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Solid tumor development is frequently accompanied by
energy-deficient conditions such as glucose deprivation and
hypoxia. Follistatin (FST), a secretory protein originally identi-
fied from ovarian follicular fluid, has been suggested to be
involved in tumor development. However, whether it plays a
role in cancer cell survival under energy-deprived conditions
remains elusive. In this study, we demonstrated that glucose
deprivation markedly enhanced the expression and nucleolar
localization of FST in HeLa cells. The nucleolar localization of
FST relied on its nuclear localization signal (NLS) comprising
the residues 64–87. Localization of FST to the nucleolus atten-
uated rRNA synthesis, a key process for cellular energy homeo-
stasis and cell survival. Overexpression of FST delayed glucose
deprivation-induced apoptosis, whereas down-regulation of
FST exerted the opposite effect. These functions depended on
the presence of an intact NLS because the NLS-deleted mutant
of FST lost the rRNA inhibition effect and the cell protective
effect. Altogether, we identified a novel nucleolar function of
FST, which is of importance in the modulation of cancer cell
survival in response to glucose deprivation.

Solid tumors over a certain size are continuously exposed to
glucose deficiency and hypoxia microenvironments because of
the inadequate vascular supply. The cancer cells comprising
these tumors thus have to limit energy expenditure to survive
under such energy-deprived conditions (1, 2). An effective way
is to reduce ribosome biogenesis, the most energy-consuming
process in eukaryotic cells. As a matter of fact, the rate of cel-
lular rRNA transcription is tightly regulated in response tomet-
abolic changes (3–5).

Transcription of rRNA is catalyzed by polymerase I. Energy
deprivation activates AMP-activated protein kinase, which
then inactivates the polymerase I-associated transcription fac-
tor TIF-IA and thereby impairs rRNA synthesis (6). Energy
depletion also triggers heterochromatin formation and rRNA
gene silencing by activating the nucleolar remodeling complex
(7) or the energy-dependent nucleolar silencing complex
(eNoSC) (8). Inhibition of rRNA transcription by eNoSC sup-
presses energy expenditure and protects cells from energy dep-
rivation-induced apoptosis (8). Meanwhile, increased produc-
tion of H� under hypoxia promotes the interactions between
VHL and rRNA gene (rDNA) to reduce rRNA synthesis (9).
Overall, cells repress rRNA transcription through multiple
pathways to preserve energy and survive under energy-de-
prived conditions.
FST3 was originally identified from ovarian follicular fluid,

with a function to suppress follicle-stimulating hormone secre-
tion (10, 11). Later, FSTwas found to be expressed in a variety of
tissues and organisms, participating in various processes such
as cell growth, development, differentiation, and secretion (12).
FST-deficient mice exhibit numerous phenotypes, including
musculoskeletal and cutaneous abnormalities, and die within
hours of birth because of respiratory failure (13). Recently, sev-
eral reports have shown that FST regulates a variety of pro-
cesses during tumor progression including angiogenesis (14),
metastasis (15), and cell apoptosis (16). Although it is believed
that FST exerts most of its functions through extracellularly
inactivating TGF-�-like molecules (17–19), we have recently
identified the nuclear localization ability of this protein (20),
suggesting a possible nuclear mechanism.
In this study, we report that FSTwas up-regulated and trans-

located to the nucleoli in HeLa cells in response to glucose
deprivation. Nucleolar accumulation of FST caused cells to
reduce rRNA transcription, which in turn protected them from
glucose deprivation-induced apoptosis.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatments—HeLa human cervical carci-
noma cells were obtained from ATCC and maintained in
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DMEM containing 25 mM glucose (Invitrogen) supplemented
with 10% fetal bovine serum (Thermo Fisher) and penicillin-
streptomycinmixed solution (Invitrogen). The cells weremain-
tained at 37 °C in an atmosphere containing 5% CO2 and 100%
humidity. To achieve glucose deprivation, the cells were
washed with PBS and transferred to glucose-free DMEM
(Invitrogen).
Protein Extraction and Fractionation—The whole cell lysate

was extracted with radioimmune precipitation assay buffer
(100mMTris at pH 8.0, 1%Triton X-100, 100mMNaCl, 0.5mM

