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Nucleomethylin (NML), a novel nucleolar protein, is important for mediating the assembly of the energy-dependent nucleolar
silencing complex (eNoSC), which also contains SirT1 and SUV39H1. eNoSC represses rRNA transcription during nutrient de-
privation, thus reducing energy expenditure and improving cell survival. We found that NML is an RNA binding protein that
copurifies with 5S, 5.8S, and 28S rRNA. The SirT1 and RNA binding regions on NML showed partial overlap, and the NML-SirT1
interaction was competitively inhibited by rRNA. Nutrient deprivation triggered downregulation of rRNA transcription, re-
duced the level of NML-associated rRNA, and stimulated NML-SirT1 binding. Assembly of eNoSC facilitated repression of pre-
rRNA transcription. These results suggest that nascent rRNA generates a positive-feedback signal by suppressing the assembly of
eNoSC and protecting active ribosomal DNA units from heterochromatin formation. This RNA-mediated mechanism enables
the eNoSC to amplify the effects of upstream nutrient-responsive regulators.

Ribosome biogenesis is a major biosynthetic and energy-con-
suming process. rRNA synthesis accounts for �50% of cellu-

lar transcriptional activity and must be tightly coupled to nutrient
availability and growth signaling (1). Synthesis of rRNA by RNA
polymerase I (Pol I) and Pol III is a rate-limiting step in ribosome
biogenesis. RNA Pol I produces the common 45S precursor of
mature 5.8S, 18S, and 28S rRNA, while RNA Pol III produces the
precursor of 5S rRNA. The 45S pre-rRNA is transcribed from
�200 copies of ribosomal DNA (rDNA) genes distributed as clus-
ters on 5 different human chromosomes and organizes the forma-
tion of nucleoli (2). The human 5S rDNA gene cluster is separately
localized to the chromosomal 1q42 to 1q44 region (3, 4) but spa-
tially associates with the nucleolar periphery (5, 6). Nucleolar pre-
rRNA transcriptional output is determined by the rate of tran-
scription from each rDNA copy and the fraction of rDNA in a
transcriptionally competent state.

Numerous growth and stress signals regulate Pol I activity and
rRNA transcription (7–9). Nutrients and growth factors control
rRNA synthesis via mTOR (1). Transcription of pre-rRNA re-
quires basal factors TIF-1A, SL1, and UBF to form a transcrip-
tional initiation complex with Pol I. Formation of this complex is
regulated by mTOR through S6K1 kinase-mediated phosphoryla-
tion of TIF-1A and UBF, which promotes the recruitment of Pol I
to rDNA promoters (2). UBF is also targeted by the Rb, ARF, and
p53 tumor suppressor proteins. mTOR also controls the activity
of Pol III and the transcription of 5S rRNA and tRNAs (1).

Nearly 50% of nucleolar rDNA repeats are present as hetero-
chromatin in growing cells (10). Maintenance of the heterochro-
matin state is important for maintaining the stability of rDNA
repeats. It has been shown that the nucleolar remodeling complex
(NoRC) is important for switching rDNA between the silent and
the active state. NoRC is an SNF2h-containing chromatin remod-
eling complex that recruits DNA methyltransferase and histone
deacetylase to the promoter to trigger heterochromatin formation
and silencing (11). The NoRC complex also contains a noncoding
RNA (ncRNA), which is derived from a Pol I-dependent tran-
script from the rDNA intergenic spacer and is called pRNA (12,
13). The pRNA is processed into short fragments, one of which is
bound by the RNA binding protein TIP5 in NoRC (14). Elimina-

tion of pRNA by the antisense approach or disruption of the RNA
binding function of TIP5 abrogates the NoRC function (13).
Therefore, noncoding RNA is involved in regulating rDNA het-
erochromatin formation.

A recent study identified a novel complex (the energy-depen-
dent NoSC [eNoSC]) that regulates rRNA transcription in re-
sponse to glucose deprivation (15). The eNoSC was identified
through its binding to the H3K9 dimethylated (H3K9me2) pep-
tide. The complex contains SirT1, SUV39H1, and a novel nucle-
olar protein, nucleomethylin (NML) (15). Knockdown of NML
prevents the inhibition of rRNA synthesis by glucose starvation,
resulting in apoptosis. Therefore, NML is important for mainte-
nance of energy homeostasis and cell viability during starvation.
NML represses rDNA transcription by promoting H3K9 methyl-
ation and establishing heterochromatin across the rDNA. NML
has 456 amino acid residues with an N-terminal half that binds
H3K9me2 and a C-terminal domain homologous to S-adenosyl-
methionine (SAM)-dependent methyltransferase (15). NML re-
cruitment of SirT1 and SUV39H1 may be important for its func-
tion, since SirT1-SUV39H1 complex formation synergistically
promotes deacetylation and methylation of histone H3K9 (16).
Whether NML also has methyltransferase activity and participates
in protein methylation is still unknown. A role of mammalian
SirT1 in regulating rRNA transcription provides an interesting
similarity to the well-established role of Saccharomyces cerevisiae
yeast SIR2 in regulating rDNA recombination (17). Another sir-
tuin family member, SirT7, has also been shown to activate rRNA
transcription (18).

In this study, we investigated the dynamic regulation of eNoSC
assembly by nutrient signaling. The results showed that NML-
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SirT1 binding is competitively inhibited by rRNA. We propose a
model in which upstream regulators such as mTOR trigger the
initial change in rRNA transcription during nutrient deprivation.
The nascent rRNA then functions in a signaling role to regulate
eNoSC assembly and coordinate nucleolar heterochromatin for-
mation with the nutrient level. Distinct from the classic ncRNA
mechanism that promotes the assembly and recruitment of chro-
matin-modifying complexes, the abundant rRNA may act by mass
effect to suppress eNoSC formation and provide local protection
of actively transcribing rDNA chromatin.

MATERIALS AND METHODS
Cell lines and reagents. NML cDNA was provided by Junn Yanagisawa.
All constructs used in this study are of human origin. H1299 and A549
(non-small-cell lung carcinoma), U2OS (osteosarcoma), and HeLa (cer-
vical carcinoma) cells were maintained in Dulbecco modified Eagle me-
dium (DMEM) with 10% fetal bovine serum (FBS). Transfection of
H1299 cells was performed using a standard calcium phosphate precipi-
tation protocol. For glucose starvation treatment, cells were washed twice
with phosphate-buffered saline (PBS) before culturing in DMEM with
10% dialyzed FBS and 0 mM or 25 mM glucose. Rabbit polyclonal serum
for NML was generated using His6 combined with NML residues 1 to 200
(His6-NML-1-200) as the antigen and affinity purified using immobilized
His6-NML-1-200. Anti-FLAG polyclonal antibody and anti-Myc poly-
clonal antibody were purchased from Sigma. Anti-SirT1 monoclonal an-
tibody 10E4 was previously generated in our lab (19). To knock down
NML, cells were transfected with 100 nM control small interfering
(siRNA) (AATTCTCCGAACGTGTCACGT) or an NML siRNA pool
(Dharmacon) using RNAiMAX (Invitrogen). After 48 h of transfection,
cells were glucose starved and analyzed for protein interactions or pre-
rRNA synthesis.

