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SUMMARY

A complex network of regulatory pathways links
transcription to cell growth and proliferation. Here
we show that cellular quiescence alters chromatin
structure by promoting trimethylation of histone H4
at lysine 20 (H4K20me3). In contrast to pericentric
or telomeric regions, recruitment of the H4K20
methyltransferase Suv4-20h2 to rRNA genes and
IAP elements requires neither trimethylation of
H3K9 nor interaction with HP1 proteins but depends
on long noncoding RNAs (lncRNAs) that interact with
Suv4-20h2. Growth factor deprivation and terminal
differentiation lead to upregulation of these lncRNAs,
increase in H4K20me3, and chromatin compaction.
The results uncover a lncRNA-mediated mechanism
that guides Suv4-20h2 to specific genomic loci to
establish a more compact chromatin structure in
growth-arrested cells.

INTRODUCTION

In the past few years, thousands of long noncoding RNAs

(lncRNAs) have been identified, originating from intergenic or

coding regions in sense or antisense orientation (Carninci

et al., 2005; Djebali et al., 2012). There is mounting evidence

that lncRNAs establish specific epigenetic landscapes by guid-

ing chromatin modifiers to distinct genomic sites (Wang and

Chang, 2011). A large number of lncRNAs have been shown to

repress transcription by interaction with chromatin modifiers

that impair preinitiation complex formation, change nucleosome

positions, or alter the epigenetic signature of specific loci (Fa-

ghihi and Wahlestedt, 2009; Guttman et al., 2011). Accordingly,

lncRNAs represent an integral component of heterochromatin

and are essential for the establishment and maintenance of het-

erochromatic features (Deng et al., 2009; Maison et al., 2011). At

pericentric and telomeric regions, heterochromatin formation

requires heterochromatin protein 1 (HP1) and the histone meth-

yltransferases Suv39h and Suv4-20h. Suv39h catalyzes trime-

thylation of H3K9 (H3K9me3), which facilitates binding of HP1

proteins that interact with Suv4-20h and establish H4K20me3

(Schotta et al., 2004; Garcı́a-Cao et al., 2004; Benetti et al.,

2007). It is unknown whether HP1-dependent recruitment of
Suv4-20h is restricted to pericentric and telomeric heterochro-

matin or whether alternative pathways exist that target Suv4-

20h to chromatin.

Here we describe a lncRNA-based mechanism that guides

Suv4-20h2 to rRNA genes (rDNA) to establish a more compact

chromatin structure in growth-arrested cells. Previous results

have established that formation of constitutive heterochromatin

at murine rDNA requires pRNA, a promoter-associated RNA that

recruits the chromatin remodeling complex NoRC to rDNA, trig-

gering changes in nucleosome positioning, heterochromatic his-

tone modifications, and DNA methylation (Li et al., 2006; Mayer

et al., 2006). In addition, a fraction of rDNA is transcribed in anti-

sense orientation by RNA polymerase II (Bierhoff et al., 2010).

These antisense transcripts, termed PAPAS (promoter and

pre-rRNA antisense), comprise a heterogeneous population of

lncRNA that covers the pre-rRNA coding region and the rDNA

promoter. Here we show that PAPAS is upregulated in quiescent

cells, elevated levels of PAPAS being accompanied by increased

trimethylation of H4K20 and chromatin compaction. Gain- and

loss-of-function experiments and RNA-protein binding assays

revealed that PAPAS guides Suv4-20h2 to nucleolar chromatin,

reinforcing quiescence-dependent transcriptional repression by

mediating H4K20me3-dependent chromatin compaction. Ex-

panding this notion, we show that intracisternal A particle (IAP)

retroelements respond to growth factor deprivation by upregu-

lating IAP-derived lncRNAs and increased levels of H4K20me3.

