and teeth [49, 50]. However, the regu-

latory mechanism of p53 remains controversial. Consid-
ering these in vivo observations, our results raise the
hypothesis that down-regulation of the ribosomal activ-
ity in nucleoli could trigger the activation of the p53
signaling pathway and induce differentiation of various
tissues in vivo. Further study is needed to verify the
relationship between nucleolar activity and differentia-
tion in vivo.

We have identified a novel regulatory function of nu-
cleoli in pluripotent stem cells. We have shown that
biosynthesis of rRNA in nucleoli is a unique regulator of
pluripotency as well as the differentiation of stem cells.
Our study suggests that strict regulation of nucleolar
activity together with the transcriptional network con-
trol pluripotency and differentiation of ES cells.
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10 Nucleolar FBL controls pluripotent stem cells

Figure 1. FBL is highly expressed in pluripotent ES cells. Mouse ES cells were cultured for 10 days in the presence
(+LIF) or absence of LIF (-LIF) and analyzed for pluripotency marker protein expression. (A) Alkaline phosphatase stain-
ing. ES cells cultured in the presence of LIF formed tightly packed colonies and had high alkaline phosphatase activity
(upper panel), whereas ES cells cultured in the absence of LIF for 10 days showed flattened morphology and lower
alkaline phosphatase activity (lower panel). (B) gRT-PCR analysis of FBL mRNA. The ES cells were cultured as in (A) for
10 days. (C) Western blot analysis of FBL, Nanog, and Oct4 expression. (D) Relative densitometric values of the bands.
Values were normalized to a-tubulin. Expression levels of FBL, Nanog, and Oct4 in (C) cultured without LIF for 10 days
were approximately 36%, 24%, and 30% of that of the cells cultured with LIF, respectively. (E) Immunofluorescence
staining of FBL, Nanog, Oct4, and SSEA-1. The ES cells were cultured as in (A) for 10 days. (F) Localization of FBL in
pluripotent and differentiated cells. Arrowheads indicate immunoreactivity of FBL in the nucleus. *p < 0.01 in (B, D).

Scale bars: (A), 300 um; (E), 30 pm; (F), 20 um.
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11 Nucleolar FBL controls pluripotent stem cells

Figure 2. Stable expression of FBL prolongs the pluripotency of ES cells in the absence of LIF. ES cells stably expressing
FBL or the control vector were cultured for 10 days in the presence or absence of LIF, and the expression levels of
pluripotency-specific markers were analyzed. (A) Alkaline phosphatase staining of ES cells stably expressing FBL. (B)
Western blot analysis of Nanog, Oct4, FBL, and FLAG antibodies. (C) Immunofluorescence analysis of ES cells with
Nanog, Oct4, and SSEA-1 antibodies after culturing without LIF for 10 days. (D, E) FBL enhances reprogramming effi-
ciency of MEFs. (D) Alkaline phosphatase staining of iPS cells induced with retroviruses for 4 transcription factors
(Oct4, Sox2, KIf4, and cMyc) or 3 transcription factors (Oct4, Sox2, and Klf4) with or without FBL expression virus.
Empty vector pMYs virus was used as control. (E) The colony numbers of iPS cells were counted and normalized to
that of the control. Induction of iPS cells was assayed three times independently. Scale bars: (A), 200 um; (C), 30 um.
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12 Nucleolar FBL controls pluripotent stem cells

Figure 3. FBL is indispensable for the survival of ES cells. Tc-inducible FBL miRNA-expressing mouse ES cell lines were
established and analyzed. (A) Immunofluorescence analysis of FBL expression. Upon withdrawal of Tc, FBL expression
was notably decreased (middle and right). Cells were immunostained after 2 days of culture in the absence of Tc. (B)
Western blot analysis of FBL expression in (A). A control miRNA did not affect the expression of FBL. (C) Morphologi-
cal changes in FBL-knockdown ES cells under feeder-free culture conditions. After induction of FBL miRNA (-Tc), colo-
nies of ES cells decreased in size and number at day 3, and had gradually disappeared by day 7. (D) Quantification of
(C) by counting cell numbers after 3 days of culture. The data for control miRNA was shown on the left. (E) Significant
increase in the number of TUNEL- or activated caspase-positive cells among FBL-knockdown ES cells cultured for 2
days in the absence of Tc. (F) Quantification of TUNEL-positive cells in (E). (G) Activated caspase staining of ES cells.
GFP expression indicates the transfected cells with either GFP-control miRNA or GFP-FBL miRNA expression vector.
(H) Apoptotic cell death caused by FBL-knockdown was significant in ES cells but not in other cell lines. Quantification
of activated caspase-positive cells was performed 2 days after transfection with GFP-control miRNA or GFP-FBL
miRNA expression vector. (I) Quantification of caspase-positive cells in ES cells. In the presence of LIF, ES cells were
cultured with or without Tc for 2 days. In the absence of LIF, ES cells were pre-cultured in the presence of Tc for 7
days, further cultured with or without Tc for 2 days, and percentage of caspase-positive cells were analyzed. *p < 0.01
in (D, F, and H). *p < 0.05 in (I). Scale bars: (A), 30 um; (C), 300 um; (E, G), 50 um.
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14 Nucleolar FBL controls pluripotent stem cells