rRNA biosynthesis assays. HeLa cells treated with control siRNA for
48 h were cultured in medium with 25 mM or 0 mM glucose for an additional
16 h, labeled with 5 �Ci [3H]uridine (38 Ci/mmol; PerkinElmer) for 30 min,
and washed twice with PBS. RNA was extracted with the TRIzol reagent
(Ambion). For quantification of the rRNA synthesis level, an identical
amount of total RNA (10 �g for each sample) was analyzed by liquid
scintillation counting to determine the incorporation of 3H. For reverse
transcription-quantitative PCR (RT-qPCR) analysis of the pre-rRNA
level, total cellular RNA was reverse transcribed using random hexanucle-
otides and the cDNAs were amplified with pre-rRNA primers (5=TGTCA
GGCGTTCTCGTCTC and 5=AGCACGACGTCACCACATC). The pre-
rRNA signal was normalized to the amount of actin mRNA.

Immunoprecipitation. Cells were lysed in lysis buffer (50 mM Tris-
HCl, pH 8.0, 5 mM EDTA, 150 mM NaCl, 0.5% NP-40, 1 mM phenyl-
methylsulfonyl fluoride, protease inhibitor cocktail) and centrifuged for
10 min at 14,000 � g to remove the insoluble debris. The supernatant was
used for immunoprecipitation and Western blotting. Treatment with
RNase A (20 �g/ml) was performed during cell lysis for 20 min at room
temperature. Cell lysate (200 to 1,000 �g of protein) was immunoprecipi-
tated with 10E4 against SirT1 and protein A-agarose beads or anti-FLAG
M2-agarose beads (Sigma) for 18 h at 4°C. After washing 4 times with
SNNTE buffer (50 mM Tris-HCl, pH 7.4, 5 mM EDTA, 500 mM NaCl,
0.1% NP-40, 5% sucrose), the beads were boiled in sample buffer for 5
min and subjected to SDS-PAGE and Western blotting to detect the
SirT1-NML interaction. To detect endogenous NML-SirT1 complex, cells
were lysed in radioimmunoprecipitation assay buffer (50 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1% sodium deoxy-
cholate), diluted 10-fold with lysis buffer, immunoprecipitated with SirT1
antibody 10E4, washed with SNNTE buffer, and blotted with affinity-
purified rabbit anti-NML antibody.

RNA immunoprecipitation. FLAG-NML was transfected into H1299
cells for 18 h and cultured in medium containing 25 mM or 0 mM glucose
for 16 h. Cells were harvested and resuspended in an equal volume of cold
lysis buffer (10 mM HEPES, pH 7.5, 100 mM KCl, 5 mM MgCl2, 0.5%

NP-40, 1 mM dithiothreitol [DTT], protease inhibitors, 100 U/ml
RNasin). The cells were passed through a 27-gauge needle before being
frozen at �80°C. The lysate was thawed on ice and treated with DNase I
for 30 min on ice (60 U/100 �l lysate). Lysate (100 �l) precleared by
centrifuging at 15,000 � g for 15 min at 4°C was added to an antibody
mixture including 800 �l of NT2 buffer (50 mM Tris-HCl, pH 7.5, 150
mM NaCl, 1 mM MgCl2, 0.05% NP-40), 20 �l of M2 beads, 100 U of
RNasin, 10 mM DTT, and 20 mM EDTA. The mixture was incubated for
18 h at 4°C with tumbling. The beads were washed with NT2 buffer, and a
portion was removed for Western blot analysis. The beads were resus-
pended in 100 �l of NT2 buffer and 100 �l of proteinase K buffer (20 mM
Tris-HCl, pH 7.8, 10 mM EDTA, 1.0% SDS) with 30 �g of proteinase K.
The mixture was incubated at 55°C for 30 min. RNA was extracted with
phenol-chloroform-isoamyl alcohol and precipitated with ethanol after
adding 25 �g of glycogen. One-step RT-qPCR was performed by a Super-
Script III platinum SYBR green one-step RT-qPCR system (Invitrogen)
with primers for 5S, 5.8S, 18S, 28S, pre-rRNA, and U1snRNA: primers
5SF (GATCTCGGAAGCTAAGCAGG) and 5SR (AAGCCTACAGCACC
CGGTAT), primers 5.8SF (GTGGATCACTCGGCTCGT) and 5.8SR (G
CAAGTGCGTTCGAAGTGT), primers 18SF (AAACGGCTACCACATC
CAAG) and 18SR (CCTCCAATGGATCCTCGTTA), primers 28SF (TCA
TCAGACCCCAGAAAAGG) and 28SR (GATTCGGCAGGTGAGTTG
TT), primers pre-rRNAF (TGTCAGGCGTTCTCGTCTC) and pre-
rRNAR (AGCACGACGTCACCACATC), and primers U1snRNAF (CTC
CGGATGTGCTGACCC) and U1snRNAR (CAAATTATGCAGTCGAG
TTTCCC), respectively.

GST-NML RNA binding assay. 5S and 5.8S rRNA-coding sequences
were amplified by PCR from HeLa genomic DNA and subcloned into the
Bluescript-KS(�) vector. The following PCR primers were used: primers
5SF (CGCGAGCTCGTCTACGGCCATACCACCCTGAAC) and 5SR (C
GCGGATCCAAAGCCTACAGCACCCGGTATTCC) and primers 5.8SF
(CGCGAGCTCCGACTCTTAGCGGTGGATCACTCG) and 5.8SR (CG
CGGATCCAAGCGACGCTCAGACAGGCGTAGC), respectively. 5S
rRNA and 5.8S rRNA were transcribed using a Riboprobe in vitro tran-
scription kit (Promega). Glutathione S-transferase (GST)–NML was cap-
tured onto glutathione beads. After washing with PBS, the beads were
incubated with or without RNase A (20 �g/ml) at 25°C for 30 min. RNase
A was removed by washing 4 times with PBS and once with binding buffer
containing RNasin (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 100 mM KCl,
0.1 mM DTT, 5% glycerol, 0.01 mg/ml bovine serum albumin [BSA], 40
U/ml RNasin). Beads loaded with �500 ng GST-NML were mixed with 2
�l of 32P-labeled RNA probes in a 30-�l mixture including 0.75 �l of BSA
(50 �g/�l), 0.3 �l of 0.1 M DTT, 0.25 �l of 1 M MgCl2, 0.5 �l of RNasin
(40 U/�l), 5 �g of yeast tRNA, and 16 �l of binding buffer. The mixture
was incubated at 30°C for 2 h. After washing 4 times with binding buffer,
the beads were boiled in Laemmli sample buffer and fractionated on a
12.5% SDS-polyacrylamide gel. The gel was directly exposed to film at
�80°C for 0.5 to 6 h.