The results uncover a novel function of lncRNA, guiding Suv4-

20h2 to specific repetitive genomic loci in a manner that differs

from heterochromatin formation at major satellite and telomeric

repeats.
RESULTS AND DISCUSSION

Antisense Transcripts and H4K20me3 Are Upregulated
at rDNA in Quiescent Cells
Repression of pre-rRNA synthesis in density-arrested or serum-

deprived NIH 3T3 cells correlates with release of RNA polymer-

ase I (Pol I) and the transcription initiation factor TIF-IA from the

rDNA promoter (Figure 1A, and see Figures S1A and S1B avail-

able online). Growth arrest did not affect association of the

transcription factors UBF and TIF-IB, CpG methylation, or the

level of pRNA (Mayer et al., 2006), a lncRNA that triggers DNA

methylation and NoRC-dependent silencing of rRNA genes

(Figure S1B). However, the level of PAPAS (promoter and pre-

rRNA antisense), an antisense RNA that covers both the rDNA
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Figure 1. Inhibition of Pre-rRNA Synthesis

in Quiescent Cells Correlates with Elevated

Levels of PAPAS and H4K20me3

(A) RT-qPCR showing levels of pre-rRNA and

PAPAS in growing (10% FCS), serum-starved

(0.1% FCS), and density-arrested (dense) NIH 3T3

fibroblasts. Data were normalized to 18S rRNA.

(B) ChIP ofmodified histones at the rDNApromoter

in NIH 3T3 cells cultured in the presence of 10% or

0.1% FCS. Data were normalized to rDNA pro-

moter occupancy of histone H3 and are displayed

as fold change upon starvation. See Figure S1C for

unnormalized data.

(C) ChIP monitoring H3K9me3 and H4K20me3 in

growing (ctrl) and density-arrested (dense) cells.

(D) Serum-starved cells were refed with 10% FCS

for the indicated times. rDNA promoter occupancy

of Pol I and H4K20me3 was assayed by ChIP;

PAPAS was monitored by RT-qPCR.

(E) ChIP of H4K20me3 and H3K9me3 at rDNA in

wild-type and Suv39h�/� MEFs cultured in 10% or

0.1% FCS. Data were normalized to histone H3.

(F) Levels of pre-rRNA in wild-type and Suv4-

20h�/�MEFs expressing ER-tagged TIF-IAS649D.

Cells were cultured in 10% or 0.1% FCS in the

absence or presence of 500 nM 4-hydrox-

ytamoxifen (4-OHT). The western blots show

similar ER-TIF-IAS649D expression in wild-type

and mutant MEFs.

Data are represented as SD from at least three

independent replicates; *p < 0.05, **p < 0.01, ***p <

0.001. See also Figure S1.
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promoter and the pre-rRNA coding region (Bierhoff et al., 2010)

was increased (Figures 1A and S1A). The inverse correlation be-

tween the levels of PAPAS and pre-rRNA suggested that PAPAS

acts in concert with signaling pathways that downregulate Pol I

transcription upon growth arrest.

To assay whether changes in rDNA transcription and PAPAS

levels are associated with changes in chromatin structure, we

compared histone modifications at the rDNA promoter in

growing and quiescent cells. Growth arrest did not affect occu-

pancy of H3K4me3, H3K9me2, H3K9me3, and H3K27me3

but led to decreased levels of acetylated histone H4 and

H4K20me1 and a 3- to 4-fold increase of H4K20me3 (Figures

1B, 1C, and S1C). PAPAS and H4K20me3 levels were also

increased after cell-cycle arrest of MCF7 cells by the estrogen

receptor antagonist ICI 182,780 and upon terminal differentiation

of human colon cancer cells (Caco-2), C2C12 myoblasts, and

3T3-L1 cells (Figures S1D–S1G). Moreover, refeeding of starved

cells with serum led to progressive binding of Pol I to rDNA, while

both PAPAS and H4K20me3 decreased (Figure 1D). These re-

sults show that trimethylation of H4K20 is reversible, being

enhanced upon growth arrest and decreased upon mitogenic

stimulation.