EDTA) with freshly added complete protease inhibitormixture
(Roche Applied Science) and cleared by centrifugation
(13,200� g, 30min, 4 °C). To detect the subcellular distribution
of FST, cytoplasmic and nuclear fractions were prepared
according to the previously reported method (21) with modifi-
cations. Briefly, the cells were washed with PBS and resus-
pended in hypotonic buffer (10mMHEPES, pH 8.0, 10mMKCl,
3 mM MgCl2, 0.5 mM DTT, and protease inhibitors). The sus-
pension was incubated on ice for 10 min before adding Triton
X-100 to a final concentration of 0.3% to allow a sufficient
breakage of the cytoplasmic membranes. After centrifugation
at 500 � g for 5 min at 4 °C, the resultant supernatant was used
as the cytoplasmic fraction. The nuclear pellet was washed
twice with hypotonic buffer and reconstituted in radioimmune
precipitation assay buffer. The resultant supernatant was used
as the nuclear lysate. The proteins were qualified using a mod-
ified Bradford protocol (Bio-Rad) and applied to immunoblot-
ting analysis as described previously (22).
Immunoblotting Analysis—Equal amounts of proteins were

subjected to SDS-PAGE electrophoresis and transferred to
nitrocellulose membrane (Whatman, Clifton, NJ). The
membrane was blocked with 3% bone serum album in TBS-T
buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.05% Tween
20), probed with antibodies targeting to FST (Santa Cruz
Biotechnology, Santa Cruz, CA), �-tubulin (Cell Signaling
Technology, Beverly, MA), Lamin B (Santa Cruz Biotechnol-
ogy), or PARP (Cell Signaling Technology), incubated with
horseradish-conjugated secondary antibodies, detected with
the SuperSignal West Pico chemiluminescence substrate
(Thermo Fisher Scientific), and finally exposed to an x-ray
film.
Immunofluorescence Detection—Cells grown on glass cover-

slips were rinsed with PBS and fixed in 4% formaldehyde in PBS
for 15 min. After rinsing twice with PBS, the cells were perme-
abilized in 0.2% Triton X-100 in PBS and blocked with goat
serum for 1 h at room temperature. The cells were then incu-
bated with monoclonal anti-FST monoclonal antibodies
(R & D Systems, Minneapolis, MN) together with anti-nucleo-
lin antibodies (Santa Cruz Biotechnology) for 1 h, stained with
the appropriate FITC- or TRITC-conjugated secondary anti-
body in PBS for 1 h and mounted on microscope slides. Confo-
cal microscopic images were obtained with a Zeiss confocal
imaging system (Carl Zeiss MicroImaging, Thornwood, NY).
The relative fluorescence intensities were quantified with
Image J software.
Plasmid Construction—The construction of pECFP-FST, in

which a FST gene lacking its signal sequence has been fused to

the C terminus of the enhanced CFP gene, was described pre-
viously (20).
To construct CFP-tagged FST deletion mutants, the cor-

responding DNA domains (supplemental Table S1) were
amplified by PCR from plasmid pFS288mycHis (kindly pro-
vided by Henry T. Keutmann, Massachusetts General Hos-
pital, Boston, MA) using the primers listed in supplemental
Table S2. PCR products were cloned into the pECFP-C1 vec-
tor to produce fusion proteins with the CFP in the N
terminus.
To generate FST eukaryotic expression plasmid pcDNA-

FST, full FST gene with its signal sequence was amplified by
PCR from plasmid pFS288mycHis using primer set sigFST-F/
sigFST-R (supplemental Table S2) and cloned into the EcoRI
and XhoI sites of vector pcDNA3.1(�). To generate the plas-
mid pcDNA-FST/�NLS for eukaryotic expression of NLS-de-
leted FST, cDNAs encoding the N-terminal (residues �29 to
63) and C-terminal (residues 88–288) of the FST gene were
amplified (supplemental Table S1) and cloned to the EcoRI and
XhoI sites of vector pcDNA3.1(�). All of the primer sequences
are listed in supplemental Table S2.
Chromatin Immunoprecipitation and Quantitative PCR