RNA binding assays. An RNA homopolymer [poly(U)] binding assay
was performed as described previously using in vitro-translated NML and
SirT1 (20). For RNA electrophoretic mobility shift assay (EMSA), RNA
probes were transcribed using the Riboprobe in vitro transcription kit
(Promega) in the presence of �-35S-UTP (12.5 mCi/ml; PerkinElmer).
GST-NML was pulled down by glutathione-agarose beads, incubated with
RNase A (20 ng/�l) at 25°C for 30 min, washed 4 times with PBS, and
eluted using elution buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1 �M
DTT, 10 mM reduced glutathione, 0.4 U/�l RNasin). Purified GST-NML
(�50 ng) was mixed with 1 �l of 35S-labeled RNA probe in a 10-�l reac-
tion mixture containing 1.25 �g/�l BSA, 10 mM DTT, 75 mM MgCl2, 1
U/�l RNasin, 5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 75 mM KCl, and
2.5% glycerol. The mixture was incubated at 30°C for 2 h. An equal vol-
ume of loading buffer (2 mM Tris-HCl, pH 7.5, 0.2 mM EDTA, 10%
glycerol, 0.1% bromophenol blue) was added, and the RNA-protein com-
plex was resolved by electrophoresis on a 5% (wt/vol) native polyacryl-
amide gel containing 40 mM Tris-acetate, pH 7.8, 2.5 mM EDTA, and 1%
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glycerol. Gels were fixed in 30% methanol, 10% acetic acid for 30 min,
incubated with enhancer solution (1 M Na salicylate, 5% glycerol) for
1 h, dried at 80°C on a vacuum drier, and exposed to film at �80°C for
6 to 18 h.

RNA ChIP. H1299 cells (�1 � 107) were cross-linked with 1% form-
aldehyde for 10 min at 23°C. The cross-linking was stopped by 0.125 M
glycine for 5 min at 23°C. The cells were washed 3 times with PBS, lysed in
200 �l of buffer A with NP-40 [5 mM piperazine-N,N=-bis(2-ethanesul-
fonic acid) (PIPES), pH 8.0, 85 mM KCl, 0.5% NP-40, protease inhibitors,
50 U/ml RNasin] on ice for 10 min, and pelleted by microcentrifugation at
5,000 rpm for 5 min. The cell pellets were washed once with 200 �l of
buffer A without NP-40, resuspended in 350 to 500 �l of buffer B (1%
SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.1, protease inhibitors, 50
U/ml RNasin) for 10 min on ice, sonicated, and centrifuged for 10 min.
The lysate was diluted 1:10 in immunoprecipitation (IP) buffer (0.01%
SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8.1, 167
mM NaCl, protease inhibitors, 50 U/ml RNasin) and incubated with af-
finity-purified rabbit anti-NML antibody for 18 h. Protein A beads (25 �l,
packed) were added, and the mixture was incubated for 2 h at 4°C. The
beads were washed once each with low-salt buffer (0.1% SDS, 1% Triton
X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.0, 150 mM NaCl), high-salt
buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH
8.0, 500 mM NaCl), LiCl buffer (250 mM LiCl, 1% NP-40, 1% sodium
deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.0), and TE buffer (10
mM Tris-HCl, pH 8.0, 1 mM EDTA). The beads were eluted twice with a
total of 200 �l of elution buffer (1% SDS, 100 mM NaHCO3, 50 U/ml
RNasin) at 25°C for 15 min with shaking (1,000 rpm). NaCl was added to

200 mM, and the samples were de-cross-linked at 65°C for 2 h. Proteinase
K (0.1 mg/ml), 10 mM EDTA, and 40 mM Tris-HCl, pH 6.8, were added,
and the mixture was incubated at 42°C for 1 h. RNA was extracted with
phenol-chloroform and precipitated with ethanol using 25 �g of glycogen
as the carrier. The RNA was dissolved in 20 �l H2O, DNase I (0.1 mg/ml)
was added, and the mixture was incubated at 37°C for 2 h before analysis
by RT-qPCR. The signal of rRNA was normalized to the amount of
actin mRNA. The following PCR primers were used: primers 5SF (GA
TCTCGGAAGCTAAGCAGG) and 5SR (AAGCCTACAGCACCCGGT
AT), primers 5.8SF (GTGGATCACTCGGCTCGT) and 5.8SR (GCAAG
TGCGTTCGAAGTGT), primers 18SF (AAACGGCTACCACATCC
AAG) and 18SR (CCTCCAATGGATCCTCGTTA), and primers 28SF (T
CATCAGACCCCAGAAAAGG) and 28SR (GATTCGGCAGGTGAG
TTGTT).

RESULTS
SirT1 recruitment to rDNA during nutrient deprivation re-
quires NML. A recent study by Murayama et al. showed that the
nucleolar protein NML functions as a repressor of rRNA tran-
scription and interacts with SirT1 and SUV39H1 (15). We con-
firmed that transient knockdown of NML in HeLa cells stimulated
rRNA synthesis in a [3H]uridine incorporation assay (Fig. 1a).
NML knockdown also dampened the downregulation of rRNA
transcription by glucose starvation (Fig. 1a). Furthermore, we
found that stable knockdown of NML in A549 cells also increased
the pre-rRNA level (Fig. 1b and c). As reported previously, knock-

FIG 1 SirT1 recruitment to rDNA requires NML. (a) HeLa cells treated with control and NML siRNA were glucose starved for 16 h and labeled with [3H]uridine
for 30 min. An identical amount of total RNA from each sample was analyzed for the 3H incorporation level. Values are means � SDs of triplicates. (Inset)
Western blot confirming NML knockdown. Con, control. (b) A549 cells were stably infected with retrovirus expressing NML short hairpin RNAs (shRNAs), and
NML knockdown in the cell lines was confirmed by Western blotting. (c) Pre-rRNA expression levels in A549 stable NML knockdown cell lines in the presence
of 25 mM glucose were determined by RT-qPCR. Values are means � SDs of triplicates. (d) SirT1 binding to rDNA loci was determined in A549 stable
knockdown cell lines by ChIP-qPCR after glucose deprivation for 16 h. Values are means � SDs of triplicates. SCR, scrambled control shRNA. (e) H1299 cells
were transiently cotransfected with Myc-SirT1 and FLAG-NML and glucose starved for 16 h, followed by SirT1 chromatin IP with Myc antibody and PCR
detection of rDNA. Values are means � SDs of triplicates. (f) The interaction of endogenous SirT1 and NML in glucose-starved H1299 cells was analyzed by
immunoprecipitation with SirT1 monoclonal antibody, followed by Western blotting with NML polyclonal rabbit antibody. IB, immunoblotting. (g) H1299 cells
were transfected with SirT1 and FLAG-NML and treated with glucose starvation for 16 h. The interaction of ectopic SirT1 and NML was analyzed by IP-Western
blotting. Statistically significant differences from the control are marked by asterisks (t test; *, P � 0.05; **, P � 0.01).
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down of NML significantly increased cell death during glucose
starvation (Fig. 2a), in which the cell death exhibited features of
both apoptosis and necrosis (data not shown). Treatment with
SirT1-specific inhibitor EX-527 reduced endogenous SirT1 activ-
ity (as shown by an increased p53 acetylation level) (Fig. 2c) and
also increased pre-rRNA synthesis (Fig. 2b) (21). Combination of
NML siRNA and EX-527 synergistically promoted cell death dur-
ing glucose starvation (Fig. 2d). These results confirmed the role
of NML in regulating rRNA transcription and the cooperation
between NML and SirT1.