Trimethylation of H4K20 at pericentric and telomeric hetero-

chromatin depends on trimethylation of H3K9 by Suv39h

(Schotta et al., 2004; Garcı́a-Cao et al., 2004; Benetti et al.,

2007). To examine whether the same pathway mediates quies-
676 Molecular Cell 54, 675–682, May 22, 2014 ª2014 Elsevier Inc.
cence-induced H4K20me3 at rDNA, we compared rDNA

occupancy of H4K20me3 in wild-type and Suv39h-deficient

(Suv39h�/�) mouse embryonic fibroblasts (MEFs). In both cell

lines H4K20me3 levels were increased upon serum deprivation

(Figure 1E), indicating that gain of H4K20me3 at rDNA is

independent of Suv39h activity. Knockout of ESET/Setdb1 or in-

hibition of G9a by BIX-01294 (Kubicek et al., 2007) did not affect

upregulation of H4K20me3 (Figure S1H), demonstrating that

quiescence-induced trimethylation of H4K20 does not depend

on ESET/Setdb1- or G9a-mediated H3K9 methylation.

rDNA transcription requires RSK-dependent phosphorylation

of TIF-IA at serine 649, which is absent in quiescent cells (Zhao

et al., 2003). To examine whether both inactivation of TIF-IA

and upregulation of H4K20me3 cause transcriptional repression,

we monitored pre-rRNA synthesis in wild-type MEFs or

Suv4-20h�/� MEFs lacking H4K20me3 (Figure S1I) after overex-

pression of ER-tagged TIF-IAS649D, a mutant mimicking RSK-

dependent phosphorylation. Induction of ER-TIF-IAS649D with

4-hydroxytamoxifen (4-OHT) augmented pre-rRNA synthesis in

both wild-type and Suv4-20h�/� MEFs. Notably, in serum-

deprived Suv4-20h�/� MEFs induction of ER-TIF-IAS649D led

to reactivation of pre-rRNA synthesis, whereas transcription re-

mained repressed in wild-type MEFs (Figure 1F). This demon-

strates that both mechanisms, i.e., inactivation of transcription

factors and upregulation of H4K20me3, are used to throttle

rRNA synthesis in resting cells. These results are in accord
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Figure 2. PAPAS Mediates H4K20me3 by

Recruiting Suv4-20h2 to rDNA

(A) Pull-down assay using immobilized Suv4-20h2

and radiolabeled PAPAS truncations displayed in

the scheme above. Autoradiograms of bound

transcripts and 5% of input RNA are shown.

(B) RIP of GFP-tagged full-length and truncated

versions of Suv4-20h2. PAPAS associated with

Suv4-20h2 was assayed by RT-qPCR. Values are

normalized to 18S rRNA and displayed as fold

change relative to the GFP control.

(C) Different domains of Suv4-20h2 interact with

PAPAS and HP1. Association of radiolabeled

PAPAS (top panel) or coimmunoprecipitation of

Myc-tagged HP1 isoforms (lower panels) with

GFP-tagged Suv4-20h2 proteins is shown. The

asterisk denotes an unspecific band in the western

blot (WB).

(D) NIH 3T3 cells were transfected with control

RNA (MCS) or PAPAS (�160/�1) fused to boxC/D

sequences of U16 snoRNA. The immunostaining

shows GFP-tagged Suv4-20h2 (280–349) and the

nucleolar marker protein UBF. Scale bar, 5 mm.

See Figure S2J for quantification.

(E) Ectopic PAPAS directs H4K20me3 to rDNA.

Cells were transfected as in (D), and rDNA occu-

pancy of Suv4-20h2-ER and H4K20me3 was

assayed by ChIP. Pre-rRNA levels were detected

by RT-qPCR. Data are presented relative to mock

transfection.

(F) Knockdown of PAPAS decreases H4K20me3.

Cells were transfected with control siRNA (siCtrl)

or PAPAS siRNAs (siPAPAS). PAPAS was mea-

sured by RT-qPCR and rDNA occupancy of

H4K20me3 and H3K9me3 by ChIP. Values repre-

sent fold change relative to siCtrl transfection.

(G) Upregulation of PAPAS and H4K20me3 de-

pends on Pol II transcription. NIH 3T3 cells grown

in 0.1% FCS were cultured in the absence or

presence of a-amanitin (10 mg/ml, 12 hr). PAPAS

andH4K20me3 levels were assessed by RT-qPCR

and ChIP. Data were normalized to nonstarved

cells (10% FCS).