(qPCR) Measurement—ChIP assays were performed using the
ChIP assay kit (ThermoFisher Scientific) according to theman-
ufacturer’s protocol. Briefly, HeLa cells were cross-linked with
1% formaldehyde for 10 min at 37 °C. Cross-linking was
stopped with 0.125 M glycine. The cells were collected and
resuspended in lysis buffer (50 mM Tris-HCl, pH 8.1, 1% SDS,
10 mM EDTA, and protease inhibitors). After sonication to
yield DNA fragments of 300–1000 base pairs, the lysates were
cleared by centrifugation, diluted 10-fold with ChIP dilution
buffer (16.7 mM Tris-HCl, pH 8.1, 0.01% SDS, 1.1% Triton
X-100, 1.2 mM EDTA, 16.7 mM NaCl, and protease inhibitors),
and precleared with salmon sperm DNA/protein A-agarose at
4 °C for 1 h. For each immunoprecipitation assay, the lysates
were incubated with 5 �g of anti-FST (Abcam, Cambridge,
UK), anti-K4-dimethylated histone H3 (H3K4me2) (Thermo
Fisher Scientific), anti-acetylated histone H3 (acetyl-H3)
(Thermo Fisher Scientific), or control IgGs (Santa Cruz Bio-
technology) overnight at 4 °C with rotation. The immunocom-
plexes were then collected with protein G-agarose slurry,
eluted, and de-cross-linked at 65 °C. After RNase digestion and
proteinase digestion, immunoprecipitated DNAwas extracted.
The purified DNA was amplified by real time PCR with the
ABI7900 (Applied Biosystems, Foster City, CA) and SYBR
GREEN PCRMaster Mix (Applied Biosystems).
The primer sequences for rDNA were as reported (23):

5�-CCCGGGGGAGGTATATCTTT-3� and 5�-CCAACCT-
CTCCGACGACA-3� for H42.9; 5�-GGCGGTTTGAGTGAG-
ACGAGA-3� and 5�-ACGTGCGCTCACCGAGAGCAG-3�
forH1; 5�-AGTCGGGTTGCTTGGGAATGC-3� and 5�-CCC-
TTACGGTACTTGTTGACT-3� forH8; and 5�-GTTGACGT-
ACAGGGTGGACTG-3� and 5�-GGAAGTTGTCTTCACG-
CCTGA-3� for H18. The primer sequences for the GAPDH
gene were as follows: 5�-TACTAGCGGTTTTACGGGCG-3�
and 5�-TCGAACAGGAGGAGCAGAGAGCGA-3�.
RNA Interference—To knock down the endogenous FST,

HeLa cells were transiently transfected with 10 nM of the chem-
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ically synthesized siRNAs targeting FST or with the negative
control siRNA using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s recommendations. The cells were
harvested or treated for further experiments 48 h after trans-
fection. siRNA sequences used in the present study are
designed as follows: FST siRNA1 (FSTi-1): forward, GAUCU-
AUUGGAUUAGCCUATT, and reverse, UAGGCUAAUC-
CAAUAGAUCTG; FST siRNA2 (FSTi-2): forward, GGUCCU-
GUACAAGACCGAATT, and reverse, UUCGGUCUUGUA-
CAGGACCTG; and negative control siRNA: forward, UUCU-
CCGAACGUGUCACGUTT, and reverse, ACGUGACACGU-
UCGGAGAATT. siRNAs were synthesized by GenePhama
(Shanghai, China).
RNA Purification and RT-qPCR Measurement—Total RNA

was isolated with TRIzol reagent (Invitrogen) following the
manufacturer’s protocol. 0.5 �g of total RNA was reverse tran-
scribed using random hexamers and a high capacity cDNA
reverse transcription kit (Applied Biosystems). Real time quan-
titative PCR analysis was performed in 10-�l reactions using
the ABI7900 (Applied Biosystems) and SYBR GREEN PCR
Master Mix (Applied Biosystems). Primers 5�-CCTGCTGTT-
CTCTCGCGCGTCCGAG-3� and 5�-GCGTCTCGTCTCGT-
CTCACT-3� were used for PCR amplification of 5� external
transcribed spacer of the human pre-rRNA as described (23).
Primers 5�-TTGCGTTACACCCTTTCTTG-3� and 5�-CACC-
TTCACCGTTCCAGTTT-3� were used for �-actin gene
amplification. Primers 5�-GGGAACTGCTGGCTCC-3� and
5�-TTTACAGGGGATGCAG-3� were used for FST gene

amplification. Expression of pre-
rRNAand FST genewas normalized
relative to �-actin endogenous con-
trol using the 2���CT method (24).
Northern Hybridization—RNA

was separated on the agarose/form-
aldehyde gel and transferred onto a
nylon membrane. Hybridization
was carried out using a DIG North-
ern starter kit (Roche Applied Sci-
ence). The digoxigenin-labeled
probes were synthesized by TaKaRa
Biotechnology Company (Dalian,
China). The probe sequence for 47 S
rRNA is 5�-GGTCGCCAGAGGA-
CAGCGTGTCAG-3�. The probe
sequence for �-actin mRNA is
5�-AGGGATAGCACAGCCTGG-
ATAGCAAC-3�.
Stable Transfection—The plas-