SirT1 is largely localized in the nucleoplasm (22), whereas
NML is a nucleolar protein (Fig. 3a). The ability of SirT1 to regu-
late rRNA transcription suggests that it may be transiently re-
cruited to the nucleolus by NML. In a chromatin immunoprecipi-
tation (ChIP) assay, we found that endogenous SirT1 binding to
rDNA was significantly increased after glucose deprivation in an
NML-dependent fashion (Fig. 1d). Transfection with ectopic
NML also stimulated SirT1 binding to rDNA during glucose de-
privation (Fig. 1e). When U2OS cells were cotransfected with
SirT1 and NML, colocalization of a small amount of SirT1 with
NML in the nucleolus was also observed after glucose withdrawal
(Fig. 3b). Murayama et al. showed that SirT1-NML binding was
stimulated by glucose deprivation (15). We confirmed that endog-
enous SirT1-NML binding increased significantly after glucose
starvation (Fig. 1f). The binding between transfected NML and
SirT1 was also increased after glucose starvation (Fig. 1g). The

SirT1 H363A catalytic mutant retained NML binding and a re-
sponse to glucose deprivation (Fig. 1g). Together the results sug-
gest that nutrient deprivation stimulates SirT1-NML binding,
leading to the recruitment of SirT1 to rDNA and repression of
rRNA transcription.

RNA regulates NML-SirT1 interaction. To investigate the
mechanism that regulates NML-SirT1 binding during glucose
starvation, we tested NML-SirT1 binding using an in vitro assay.
FLAG-NML and SirT1 were separately transfected into H1299
cells, followed by treatment with normal or low levels of glucose.
Cell lysates containing NML and SirT1 were mixed, and the for-
mation of the NML-SirT1 complex in vitro was analyzed. The
result showed that NML prepared from cells cultured in glucose-
free medium had an increased ability to bind SirT1 in vitro,
whereas SirT1 from glucose-starved cells did not show an in-
creased affinity for NML (Fig. 4a). This result suggests that the
change in NML was responsible for promoting SirT1 binding after
glucose deprivation.

Next, we tested the roles of several kinases using inhibitors. The
results suggested the involvement of mTOR. The activity of
mTOR is suppressed by nutrient deprivation and stress signals
such as oxidative stress and DNA damage (23). When H1299 cells
cultured in high glucose were treated with rapamycin, pre-rRNA
synthesis was downregulated and endogenous NML-SirT1 bind-
ing was stimulated (Fig. 4b and c). Therefore, mTOR may sup-
press NML-SirT1 binding in the presence of nutrients. A meta-

FIG 2 NML and SirT1 cooperate to promote cell survival during nutrient deprivation. (a) HeLa cells treated with NML siRNA were glucose starved for 24 h. Cell
death was shown by photography. (b) HeLa cells were glucose starved for 16 h in the absence or presence of the SirT1 inhibitor EX-527. The pre-rRNA levels were
determined by RT-qPCR. (c) The effect of EX-527 in inhibiting SirT1 was confirmed by treatment of U2OS (chosen for its expression of p53) for 16 h with the
indicated compounds and analysis of the p53 K382 acetylation level by Western blotting. TSA, trichostatin A. (d) HeLa cells were transfected with NML siRNA
for 24 h and cultured in glucose-free medium with 2 �M EX-527 for 24 h. Cell death was shown by photography. Statistically significant differences from the
control are marked by asterisks (t test; **, P � 0.01).
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bolic labeling experiment using [32P]orthophosphate showed that
the phosphorylation level of NML was not altered by rapamycin
(data not shown), thus ruling out NML as a direct phosphoryla-
tion substrate of mTOR. Analysis of immunopurified NML using

antiacetyllysine antibody or mass spectrometry did not detect
acetylation (data not shown).

Since pre-rRNA expression was suppressed by energy depriva-
tion or rapamycin (Fig. 1a and 4c), it is possible that the rRNA

FIG 3 NML recruits SirT1 to the nucleolus during glucose deprivation. (a) Endogenous NML was detected using a rabbit polyclonal antibody in U2OS cells. DAPI,
4=,6-diamidino-2-phenylindole. (b) U2OS cells were transfected with FLAG-NML and SirT1 alone or in combination, glucose starved for 16 h, and stained for SirT1 and
NML using 10E4 and anti-FLAG antibodies. Panels 7 and 8 are different exposures of the same cell. NML expression recruited a small fraction of SirT1 to the nucleolus
during glucose deprivation.

FIG 4 RNA inhibits NML-SirT1 binding. (a) H1299 cells were transfected with SirT1 and NML separately for 24 h, followed by incubation in medium with 5 mM or
0 mM glucose (5G and 0G, respectively) for 4 h. The extracts were mixed and incubated at 23°C for 30 min, followed by IP-Western blotting to detect NML-SirT1 binding
in vitro. (b) H1299 cells were treated with 100 nM the mTOR inhibitor rapamycin for 18 h and analyzed by IP-Western blotting for endogenous NML-SirT1 binding. (c)
Pre-rRNA levels in rapamycin-treated H1299 cells were determined by RT-qPCR. (d) A lysate of H1299 cells transfected with NML and SirT1 was treated with 5 �g/ml
RNase A at 23°C for 30 min, followed by IP-Western blotting to detect NML-SirT1 binding. (e) An H1299 cell lysate was treated with 5�g/ml RNase A at 23°C for 30 min,
followed by IP-Western blotting to detect endogenous NML-SirT1 binding. (f) A lysate of H1299 cells transfected with NML and SUV39H1 was treated with RNase A
and analyzed for NML-SUV39H1 binding by IP-Western blotting. (g) A lysate of H1299 cells transfected with SirT1 and SUV39H1 was treated with RNase A and
analyzed for SirT1-SUV39H1 binding by IP-Western blotting. Statistically significant differences from the control are marked by asterisks (t test; **, P � 0.01).
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level plays a role in regulating SirT1-NML binding. Therefore, we
treated the cell extract with RNase A. The NML-SirT1 interaction
was significantly increased after RNA removal (Fig. 4d and e),
when assayed using transfected or endogenous proteins. RNase A
treatment did not stimulate NML-SUV39H1 binding or
SUV39H1-SirT1 binding (Fig. 4f and g). These results suggest that
NML-SirT1 binding is specifically regulated by RNA.

NML-SirT1 binding is blocked by RNA. Murayama et al.
found that GST-NML did not interact with in vitro-translated
SirT1 (15). We also found that incubation of recombinant GST-
NML with H1299 extract containing endogenous SirT1 resulted
in very poor binding (Fig. 5a). However, RNase A treatment sig-
nificantly stimulated GST-NML binding to SirT1 (Fig. 5a), sug-
gesting that the SirT1 binding site on GST-NML was blocked by
Escherichia coli RNA.