In (B) and (E)–(G), data represent means ± SD from

at least three independent replicates; **p < 0.01,

***p < 0.001. See also Figure S2.
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with previous studies showing that PAPAS is downregulated in

a skin carcinogenesis model (Bierhoff et al., 2010), suggesting

that PAPAS may safeguard postmitotic cells against the onco-

genic potential of dysregulated Pol I activity (Bywater et al.,

2013).

PAPAS-Directed Recruitment of Suv4-20h2 Represses
rDNA Transcription
The observation that increased levels of PAPAS and H4K20me3

correlate with repression of pre-rRNA synthesis in quiescent

cells suggested that PAPAS acts on active rDNA repeats, i.e.,

genes that are bound by UBF. In support of this view, sequential

chromatin immunoprecipitation (ChIP) experiments revealed

that co-occupancy of H4K20me3 with UBF increased after

serum starvation (Figure S2A). The association of PAPAS with

UBF-bound chromatin was also elevated in growth-arrested

cells (Figures S2B and S2C), reinforcing that PAPAS and
H4K20me3 are functionally linked to downregulate transcrip-

tion-permissive rRNA genes.

RNA-protein interaction assays revealed preferential binding

of Suv4-20h2 to PAPAS as compared to its sense counterpart

(pRNA), TERRA (telomeric repeat-containing RNA) or transcripts

from themultiple cloning site (MCS) of pBluescript (Figures S2D–

S2F), supporting that PAPAS serves as an address label that

targets Suv4-20h2 to rDNA. Interaction assays using truncated

versions of PAPAS confined the binding sequence to a region

comprising nucleotides�36 to�160, whereas further shortening

prevented binding of PAPAS to Suv4-20h2 (Figure 2A). The

minimal free energy (MFE) structure of PAPAS (�36/�160) pre-

dicts a tripartite conformation that depends on base pairing be-

tween a GAG trinucleotide (�52/�54) at the 50 end and a CUC

trinucleotide (�147/�149) at the 30 end (Figure S2G). Mutation

of the GAG trinucleotide impaired the interaction with Suv4-

20h2, while a compensatory mutation of the CUC trinucleotide
Molecular Cell 54, 675–682, May 22, 2014 ª2014 Elsevier Inc. 677
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restored binding, emphasizing the relevance of the GAG/CUC

base pairing for Suv4-20h2 binding to PAPAS.

To demonstrate association of Suv4-20h2 with PAPAS in vivo,

we monitored binding of PAPAS by RNA immunoprecipitation

(RIP) experiments, using full-length Suv4-20h2 and two trunca-

tion mutants comprising either the internal part of Suv4-20h2

(aa 280–349), predicted to exhibit RNA binding activity (Fig-

ure S2H), or the C-terminal part (aa 349–468) that interacts

with HP1 and is required for association with pericentric hetero-

chromatin (Schotta et al., 2004; Hahn et al., 2013). Suv4-20h2

comprising aa 280–349 bound to PAPAS like full-length Suv4-

20h2, whereas the C-terminal part did not interact (Figure 2B).

Pull-down and coimmunoprecipitation experiments confirmed

that the internal part of Suv4-20h2 mediates the interaction

with RNA, whereas the C-terminal part interacts with HP1 (Fig-

ure 2C). In accord with PAPAS targeting Suv4-20h2 to transcrip-

tion-competent rDNA repeats, both full-length Suv4-20h2 and

the internal part were enriched at rDNA in serum-starved cells

(Figure S2I). Assay of CpG-methylation of Suv4-20h2-associ-

ated rDNA by methylation-specific restriction analysis (Santoro

et al., 2002) revealed that the internal part of Suv4-20h2 was

preferentially associated with active, unmethylated rRNA genes,

while the C-terminal part of Suv4-20h2 was bound to methyl-

ated, silent rDNA promoters (Figure S2I). Occupancy of Suv4-

20h2 and H4K20me3 was partly shifted from methylated to

unmethylated genes in response to serum starvation, reinforcing

that HP1 tethers Suv4-20h2 to silent rDNA repeats, whereas

quiescence-induced PAPAS recruits Suv4-20h2 to transcrip-

tion-competent rRNA genes.