mid pcDNA-FST, pcDNA-FST/
�NLS, or the null vector pcDNA3.1
was transfected into HeLa cells with
Lipofectamine 2000 following the
manufacturer’s protocol (Invitro-
gen). The cells were then selected
with 500 �g/ml of G-418. Cell
clones were subsequently screened
by immunoblotting analysis with
anti-FST polyclonal antibody. FST-

FIGURE 1. Glucose deprivation enhances FST expression and nucleolar
localization. HeLa cells were incubated in glucose-free medium and harvested
at the indicated time. A, the FST mRNA level was measured with real time qPCR.
B, FST protein level was detected by immunoblotting. The RT-qPCR data are
shown as arbitrary values after normalizing to �-actin mRNA level, and the data
are presented as the means � S.D. of three independent experiments. **, p �
0.01 versus normal glucose controls. C, HeLa cells were incubated with (Glu�) or
without (Glu�) glucose for 24 h and then stained with FST monoclonal antibod-
ies. Nucleolin was used as the nucleolar marker. The arrows indicate the nucleolar
FST (left panel). The relative fluorescence intensities in the entire cell (columns T),
cytoplasm (columns C), and nucleus (columns N) were measured. The data shown
are the means � S.D. of �50 cells (right panel). **, p � 0.01. D, FST protein expres-
sions in total (lanes T), cytoplasmic (lanes C), and nuclear (lanes N) fractions were
analyzed by immunoblotting. Lamin B and �-tubulin were used as nuclear and
cytoplasm protein marker, respectively.

FIGURE 2. Residues 64 – 87 are essential for the nucleolar localization of FST. A, schematic illustration of the
truncated FST fragments tagged to CFP. The numbers refer to the first and last residues of each construct in
full-length FST sequence. B, HeLa cells were transfected with FST truncated plasmids as indicated, and the
subcellular localization of FST mutants were examined by a confocal microscope. C, HeLa cells were transfected
with plasmids expressing FST or FST/�NLS, and the subcellular localizations of FST and FST/�NLS were exam-
ined by immunofluorescence method with FST monoclonal antibody. Nucleolin was used as the nucleolar
marker.

Follistatin Promotes Cancer Cell Survival

NOVEMBER 19, 2010 • VOLUME 285 • NUMBER 47 JOURNAL OF BIOLOGICAL CHEMISTRY 36859



or FST/�NLS-expressing clones were then obtained for further
experiments.
Assays for Apoptosis Detection—Both floating (dead) and

attached cells were harvested and applied to different assays
for apoptosis detection. The cells were incubated with 5 �l of
annexin V-FITC (Biovision, Mountain View, CA) and 10 �l of
PI for 10 min and analyzed by flow cytometry (Beckman
Coulter, Brea, CA). Annexin V-FITC staining was detected in
the FL1 channel, whereas PI staining was monitored in the FL3
channel. Alternatively, total proteins were extracted, and PARP
cleavage was visualized by immunoblotting.

RESULTS

Glucose Deprivation Enhances FST Expression andNucleolar
Localization in HeLa Cells—Because survival of cancer cells
under energy deficiency conditions is an important aspect for
tumor progression, it is of interest to study whether FST is
involved in this process. Therefore, we first measured FST

expression in HeLa cells when glu-
cose in the medium was withdrawn.
The data showed that the mRNA
level of FST started to increase 1 h
after glucose deprivation and
reached the peak at 12 h (Fig. 1A).
The protein level started to signifi-
cantly increase 6 h after glucose
removal (Fig. 1B).
Because overexpressed FST-CFP

was reported to localize in the nuclei
of HeLa cells (20), we therefore ana-
lyze the subcellular localization of
the endogenous FST in response to
glucose deprivation. HeLa cells cul-
tured with or without glucose were
stained with FST monoclonal anti-
bodies using the indirect immuno-
fluorescence method and observed
under a confocal microscope. Sur-
prisingly, the endogenous FST
showed clear nucleolar localization
in addition to its commonly
reported cytoplasm distribution
(21, 25). Glucose deprivation en-
hanced the FST expression, and a
great fraction was in the nucleus
(44% in normal conditions versus
57% under glucose deprivation;
Fig. 1C). The nucleolar localiza-
tion was confirmed by simultane-
ous staining of the nucleolar pro-
tein nucleolin (Fig. 1C). To
exclude artifacts that might have
occurred in the staining, nuclear
and cytoplasmic proteins were
fractioned and applied to immu-
noblotting analysis. The data
showed that FST was detected in
both the cytoplasm and the