To test whether E. coli-expressed GST-NML was occupied with
bacterial RNA, the GST-NML preparation was digested with pro-
teinase K and the remaining material was analyzed by gel electro-
phoresis and silver staining. GST-NML indeed copurified with
significant amounts of E. coli RNA of various molecular masses,
and the RNA was eliminated by RNase A treatment (Fig. 5f). Fur-
thermore, total RNA purified from H1299 cells inhibited NML-
SirT1 binding in vitro in a dose-dependent fashion (Fig. 5a). The
interaction of recombinant His6-NML and GST-SirT1 purified

from E. coli was also increased after removal of RNA and blocked
by readdition of H1299 RNA (data not shown). These data suggest
that RNA and SirT1 compete for binding to NML.

On the basis of the findings presented above, we hypothesized
that rRNA may regulate NML-SirT1 binding in vivo. Thus, we
treated H1299 cells with actinomycin D at low concentrations (10
to 20 nM) that inhibit Pol I-dependent transcription of rRNA but
not Pol II-mediated transcription (Fig. 5c). As expected, actino-
mycin D significantly promoted the binding between endogenous
NML and SirT1 (Fig. 5b), which was similar to the effect of glucose
starvation. To further confirm the role of rRNA transcription in
regulating NML-SirT1 binding, H1299 cells were treated with the
recently developed Pol I-specific inhibitor CX-5461 (24). This
compound inhibited pre-rRNA synthesis and strongly stimulated
NML-SirT1 complex formation in 2 h (Fig. 5d and e). In contrast,
the Pol II-specific inhibitor �-amanitin had no effect when tested
for up to 24 h (to accommodate its slow uptake). These results
suggest that eNoSC assembly is regulated by nascent rRNA
through competitive binding of SirT1 and rRNA to NML.

NML copurifies with rRNA. We tested whether NML is an
RNA binding protein by incubating poly(U)-agarose beads with
in vitro-translated NML or SirT1. The results showed that NML
but not SirT1 bound to poly(U)-agarose (Fig. 6a), suggesting that
NML has affinity for nucleic acid. A similar result was also ob-

FIG 5 rRNA inhibits NML binding to SirT1 in vitro and in vivo. (a) Glutathione beads loaded with GST-NML were treated with RNase A and RNasin and
incubated with an H1299 cell lysate in the absence or presence of purified total H1299 cell RNA at the indicated amounts. The amount of SirT1 captured by
GST-NML was detected by Western blotting. (b) H1299 cells were treated with actinomycin D or glucose deprivation for 8 h. Endogenous NML-SirT1 binding
was detected by IP-Western blotting using the indicated antibodies. (c) Inhibition of pre-rRNA transcription by glucose deprivation and actinomycin D was
confirmed by RT-qPCR. (d) H1299 cells were treated with Pol I-specific inhibitor CX-5461 or Pol II-specific inhibitor �-amanitin for the indicated times and
analyzed for endogenous NML-SirT1 complex formation by IP-Western blotting. (e) H1299 cells were treated with CX-5461 or �-amanitin and analyzed for
their pre-rRNA levels by RT-PCR. The pre-rRNA level was normalized to the level of GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA. (f) GST and
GST-NML were purified from E. coli lysate using glutathione beads and digested with proteinase K, and the copurified E. coli RNA was detected by SDS-PAGE
and silver staining. Statistically significant differences from the control are marked by asterisks (t test; **, P � 0.01).
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tained using poly(C)-agarose beads (data not shown). To further
test whether RNA regulates NML conformation, cell extract was
treated with RNase A and subjected to trypsin digestion. Endoge-
nous NML became more resistant to trypsin digestion after RNase
A treatment (Fig. 6b), suggesting that removal of RNA changed
the conformation of NML or the accessibility of certain residues.

To determine whether NML interacts with rRNA, RNA iso-
lated from the NML complex by RNA IP (RIP) was analyzed by
RT-qPCR using validated primers. The results indicated that
NML coprecipitated with 5S, 5.8S, and 28S rRNA but showed little
binding to pre-rRNA and 18S rRNA (Fig. 6c). Next, the RNA
samples isolated from the NML complex were fractionated on
SDS-polyacrylamide gels and subjected to silver staining. NML
coprecipitated with a prominent RNA band that comigrated with
�40-kDa protein markers, as well as multiple higher-molecular-
mass species (Fig. 6d). Treatment with RNase A destroyed the
40-kDa band, suggesting that it was composed of RNA. High-
molecular-mass materials were also eliminated by RNase A diges-
tion. This result further confirmed that the NML complex con-
tains a significant amount of RNA. As a control, an NML mutant
with an internal deletion of residues 180 to 204 (NML	180-204)
was deficient in RNA coprecipitation in these assays (this is further
addressed in Fig. 11).

The most abundant RNAs that migrate at the 17- to 40-kDa
range are 5.8S rRNA, 5S rRNA, and tRNA. Therefore, the likely
candidates of NML-associated RNA are 5.8S and 5S rRNA. To test
this possibility, the 40-kDa band was excised and the RNA was
extracted and subjected to RT-qPCR analysis using primers
against 28S, 5.8S, and 5S rRNA. Additional gel slices excised at
different positions were also analyzed to provide background con-
trols. The qPCR analysis confirmed that the major components of
the 40-kDa RNA band were 5.8S and 5S rRNA (data not shown).
Furthermore, there was a substantial amount of 28S rRNA that
copurified with NML and migrated at the higher-molecular-mass
region. This result was consistent with that of the RIP–RT-qPCR
analysis (Fig. 6c), suggesting that NML can bind to multiple rRNA
species.

NML nonspecifically interacts with RNA in vitro. To test
whether NML directly binds to rRNA, GST-NML produced in E.
coli was used to pull down in vitro-transcribed, 32P-labeled 5S and
5.8S rRNA. A strong interaction between GST-NML and RNA
probes was observed only after removing bacterial RNA with
RNase A/RNasin pretreatment (Fig. 7a). Without pretreatment
with RNase A, GST-NML captured only �1% of the RNA probe,
whereas RNase A-treated GST-NML captured �20% of the 5.8S
rRNA probe. However, a fragment of p53 mRNA was also pulled