To examine whether ectopic PAPAS is capable to recruit

Suv4-20h2 to rDNA, we transfected cells with PAPAS-boxC/D,

a fusion of PAPAS sequences (from �1 to �160) that interact

with Suv4-20h2 with boxC/D sequences of U16 snoRNA that

direct nucleolar localization (Lange et al., 1998; Michienzi et al.,

2000). In support of PAPAS targeting Suv4-20h2 to rDNA,

ectopic PAPAS caused nucleolar enrichment of the internal

part of Suv4-20h2, whereas transfection of control RNA (MCS-

RNA-boxC/D) did not affect Suv4-20h2 localization (Figures

2D, S2J, and S2K). Transfection of PAPAS-boxC/D also led to

increased rDNA occupancy of Suv4-20h2-ER and H4K20me3

as well as repression of pre-rRNA synthesis (Figure 2E).

Conversely, knockdown of endogenous PAPAS with siRNA or

LNA/DNA oligonucleotides decreased H4K20me3, but not

H3K9me3 (Figures 2F and S2L). In accord with PAPAS being

transcribed by RNA polymerase II (Bierhoff et al., 2010),

a-amanitin treatment prevented upregulation of PAPAS and

H4K20me3 in serum-deprived cells (Figure 2G), emphasizing

that increased trimethylation of H4K20 requires elevated levels

of PAPAS.

H4K20me3 Facilitates Global Chromatin Compaction in
Quiescent Cells
H4K20me3 has been shown to compact chromatin in vitro (Lu

et al., 2008), raising the possibility that PAPAS-mediated trime-

thylation of H4K20 alters chromatin accessibility in quiescent

cells. To decipher the link between repression of rDNA transcrip-

tion, H4K20 trimethylation and chromatin structure, we moni-

tored chromatin accessibility by FAIRE (Formaldehyde Assisted
678 Molecular Cell 54, 675–682, May 22, 2014 ª2014 Elsevier Inc.
Isolation of Regulatory Elements), an assay that measures nucle-

osome density according to extractability of crosslinked chro-

matin (Simon et al., 2012). In serum-deprived NIH 3T3 cells the

fraction of extractable rDNA was significantly reduced, whereas

the recovery of subtelomeric repeats was not affected (Fig-

ure 3A). A more compact, less extractable chromatin structure

was also observed in serum-deprived wild-type MEFs. In

contrast, the extractability of rDNA was not affected in Suv4-

20h�/� MEFs (Figure 3B), underscoring the essential role of

Suv4-20h2-dependent H4K20 trimethylation in the establish-

ment of a repressive chromatin state.

Increased chromatin compaction was confirmed by probing

chromatin accessibility by micrococcal nuclease (MNase) diges-

tion. In accord with a recent study showing global chromatin

compaction and upregulation of H4K20me3 in contact-inhibited

human fibroblasts (Evertts et al., 2013), quiescent NIH 3T3 cells

and wild-type MEFs exhibited a chromatin structure that is less

accessible to MNase digestion (Figures 3C, 3D, and S3A). In

contrast, chromatin from Suv4-20h�/� MEFs was readily di-

gested, regardless of whether cells were cultured in 10% or

0.1% serum, indicating that H4K20me3-mediated chromatin

compaction alters global chromatin structure in response to

growth arrest. In support of H4K20me3 rather than other histone

modifications being causally involved in this process, there was

a significant increase in the global level of H4K20me3 and a

concomitant decrease of H4K20me1 in serum-deprived cells,

whereas trimethylation states of H3K4, H3K9, and H3K27 were

not affected (Figures 3E and S3B). After refeeding with serum,

H4K20me3 levels declined to basal levels within 8 hr (Fig-

ure S3C). This demonstrates that trimethylation of H4K20 is a

dynamic process, quiescence-induced H4K20me3 being re-

verted when cells re-enter the cell cycle. Notably, the global in-

crease in H4K20me3 in response to serum deprivation was

also observed in Suv39h�/� and Setdb1-/� MEFs and after phar-

macological inhibition of the methyltransferase G9a, reinforcing

that quiescence-induced changes in chromatin structure do

not depend on di- or trimethylation of H3K9 (Figures 3F, S3D,

and S3E). Treatment with a-amanitin, on the other hand, pre-

vented the increase in H4K20me3 in serum-deprived cells (Fig-

ure 3G), underscoring that upregulation of H4K20me3 requires

Pol II transcription.