Figure 4. Knockdown of FBL in ES cells disturbs normal processing of pre-rRNA. (A, B) Pulse-chase labeling of ES cells
with [*H]-uridine. The ES cells were cultured with or without Tc for 2 days before labeling. (A) Autoradiography of
total RNAs. The levels of 41S and 36S intermediate products and mature rRNA, 28S and 18S, were decreased in FBL-
knockdown ES cells (-T¢). (B) Quantification of rRNA processing products. Each band was measured and divided by the
sum of all products. Intermediate products, 475/45S pre-rRNA and 345/32S, were accumulated under FBL-knockdown
conditions compared to control conditions. In contrast, the levels of mature forms of rRNA, 18S and 28S, were de-
creased under FBL-knockdown conditions. (C, D) Pulse-chase labeling with [methyl-sH]—methionine. (C) Autoradiog-
raphy of total RNAs. As in the case of [3H]-uridine labeling, the levels of 41S and 36S intermediate products were de-
creased under FBL-knockdown conditions. (D) Quantification of methylated rRNA products. Graph shows the compar-
ison of relative densitometric values of methylated rRNA products. Each experiment was performed two times and
the data were averaged.
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15 Nucleolar FBL controls pluripotent stem cells

Figure 5. p53 signaling was specifically activated in FBL-knockdown ES cells. (A) Pathway analysis of microarray data
obtained with FBL-knockdown ES cells. ES cells were cultured in the absence of Tc for 2 days. p53 signaling was identi-
fied as the most activated canonical pathway after knockdown of FBL. (B) Immunofluorescence analysis of p53 and
p53 phosphorylation at Serl8 and Ser389 in FBL-knockdown ES cells cultured in the absence of Tc for 2 days. (C)
Western blot analysis of p53 protein in ES cells cultured for 2 days without Tc. The lower graph shows the comparison
of relative densitometric values of the bands. Values were normalized to Gapdh. Expression levels of p53 were 7.8-
fold up-regulated in the absence of Tc (FBL-knockdown conditions). (D) Co-immunoprecipitation analysis of L11 and
Mdm?2 interaction using ES cells cultured for 2 days after knockdown of FBL. Scale bar: (B), 20 um. *p < 0.01 in (C).
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Figure 6. Reduction of FBL expression induces differentiation marker expression via the p53 signaling pathway under
self-renewal culture conditions. {A) ES cells cultured for 6 days with 5 ng/mL of Tc resulted in the loss of the densely
packed morphology. (B) Immunofluorescence analysis of FBL in (A). (C) Western blot analysis of ES cell extracts after
partial knockdown of FBL. FBL expression was decreased to about one-third of that of control conditions after 6 days
of culture with 5 ng/mL Tc. (D) gRT-PCR analysis of differentiation- and pluripotency-specific marker expression for
each culture condition. After 6 days of culture, the expression of differentiation markers increased, whereas the ex-
pression of pluripotency markers was not changed under FBL-reduced conditions. (E) gRT-PCR analysis of differentia-
tion- and pluripotency-specific marker expression 24h after administration of 4 ng/mL actinomycin-D (ActD). (F) Mor-
phological changes in ES cells. ES cells were cultured under self-renewal conditions, and pifithrin-a (PFTa) or DMSO
was added from the beginning of culture. In the presence of PFTa, colonies retained their densely packed morpholo-
gy, even after partial knockdown of FBL. (G) gRT-PCR analysis of the expression of differentiation markers. PFTa
treatment suppressed the expression of differentiation markers, T and Fgf5, in a dose-dependent manner. *p < 0.01
in (C, E, and G). *p <0.05 in (D). Scale bars: (A) 300 um; (B) 10 um; (F) 500 pum.

www.StemCells.com ©AlphaMed Press 2014

— 117 —