nucleus, whereas the nuclear FST increased when glucose
was deprived (Fig. 1D). Taken together, our data revealed
that FST is a nucleolar protein and that glucose deprivation
promotes its expression and nucleolar localization.
Residues 64–87 Are Essential for the Nucleolar Localization

of FST—Nuclear import of a protein generally relies on the
presence of a NLS (26). However, bioinformatics searching of
FST sequence by the programs PROSITE (27) and PredictNLS
(28) failed to detect any traditional NLSs in it. To map a poten-
tial NLS, a series of FST truncated fragments were fused to the
C-terminal of CFP, and subcellular localizations of the fusion
proteinswere observedwith a confocalmicroscope.Our results
showed that FSTmutants containing residues 64–87 accumu-
lated in the nucleus, whereas FST mutants lacking these resi-
dues did not (Fig. 2, A and B). The data demonstrated that
residues 64–87 are both essential and sufficient for FST
nuclear localization. Sequence analysis revealed that it con-
tained several basic amino acids (75KKCRMNKKNKPR86),

FIGURE 3. FST binds to rDNA and inhibits 47 S pre-rRNA synthesis. A, schematic illustration of a ribo-
somal DNA repeat unit and locations of the primers used in ChIP-qPCR experiment. B, HeLa cells were
cultured with (Glu�) or without (Glu�) glucose for 24 h and applied to ChIP experiments. The data shown
are the means � S.D. of three independent experiments. C, HeLa cells transfected with siRNAs targeting
FST were cultured with (Glu�) or without (Glu�) glucose for 24 h. Total RNA was then isolated, and 47 S
pre-rRNA level was analyzed by RT-qPCR (top panel) and Northern blot (middle panel). The RT-qPCR data
are the means � S.D. of three independent experiments. The asterisk indicates p � 0.05. Reduced FST
expression by siRNAs was detected by immunoblotting analysis (bottom panel). D, HeLa cells were tran-
siently transfected with a null vector pcDNA3.1 (column C) or constructs encoding FST or FST/�NLS, as
indicated and then cultured with (Glu�) glucose or without (Glu�) glucose for 24 h. The 47 S pre-rRNA
level was determined by RT-qPCR (top panel) and Northern blot (middle panel). The RT-qPCR data are the
means � S.D. of three independent experiments. **, p � 0.01; *, p � 0.05. The expression of FST by siRNAs
was detected by immunoblotting analysis (bottom panel).
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which is in accordance with the common characteristic of a
NLS (29).
To further explore whether those residues could control the

nucleolar localization of FST as well, we expressed full-length
FST and NLS-deleted FST (FST/�NLS) in HeLa cells and
detected their localizations using the immunofluorescence
method. The data showed that the full-length FST could accu-
mulate in the nucleolus but theNLS-deleted FSTcould not (Fig.
2C), demonstrating that residues 64–87 in FST indeed control
its nucleolar localization. It should be noted that full-length
FSTwasmainly localized in the nucleolus (Fig. 2C), whereas the
signal peptide-deleted FST-CFP was diffused in the nucleus
(Fig. 2B, FST/1–288), suggesting that the signal peptide might
play a role in controlling FST nucleolar translocation, or the
CFP might influence the localization.
FST Binds to rDNA Locus and Inhibits rRNA Synthesis—Ri-

bosomal RNA genes (rDNA) reside in the nucleoli, and nucle-
olar localization of FST suggests that FSTmight bind to rDNA.
To test this possibility, we performed ChIP assays in HeLa cells
with anti-FST antibody. DNA enrichment was measured by
real time PCR using sets of primer pairs spanning the rRNA
gene promoter (H42.9), the 47 S rRNA coding region (H1), the
28 S rRNA coding region (H8), or the intergenic spacer region
(H18), respectively (Fig. 3A). The data revealed that endoge-
nous FST was bound throughout the rDNA loci, and glucose
deprivation significantly increased the binding of FST to rDNA
(Fig. 3B).
Association of FST with rDNA clusters prompted us to test