FIG 6 NML interacts with rRNA. (a) In vitro-translated NML was incubated with RNA-agarose beads, and the bound proteins were detected by autoradiogra-
phy. SirT1 served as a negative control. (b) An H1299 cell lysate was treated with 5 �g/ml RNase A or mock treated for 30 min at 23°C, followed by trypsin
digestion for 10 min at 23°C. Endogenous NML was analyzed by Western blotting. Cleavage of a background band near the top of the gel served as an internal
control for trypsin dosage. (c) H1299 cells transfected with GFP, FLAG-NML, or FLAG-NML	180-204 were immunoprecipitated using M2 beads. The
coprecipitated RNAs were purified and analyzed by RT-qPCR using primers for the indicated RNA species. The relative rRNA level was normalized to the input
amount. (d) H1299 cells were transfected with FLAG-NML, immunoprecipitated with M2 antibody, and digested with proteinase K. RNA isolated from the NML
complex was subjected to 12.5% SDS-PAGE and detected by silver staining. The band marked with an arrow was found to contain predominantly 5S and 5.8S
rRNA by RT-qPCR.
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down by GST-NML with an efficiency comparable to that for rRNAs
(Fig. 7a). GST-NML also efficiently captured RNA transcribed from a
different region of p53 or from a plasmid polylinker region (data not
shown), suggesting that the in vitro RNA binding by NML may not be
restricted to rRNA. Consistent with the poly(U) binding result, GST-
SirT1 did not bind 5S rRNA even after pretreatment with RNase A
(Fig. 7b). To further test the RNA binding activity of NML, we per-
formed an electrophoretic mobility shift assay (EMSA) using RNase
A-treated GST-NML. The purified GST-NML was able to induce a
mobility shift of the labeled 5.8S rRNA probe, which was blocked by
the addition of H1299 RNA as a competitor (Fig. 7c). Similar results
were observed using p53 RNA (Fig. 7c) or 5S rRNA probes (data not
shown). These results suggest that NML can directly interact with
RNA without sequence specificity in vitro. A titration experiment
using EMSA showed that GST-NML bound to 5.8S rRNA with a
dissociation constant (Kd) of �0.1 �M (data not shown). Although
NML-SirT1 binding affinity has not been determined, other strong
protein interactions, such as the p53-MDM2 interaction, have an
affinity in a similar range (Kd, �0.2 �M), suggesting a potential for
RNA to competitively regulate the NML interaction with other pro-
teins, such as SirT1.

NML-rRNA binding is reduced after glucose deprivation. If
NML-SirT1 binding in the cell was regulated by rRNA, the NML-

rRNA interaction should be reduced during starvation when
NML-SirT1 binding was increased. To test whether this is the case,
we performed RNA ChIP using NML antibody after in vivo chem-
ical cross-linking. RT-qPCR analysis showed that immunopre-
cipitation of endogenous NML coprecipitated a significant
amount of rRNA compared to control IP with IgG (Fig. 8a). The
amount of coprecipitated rRNA was reduced by 2- to 3-fold after
glucose deprivation (Fig. 8a), a finding correlating with reduced
pre-rRNA expression. Ectopic NML binding to rRNA was also
reduced after glucose deprivation in the RNA-ChIP assay (Fig.
8b). These results suggest that NML interacts with rRNA in vivo.
The amount of NML-associated rRNA is determined by nutrient
level, which is possibly responsible for the increased NML-SirT1
complex formation during starvation. Interestingly, NML showed
negligible binding to 18S rRNA even after in vivo cross-linking
(Fig. 8c), which is consistent with the finding of the RNA co-IP
experiment without cross-linking (Fig. 6c). Therefore, despite its
lack of sequence specificity for RNA in vitro, the in vivo RNA
binding by NML may be determined by other mechanisms, such
as colocalization and competition with other RNA binding pro-
teins.

Overlapping SirT1 and RNA binding sites on NML. The re-
sults presented above suggest that SirT1 and RNA may have over-

FIG 7 NML binds to RNA in vitro. (a) GST-NML expressed in E. coli was loaded onto glutathione-agarose beads, treated with RNase A and RNasin (marked with
asterisks), and incubated with in vitro-transcribed 32P-labeled 5S rRNA, 5.8S rRNA, and a fragment of p53 mRNA. The captured RNA was detected by
autoradiography. (b) GST-SirT1 and GST-NML treated with RNase A and RNasin were tested for binding to 5S rRNA by pulldown assay (left). Protein levels
were confirmed by Coomassie staining (right). Arrows, full-length fusion proteins. (c) GST-NML was purified, treated with RNase A and RNasin, and incubated
with 35S-labeled RNA probes. RNA binding was detected by EMSA and autofluorography. Total RNA purified from H1299 cells was used as a competitor.
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lapping binding sites on NML, resulting in competitive binding
that regulates eNoSC formation. To test this hypothesis, NML
deletion mutants were analyzed for binding to SirT1. The result
suggested that residues 157 to 300 of NML encode the SirT1 bind-
ing function (Fig. 9a). This region probably makes multiple con-
tacts with SirT1, since weak SirT1 binding was still detectable with
the NML fragments from residues 1 to 200 and residues 1 to 250.
Most mutants capable of binding SirT1 also retained a response to
glucose deprivation, but the NML fragment from residues 145 to
300 bound SirT1 constitutively, suggesting a potential loss of the
RNA binding domain.

To identify the region of NML involved in RNA binding, GST-
NML fusion proteins were purified from E. coli and treated with
RNase A/RNasin, and similar amounts of proteins were tested for
binding to RNA using EMSA. The analysis showed that residues 1
to 205 of NML had strong RNA binding, whereas the C-terminal
half (residues 200 to 456) did not bind RNA (Fig. 9b). A smaller
fragment of NML that contained the sequence between residues
60 and 205 also showed RNA binding activity. This region con-
tains 25% lysine and arginine residues, has a calculated isoelectric
point of 9.4, and is predicted to be partially unstructured (Fig. 10).
The lack of homology to known RNA binding domains suggests
that this region binds to RNA mainly through electrostatic inter-
actions, independently of the specific RNA sequence or structure.
These results suggest that the SirT1 and RNA binding sites on
NML overlap partially, which may account for the competition
(Fig. 9c). The result is also consistent with the unregulated SirT1
binding by the mutant consisting of the NML fragment from res-

idues 145 to 300 (NML-145-300) (Fig. 9a), since this mutant has
lost a significant part of the RNA binding site. The strong basal
SirT1 binding by the NML-1-300 mutant remains unclear but
may be caused by abnormal folding of this mutant.

Reduction of RNA binding increases the repression function
of NML. Within the RNA binding site, a region from residues 180
to 204 was of particular interest because it contains 10 K/R resi-
dues (42%), and is highly conserved among different species (Fig.
10). A small internal deletion mutant, NML	180-204, showed
reduced binding to RNA (Fig. 9b and 11a) in EMSA and did not
coprecipitate with rRNA during immunoprecipitation (Fig. 6c
and d). Interestingly, the NML	180-204 mutant showed stronger
SirT1 binding than wild-type NML under both high- and low-
glucose conditions, and the stimulation by glucose deprivation
was less dramatic than that for wild-type NML (Fig. 11b). Consis-
tent with its partial RNA binding deficiency, GST-NML	180-204
showed stronger SirT1 binding than GST-NML before RNase A
treatment. RNase A stimulated GST-NML binding to SirT1 but
did not stimulate GST-NML	180-204 binding to SirT1. Further-
more, purified RNA did not inhibit SirT1 binding by GST-
NML	180-204 (Fig. 11c). Therefore, this property of NML	180-
204 was consistent with the notion that interaction with RNA
interferes with SirT1 binding.