IAP Retroelements Are Silenced by lncRNA-Mediated
H4K20me3
The global increase of H4K20me3 in quiescent cells suggested

that upregulation of H4K20me3 is not restricted to rRNA genes

but may also occur at other abundant genomic elements. We

focused on IAP retrotransposons that account for �3% of the

genome, exhibit high levels of H4K20me3 even in Suv39h-defi-

cient cells (Martens et al., 2005), and are partially derepressed

in growing and starved Suv4-20h�/� MEFs (Figure S4A). Upon

serum starvation, Suv4-20h2-ER and H4K20me3, but not

H3K9me3, increased 2-fold at IAP elements, while binding to

subtelomeric repeats remained unchanged (Figures 4A and

S4B). FAIRE assays showed that IAP chromatin was less extract-

able from growth-arrested cells (Figure 4B), demonstrating that

H4K20me3-mediated chromatin compaction is not restricted to

rRNA genes but also occurs at IAP retrotransposons.
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Figure 3. Upregulation of H4K20me3 in Growth-Arrested Cells Leads to Chromatin Compaction

(A) Shown is FAIRE assay monitoring chromatin extractability of NIH 3T3 cells cultured in the presence of 10% or 0.1% FCS. Recovered DNA was quantified by

qPCR using primers for rDNA (�160/–1) or subtelomeres of chromosome 19. Data represent means ± SD; *p < 0.05, **p < 0.01.

(B) FAIRE assay in wild-type and Suv4-20h�/� MEFs. rDNA (�160/�1) was assayed by qPCR and normalized to an intergenic spacer sequence

(+19,614/+19,761). Error bars indicate SD.

(C) Global chromatin compaction upon growth arrest. Nuclei from MEFs cultured in 10% or 0.1% FCS were digested with 0, 0.5, 1, and 2 U of micrococcal

nuclease (MNase) and DNA was analyzed by gel electrophoresis.

(D) Chromatin from wild-type and Suv4-20h�/� MEFs digested with 2 U MNase was monitored on a Bioanalyzer. Nucleosomal fragments are indicated (1n–4n).

(E) Western blots showing global upregulation of H4K20me3 in serum-deprived cells. Histones were extracted from NIH 3T3 cells cultured in 10% or 0.1% FCS,

and the indicated modifications were monitored on immunoblots.

(F) Western blots monitoring H4K20me3 and H3K9me3 levels in growing and serum-starved wild-type and mutant MEFs.

(G) Upregulation of H4K20me3 requires Pol II transcription. NIH 3T3 cells in 10% or 0.1% FCSwere treated with a-amanitin (10 mg/ml, 12 hr), and H4K20me3 was

monitored on immunoblots.

See also Figure S3.
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Given that retrotransposition is abolished in nonproliferating

cells (Kubo et al., 2006; Shi et al., 2007), we reasoned that

epigenetic changes at IAP elements are causally involved in

quiescence-induced transcriptional silencing and inhibition of

retrotransposition. In accord with transcription of IAPs being

repressed in growth-arrested cells, a 50% decrease in the

amount of IAP-specific �7 kb full-length transcripts was de-

tected on northern blots (Figures 4C). On the other hand, low

abundant 15–20 kb long RNAs were �2-fold increased. These

IAP-specific lncRNAs are associated with chromatin and origi-

nate upstream of the 50 long terminal repeats (LTRs) (Figures 4D

and S4C). The intriguing correlation between the global in-

crease in H4K20me3 and elevated levels of IAP-specific

lncRNA suggested that recruitment of Suv4-20h2 to IAP ele-
ments occurs in a similar way as PAPAS-dependent targeting

to rDNA. To examine whether Suv4-20h2 interacts with IAP-

specifc RNA, we performed binding assays using a Gag

transcript that is contained in the short and long IAP RNA.