whether FST could regulate rRNA transcription. For this pur-
pose, the levels of 47 S pre-rRNA were measured by both RT
quantitative PCR (RT-qPCR) and Northern blot when FST
expression was down-regulated or overexpressed. The silenc-
ing of FST with siRNAs (FSTi-1 and FSTi-2) resulted in an

increased expression of pre-rRNA
compared with the control siRNA
under normal glucose conditions
(Fig. 3C), suggesting that FST is a
repressor of rRNA transcription.
Glucose deprivation decreased pre-
rRNA expression, and knockdown
of FST under glucose-deprived con-
ditions also increased the pre-rRNA
level (Fig. 3C). However, the pre-
rRNA level was lower than the one
in FST down-regulated but normal
glucose-cultured cells, suggesting
that other mediators might partici-
pate in glucose deprivation-re-
pressed rRNA synthesis as well (Fig.
3C). Consistently, cells overexpress-
ing FST displayed a marked
decrease in pre-rRNA synthesis
compared with null vector-trans-
fected cells under both normal and
glucose-deprived conditions (Fig.
3D). To investigate whether FST-
mediated rRNA repression relies on
its nucleolar localization, pre-rRNA

levels in cells expressing NLS-deleted FST (FST/�NLS) were
alsomeasured. The data revealed that the loss ofNLSprevented
FST from repressing rRNA synthesis (Fig. 3D). Taken together,
our data demonstrated that nucleolar FST directly binds to
rDNA and inhibits pre-rRNA synthesis.
FST Affects Histone Modifications at rDNA Locus—Epige-

netic modifications of histones play key roles in regulating
rRNA transcription (30, 31). To explore whether the nucleolar
FST attenuates rRNA synthesis through affecting histonemod-
ifications, we employed ChIP assays to analyze the H3K4me2
and acetyl-H3 status when FST was down-regulated. The data
showed that knockdown of FST with FSTi-1 significantly
increased the H3K4me2 level at the rDNA region, especially
near the transcription start site (H42.9; Fig. 4A), and the
acetyl-H3 level at the intergenic spacer region (H18; Fig. 4B).
The same histone modification pattern was observed under
glucose deprivation (Fig. 4, A and B).

To further confirm the above results, we stably expressed
FST in HeLa cells. Real time PCR confirmed that nucleolar
accumulation of FST resulted in a reduction of pre-rRNA syn-
thesis (supplemental Fig. S1). ChIP analysis revealed that over-
expressed FST decreased the H3K4me2 and acetyl-H3 levels at
the rDNAregionunder both normal and glucose-deprived con-
ditions (Fig. 4, C and D). The NLS-deleted mutant served as
non-nucleolar control andhadno effect on thesemodifications.
Because both H3K4me2 and acetyl-H3 are recognized as active
gene markers (32, 33), our results suggested that nucleolar FST
might change the ratio of euchromatin to heterochromatin and
then decrease the rRNA transcription.
FST Protects Cells from Glucose Deprivation-induced Apopto-

sis—Apoptosis is a common cellular response to metabolic
stress inmammalian cells. Cellular energy reservation has been
reported to protect cells from glucose deprivation-induced

FIGURE 4. FST influences histone modifications at rDNA region. HeLa cells transfected with siRNA targeting
FST (FSTi-1) or control siRNA (NC) were cultured with (Glu�) or without (Glu�) glucose for 24 h. ChIP analysis
was performed with antibodies against H3K4me2 (A) or acetyl-H3 (B) and analyzed by qPCR. Cell lines stably
expressing FST, FST/�NLS, or control vector were cultured with (Glu�) or without (Glu�) glucose for 24 h. ChIP
analysis was then performed with antibodies against H3K4me2 (C) or acetyl-H3 (D) and analyzed by qPCR. The
occupancies of H3K4me2 and acetyl-H3 at rDNA regions were normalized to GAPDH. The values are the
means � S.D. of three independent experiments. *, p � 0.05; **, p � 0.01.
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apoptosis (34, 35), and down-regulating rRNA transcription is
one of the key mechanisms (8). Because FST repressed rRNA
transcription and its expression was up-regulated in response
to glucose deprivation, we suspected that FST has an anti-apo-
ptotic role. To test this hypothesis, the expression of FST was
down-regulated with the siRNA FSTi-1, and apoptosis was
determined by an annexin V-FITC/PI staining method. The
fractions of annexin V-positive cells were low in both groups
(6.2 � 0.4 and 5.9 � 0.6%, respectively) under normal glucose
conditions. Glucose deprivation markedly increased cell apo-
ptosis in control siRNA-transfected HeLa cells (48.6 � 7.5%),
and elimination of FST enhanced the apoptotic tendency to
72.9 � 2.9% (p � 0.01 compared with control) (Fig. 5,A and B),
indicating that FST has a protective role on apoptosis. The
cleavage of PARP is recognized as an apoptosis marker. Our
data revealed that PARP was cleaved after glucose depriva-