Immunofluorescence staining showed that the NML	180-204
mutant was partially deficient for nucleolar localization (Fig. 12a),
which may complicate analysis of its repression function in the
nucleolus. To address this issue, the nucleolar localization signal
sequence (NoLS; KKLKKRNK) from the MDM2 RING domain

FIG 8 The level of NML-associated rRNA is reduced after glucose deprivation. (a) H1299 cells were cultured in medium containing 25 mM or 0 mM glucose for
16 h. Endogenous NML-rRNA binding was analyzed by RNA ChIP assay using primers for the indicated RNA species. Values are means � SDs of triplicates. (b
and c) H1299 cells were transfected with FLAG-NML and cultured in medium containing 25 mM or 0 mM glucose for 16 h. NML-rRNA binding was analyzed
by in vivo cross-linking and RNA ChIP assay using FLAG antibody and primers for the indicated RNA species. Values are means � SDs for triplicates. Statistically
significant differences from the control are marked by asterisks (t test; **, P � 0.01).
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was grafted to the N terminus of NML	180-204 and wild-type
NML (as a control). Previous studies showed that this sequence
was sufficient to target green fluorescent protein (GFP) or p53 to
the nucleolus (25, 26). The NoLS fusion restored nucleolar local-
ization of NML	180-204 (Fig. 12a) while still maintaining ele-
vated SirT1 binding compared to that for NML or NoLS-NML
(Fig. 12b).

To test whether reduced RNA binding by NML	180-204 leads
to increased repression of pre-rRNA expression, H1299 cells were
transfected with NoLS-NML	180-204 and NoLS-NML. The
NoLS-NML	180-204 mutant reproducibly suppressed pre-rRNA
expression more efficiently than NoLS-NML in high glucose,
whereas wild-type NML had poor activity (Fig. 12c). Without the
NoLS fusion, NML	180-204 showed repression activity similar to
that of wild-type NML, despite incomplete nucleolar localization
(data not shown). ChIP analysis showed that NoLS-NML	180-
204 was more efficient in stimulating the H3K9me2 level at the
rDNA (Fig. 12d) and recruiting SirT1 to rDNA (Fig. 12e). There-
fore, reducing the RNA binding affinity of NML increased its
SirT1 binding and transcription repression activities in high glu-
cose. However, the NML	180-204 mutant retained some re-
sponse to glucose starvation in SirT1 binding, repression, and
H3K9 methylation assays, probably due to its partial RNA binding

activity (Fig. 9b and 11a). It is currently unclear whether a com-
plete RNA binding-defective NML mutant can be created without
compromising other functions. Overall, these results provide ev-
idence that RNA binding inhibits the ability of NML to bind SirT1
and repress transcription in the nucleolus.

In summary, the results suggest that under nutrient-rich con-
ditions, the assembly of eNoSC in the nucleolus is suppressed by
nascent rRNA. As such, nutrient signaling that activates RNA Pol
I in the nucleolus induces an RNA-mediated positive feedback to
maintain the rDNA in open chromatin (Fig. 13a). Nutrient depri-
vation or other stresses that inhibit mTOR activity and reduce
RNA Pol I transcriptional output will reduce the amount of nas-
cent rRNA and stimulate NML-SirT1 binding, thus causing fur-
ther suppression of rRNA transcription (Fig. 13b).

DISCUSSION

Ribosomal biogenesis consumes �50% of the energy supply in
proliferating cells and is tightly coordinated with nutrient avail-
ability and growth signaling. Multiple stress, nutrient, and growth
factor signaling pathways converge on mTOR. The ability of
mTOR to simultaneously regulate rRNA and ribosomal protein
biosynthesis by RNA Pol I, Pol II, and Pol III allows it to function
as a central signal integrator (1, 23). Glucose deprivation causes a

FIG 9 Mapping of SirT1 and RNA binding sites on NML. (a) H1299 cells cotransfected with SirT1 and NML deletion mutants were cultured in normal medium
or glucose-free medium for 16 h. The SirT1-NML interaction was analyzed by IP-Western blotting. (b) GST-NML fusion proteins treated with RNase A and
RNasin were purified and tested for binding to in vitro-transcribed 35S-labeled 5.8S rRNA by EMSA. (c) Diagram of GST-NML mutants and summary of RNA
binding analysis in panel b.
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rapid decrease in pre-rRNA transcription through several mech-
anisms. A low ATP level activates AMP-activated protein kinase
(AMPK), which phosphorylates Pol I-associated transcription
factor TIF-1A and inhibits the assembly of the active transcription
initiation complex (27). AMPK activation also inhibits mTOR.
Since mTOR is a positive regulator of TIF-1A, inactivation of
mTOR leads to further inhibition of pre-rRNA transcription by
Pol I.

Recent identification of the SirT1- and SUV39H1-containing
complex eNoSC suggests that there is an additional layer of nutri-
ent-sensitive control at the level of rDNA heterochromatin forma-
tion. The composition of eNoSC suggests that it has an intrinsic
ability to spread heterochromatin marks from inactive rDNA re-
peats into active repeats. NML binds to histone H3 with methyl-
ated K9, and the recruited SirT1 and SUV39H1 may act synergis-
tically to promote deacetylation and methylation of adjacent
H3K9 residues (16). NML also has structural features of a SAM-
dependent methyltransferase in its C-terminal domain. Although
unproven, it may methylate histones directly or in cooperation
with SUV39H1. In proliferating cells, �50% of the rDNA repeats
are thought to exist as silent heterochromatin. Therefore, the
eNoSC constitutively present on the inactive rDNA repeats is
poised to spread into active repeats. While the mTOR-mediated
regulation of Pol I and Pol III provides a rapid mechanism to
downregulate rRNA transcription, eNoSC may serve as a second-

ary feedback mechanism through epigenetic modification of
rDNA.

Our results suggest that glucose availability regulates eNoSC
assembly in the nucleolus through an rRNA-dependent mecha-
nism. This places eNoSC under the control of upstream signal
integrators, such as mTOR, and allows nucleolar heterochromatin
formation to be coordinated with RNA polymerase activity. Over-
all, the results are consistent with the following model: under nu-
trient-rich conditions, mTOR and other factors stimulate RNA
Pol I and Pol III synthesis of rRNA. The nascent rRNA in turn
binds to NML, blocks NML interaction with SirT1, and prevents
recruitment of SirT1 to the nucleolus. This mechanism provides a
positive-feedback loop to mTOR signaling by protecting the active
nucleolar rDNA from repression by eNoSC (Fig. 13a). During
starvation, mTOR inactivation reduces Pol I and Pol III activity.
The reduced level of nascent rRNA enables NML-SirT1 complex
formation in the nucleolus, promoting heterochromatin spread-
ing and silencing of the rDNA repeats (Fig. 13b). As such, eNoSC
reinforces mTOR regulation of rRNA synthesis by sensing the
level of Pol I and Pol III activity (nascent rRNA output).