tion and that down-regulation of
FST increased PARP cleavage (Fig.
5C).
To further confirm the protective

effect of FST on glucose depriva-
tion-induced apoptosis and to
determine the role of nucleolar FST
in this process, the apoptotic rates
of HeLa cells stably transfected with
FST, FST/�NLS, or null vector were
determined. The apoptotic tend-
ency induced by glucose deprivation
was significantly reduced in FST-
expressing cells compared with
control (29.2 � 1.2% versus 43.5 �
4.7%, p � 0.01), but not in FST/
�NLS-expressing cells (41.6 �
1.7%) (Fig. 5, D and E), indicating
that the protective effect of FST
relied on its nucleolar localization.
PARP cleavage detection also
revealed a consistent result (Fig. 5F).
Meanwhile, we performed a

TUNEL assay to determine cell apo-
ptosis and found that overexpres-
sion of FST inhibited glucose depri-
vation-induced apoptosis (20.5%
versus 42.5%), whereas knockdown
of FST promoted glucose depriva-
tion-induced apoptosis (61.1% ver-
sus 41.1%), further confirming the
protective effect of FST (data not
shown).

DISCUSSION

FST was traditionally recognized
as a secretory protein and has been
reported to exert its biological func-
tions through extracellularly inacti-
vating activin (36), myostatin (18),
and bone morphogenic proteins
(19). However, nuclear localization

of FST has been observed in epithelial cells of breast tissue (37)
and HeLa cells (20), suggesting a possible nuclear function of
FST. In this study,we provide experimental evidence to support
a nucleolar function of FST-inhibiting rRNA synthesis and pro-
moting cancer cell survival. The major findings of our study
include: 1) glucose deprivation significantly increases endoge-
nous expression and nucleolar accumulation of FST; 2) nucle-
olar translocation of FST is dependent on its NLS comprised of
residues 64–87; 3) the nucleolar FST negatively regulates
rRNA synthesis; and 4) the nucleolar FST inhibits glucose
deprivation-induced apoptosis. These findings demonstrate
that repression of rRNA synthesis by the nucleolar FST plays a
vital role in inhibiting glucose deprivation-induced cell apopto-
sis, as illustrated in Fig. 6.
The regulation of rRNA transcription is complicated and not

restricted to the promoter region.One human rDNA transcrip-

FIGURE 5. FST protects cells from glucose deprivation-induced apoptosis. A, HeLa cells were transfected
with siRNAs targeting FST gene or control siRNAs and then grew with glucose (Glu�) or without glucose (Glu�)
for 48 h. Apoptotic cells were monitored by annexin V-FITC/PI staining and flow cytometry analysis. The right
lower quadrant of each plot shows early apoptotic cells, whereas the right upper quadrant shows late apoptotic
cells. Each experiment was performed in triplicate, and similar results were obtained each time. B, quantifica-
tion of apoptotic cells by flow cytometry analysis. The values are the means � S.D. **, p � 0.01 versus control
siRNA-transfected control. C, PARP cleavage was detected by immunoblotting. D, HeLa cells stably expressing
FST, FST/�NLS, or control vector were cultured with glucose (Glu�) or without glucose (Glu�) for 48 h. Apo-
ptotic cells were monitored by annexin V-FITC/PI staining and flow cytometry analysis. E, quantification of
apoptotic cells by flow cytometry analysis. The values are the means � S.D. **, p � 0.01 versus null vector-
transfected control. F, PARP cleavage was detected by immunoblotting.
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tion unit contains a pre-rRNA coding sequence separated by a
long intergenic spacer. Regulatory elements, including gene
promoters, spacer promoters, repetitive enhancer elements,
and transcription terminators, are located in the long inter-
genic spacer (3). Many rRNA transcription regulators have
been reported to be associated with the entire rDNA region.
The upstream binding factor binds throughout the long inter-
genic spacer, and the transcribed region of rDNA repeats with
low sequence specificity of DNA binding (38) and plays an
important structural and functional role in the formation of
active nucleolar organizer regions (39). c-Myc was reported to
bind to the E-box sequence within the promoter region, the
coding region as well as the long intergenic spacer region of
rDNA. The binding of c-Myc with rDNA influences polymer-
ase I machinery formation and histone acetylation at rDNA
(23). Histone-modifying proteins such as the eNoSC (8) and the
plant homeo domain finger protein 8 (40) were also reported to
be associated with the entire rDNA. Here we found that FST
could also bind throughout the rDNA loci and function as an
rRNA transcription repressor. Further studies are needed to
determine howFSTdiscriminates rDNA from the remainder of
the genome and whether there are conserved DNA elements
within FST-binding regions.
Ribosomal RNA genes are present in hundreds of copies in