The regulation of eNoSC assembly by rRNA suggests a unique
mechanism different from the prevailing theme of ncRNA-medi-
ated silencing. Nearly 70% of the mammalian genome produces
ncRNA (28, 29). Most mammalian genes also produce antisense

FIG 10 The RNA binding site of NML is predicted to be unstructured. (Top)
Result of analysis of NML by predictors of natural disordered regions
(PONDR); (middle) NML diagram showing the relative locations of SirT1 and
RNA binding regions mapped by deletion analysis; (bottom) alignment of
residues 180 to 204 of NML showing the sequence conservation between
species.

FIG 11 Reduced NML-RNA binding correlates with increased SirT1 binding
and transcription repression. (a) Identical amounts of GST-NML and GST-
NML	180-204 proteins were tested for RNA binding by EMSA. (b) H1299
cells cotransfected with SirT1 and NML or NML	180-204 were glucose
starved for 16 h. NML-SirT1 binding was detected by IP-Western blotting. (c)
Glutathione beads loaded with GST-NML and GST-NML	180-204 were
treated with RNase A and RNasin and incubated with H1299 cell lysate in the
absence or presence of purified H1299 RNA. The amount of SirT1 captured by
GST-NML or GST-NML	180-204 was detected by Western blotting.
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RNAs that regulate their expression (30). A well-established
mechanism is that ncRNAs function by promoting the de novo
assembly of chromatin-silencing complexes and targeting the pro-
tein complexes through siRNA base pairing with nascent ncRNA

transcribing from specific target genes (31–33). In this model, a
small amount of ncRNA can significantly inhibit target gene tran-
scription. SirT1 activity is inhibited by the NAD
-dependent
deacetylation product nicotinamide (34). Assembly of the SIR
complex in yeast is inhibited by another product of deacetylation,
O-acetyl-ADP-ribose (35). Our results add to the list of metabolic
products that regulate SirT1 and suggest that rRNA also plays a
role in regulating SirT1 complex assembly in the nucleolus.

The results suggest that nascent rRNA acts by a mass effect to
saturate the SirT1 binding site on NML and prevents eNoSC as-
sembly on rDNA. Such a mechanism may require high-level RNA
expression and function only locally near active genes. rRNA is
well suited for performing such a regulatory role because of the
exceptionally high rate of pre-rRNA transcription per rDNA unit.
Pre-rRNA transcription and processing occur simultaneously in
the nucleolus. 5S rRNA is also transcribed near the nucleolus and
delivered to the nucleolus by RPL5 (36). The local concentration
of nascent 5S and 5.8S rRNA near active rDNA repeats may estab-
lish a protective zone that prevents NML-SirT1 complex forma-
tion. When rRNA synthesis starts to decline during stress, the
nascent rRNA available for interaction with NML should rapidly
decrease due to competition by ribosomal proteins, thus increas-
ing NML-SirT1 binding. In addition to providing a positive-feed-

FIG 12 Increased transcription repression by an RNA binding NML mutant. (a) H1299 cells were transfected with FLAG-tagged NML constructs fused to a
nucleolar targeting signal sequence (NoLS) and stained with FLAG antibody to confirm the nucleolar localization of NoLS-NML	180-204. IF, immunofluo-
rescent. (b) NML and NML	180-204 fused to the nucleolar targeting signal sequence were tested by IP-Western blotting after transfection into H1299 cells to
confirm their SirT1 binding efficiency. (c) H1299 cells were transfected with the indicated plasmids and cultured in 0 mM glucose for 16 h. The pre-rRNA
expression level was determined by RT-qPCR. Values are means � SDs of triplicates. (d) H1299 cells were transfected with the indicated plasmids and cultured
in 0 mM glucose for 16 h. The H3K9me2 level at the rDNA was analyzed by ChIP. Values are means � SDs of triplicates. (e) H1299 cells were transfected with
the indicated plasmids and cultured in 25 mM glucose. Myc-SirT1 recruitment to rDNA was analyzed by ChIP using anti-Myc antibody. Values are means � SDs
of triplicates. Statistically significant differences from the control are marked by asterisks (t test; *, P � 0.05; **, P � 0.01).

FIG 13 Model of nutrient-dependent regulation of eNoSC assembly. (a) Dur-
ing nutrient-rich growth, mTOR stimulates RNA Pol I and Pol III synthesis of
rRNA. The nascent rRNA in turn binds to NML and inhibits eNoSC assembly
on rDNA, providing a positive feedback to amplify mTOR signaling. (b) Dur-
ing starvation, mTOR inactivation reduces Pol I and Pol III activity. The re-
duced nascent rRNA level enables NML to bind and recruit SirT1 to the nu-
cleolus, promoting heterochromatin formation and silencing of the rDNA. As
such, eNoSC reinforces mTOR regulation of rDNA transcription.
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back mechanism to amplify nutrient signaling to the nucleolus, 5S
rRNA expression outside the nucleolus may also stimulate nucle-
olar pre-rRNA transcription to ensure comparable output, since
the rRNAs are assembled into mature ribosomes at an equal molar
ratio. It remains to be determined whether similar feedback mech-
anisms also regulate gene expression outside the nucleolus.

Our results suggest that regulation of NML-SirT1 binding by
RNA may not require sequence specificity. The E. coli RNA copu-
rified with GST-NML strongly inhibited SirT1 binding in vitro.
Several control RNAs interacted with NML as efficiently as rRNA
in vitro. The region of NML important for RNA binding is rich in
basic amino acids but does not have sequence homology to known
RNA binding domains. It is likely that rRNAs copurify with NML
mainly due to their abundance and colocalization in the nucleo-
lus. The high concentration of rRNA in the nucleolus may be
sufficient for regulating local eNoSC formation independently of
sequence-specific binding. Interestingly, 18S rRNA showed negli-
gible binding to NML in vivo, suggesting that despite its lack of
sequence specificity for RNA in vitro, the in vivo RNA binding by
NML may be regulated by accessibility to specific RNA species and
competition with other RNA binding proteins. It is unclear
whether the process of nascent 18S rRNA assembly into the pre-
ribosome precludes interaction with NML.

The sequence-nonspecific RNA binding by an unstructured
region of NML is similar to the nonspecific RNA binding by het-
erochromatin proteins HP1swi6 and Chp1 from fission yeast (37,
38). HP1swi6 binds RNA through a positively charged flexible
hinge region, whereas Chp1 binds RNA through a flexible se-
quence in its chromodomain. Furthermore, the RNA binding re-
gion of HP1swi6 also functions as a nuclear localization signal (38).
This is similar to our observation that the positively charged re-
gion of NML from residues 180 to 204 involved in RNA binding is
also needed for nucleolar localization. RNA binding has diverse
functional effects on these proteins. RNA competes with the
HP1swi6 chromodomain for binding to methylated histone H3 K9,
stimulates Chp1 chromodomain binding to methylated H3 K9,
and inhibits NML binding to SirT1. Intrinsically unstructured
peptide sequences have important roles in signaling and regula-
tion due to their ability to interact with diverse partners (39). It is
possible that nonspecific RNA binding through an intrinsically
unstructured region is an important feature of heterochromatin
proteins necessary for their regulation at multiple genomic loci by
locally produced RNA with diverse sequences.
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