the genome, and its transcription level could be controlled by
regulating the transcription rate per gene or by varying the
number of active genes epigenetically (30, 31). A key player in
the epigenetic state establishment at the rDNA region is TTF-I.
TTF-I binds to the promoter-proximal terminator T0 and
recruits the nucleolar remodeling complex to the rDNA pro-
moter. The nucleolar remodeling complex is composed of two
subunits: the ATPase SNF2h and TTF-I-interacting protein
5. TTF-I-interacting protein 5 recruits histone-modifying
enzymes to induce histone methylations at H3K9, and H3K27,

histone demethylations at H3K4, as well as histone deacetyla-
tions. TheATPase SNF2hmay senses the signals of heterochro-
matic histone modifications and induces rDNA silencing (30).
We found that the euchromatin marker H3K4me2 levels were
reduced at the rDNA promoter region in FST down-regulated
cells (Fig. 4B), suggesting that FST represses rRNA levels par-
tially through reducing the number of active rRNA genes. Fur-
ther studies on the relationships between FST and the nucleolar
remodeling complex and other histone-modifying enzymeswill
improve our knowledge on the mechanisms of FST-regulated
rRNA transcription.
The synthesis of rRNA is tightly tuned tomatch environmen-

tal nutrition conditions. Because of insufficient nutrition sup-
ply, cells thus have to down-regulate rRNA synthesis to reduce
energy utilization and make a survival. Our data demonstrated
that up-regulation of FST expression is one of the mechanisms
for cancer cells to restrict rRNA synthesis under glucose-de-
prived conditions (Fig. 3C) and then protect cells from apopto-
sis (Fig. 5). However, the data also showed that FST down-
regulated cells express lower levels of pre-rRNAunder glucose-
deprived conditions than under normal conditions (Fig. 3C),
suggesting that other mediators were synchronously involved
in glucose deprivation-repressed rRNA synthesis. Recently,
eNoSC (8) has been reported to induce rDNA silencing on glu-
cose deprivation. Therefore, FST might work in concert with
eNoSC to achieve rRNA gene silencing and thus low energy
consumption.
Because the increased resistance of cancer cells to glucose

deficiency contributes positively to tumor progression (2), it is
reasonable to speculate that FST could promote tumor devel-
opment. As a matter of fact, FST has been implied to facilitate
tumorigenesis. Up-regulated expression of FSTwas observed in
experimentally induced rodent liver tumors (41), human hepa-
tocellular carcinomas (41), and mouse gastric tumors (42). It
was also reported that the deficiency of the tumor suppressor
gene parkin caused the up-regulation of endogenous FST and
rendered hepatocytes resistant to apoptosis in a FST-depen-
dent manner, which resulted in hepatic tumor development
(16). However, it should be noted that an inhibitory role of FST
in tumor development has also been reported (14, 15). Hence,
FST might play different roles in different types of tumors and
in different stages during tumor progression.
In summary, FST has an anti-apoptotic effect in glucose dep-

rivation condition through the inhibition of rRNA and ribo-
some biogenesis. Nucleolar translocation of FST is required to
exert the effect. This activity of FST represents a novel molec-
ular mechanism of tumor cell survival under conditions of glu-
cose deprivation and may be a possible target for tumor
therapy.
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FIGURE 6. A schematic model for FST-repressed rRNA synthesis in pre-
serving cell survival under glucose deprivation condition. Glucose depri-
vation promotes FST expression and nucleolar accumulation. Nucleolar FST
binds to rDNA and represses rRNA synthesis to lower energy consumption
in cancer cells, thus promoting cancer cell survival under glucose-de-
prived conditions.
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