These experiments revealed that the internal part of Suv4-

20h2 binds to IAP transcripts in vivo and in vitro (Figures 4E

and S4D). Other Suv4-20h2 binding sites reside in the

lncRNA-specific 50 and 30 LTR regions, suggesting that the

15–20 kb IAP RNA can target Suv4-20h2 by multiple interac-

tions (Figure S4E). Knockdown of IAP lncRNA with LNA/DNA

gapmers encompassing LTR sequences led to upregulation of

the major 7 kb transcript, supporting that the IAP lncRNA medi-

ates recruitment of Suv4-20h2 and repression of IAP transcrip-

tion (Figure S4F).
Molecular Cell 54, 675–682, May 22, 2014 ª2014 Elsevier Inc. 679
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Figure 4. Interaction of IAP-Specific lncRNA with Suv4-20h2 Trig-

gers H4K20me3

(A) ChIP of H3K9me3, H4K20me3, and Suv4-20h2-ER at IAP retroelements in

growing (10% FCS) or starved (0.1% FCS) NIH 3T3 cells. Levels of histone

modifications were normalized to histone H3. Binding of Suv4-20h2-ER was

normalized to subtelomeres of chromosome 19.

(B) FAIRE assay measuring chromatin compaction at IAP elements. Extraction

of IAP DNA from growing and starved cells was quantified by qPCR using

primers amplifying the Gag region.

(C) Northern blot of IAP-specific transcripts. NIH 3T3 cells were cultured in

10% or 0.1% FCS, and IAP RNA was detected with a Gag riboprobe. EtBr-

stained rRNA is shown below. The �7 kb major transcripts and �15 kb
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If lncRNA guides Suv4-20h2 to IAP elements, ectopic IAP-

specific RNA should elevate H4K20me3. Indeed, transfection

of RNA comprising IAP sequences that interact with Suv4-

20h2 led to enhanced occupancy of both Suv4-20h2-ER and

H4K20me3 at IAPs, while H3K9me3 levels did not change (Fig-

ure 4F). Synthetic transcripts in antisense orientation had no

effect on Suv4-20h2 and H4K20me3 binding, reinforcing that

IAP-specific sense transcripts facilitate recruitment of Suv4-

20h2. Together, these results indicate that similar mechanisms

mediate changes in chromatin states at rDNA and IAP elements

in quiescent cells, depending on upregulation of lncRNAs that

recruit Suv4-20h2 to trigger H4K20 trimethylation and chromatin

compaction.

The results of this study demonstrate that trimethylation of

H4K20 is important to establish a specific chromatin structure

at distinct repetitive sequences upon growth arrest. At rDNA

clusters, H4K20me3-induced chromatin compaction throttles

pre-rRNA synthesis after growth factor deprivation and upon

terminal differentiation, reinforcing cell-cycle exit. At IAP ele-

ments, chromatin compaction likely impairs retrotransposition

in postmitotic cells that cannot employ high-fidelity homologous

recombination between sister chromatids. Therefore, high levels

of H4K20me3 in somatic cells are important to counteract

cancer-associated somatic transposition (Lee et al., 2012),

providing a molecular explanation for why H4K20me3 is pro-

gressively lost in human tumors (Fraga et al., 2005). An emerging

theme among lncRNA functions is the regulation of cell fate de-

cisions in somatic tissue, often in response to environmental

cues (Hu et al., 2011; Kretz et al., 2012, 2013). Further elucidation

of how PAPAS and other Suv4-20h2-interacting lncRNAs are

regulated in response to growth-factor availability and differenti-

ation signals will provide insights into how chromatin structure

and gene expression are balanced between proliferation and

quiescence.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and Retroviral Infection

Cells were cultured at 37�C and 5% CO2 with 10% fetal calf serum (FCS).

Serum-starved cells were maintained for 36–48 hr in 0.1% FCS. Plasmids

were transfected by calcium phosphate coprecipitation, and RNA and LNA/

DNA oligonucleotides were transfected with TransIT TKO reagent (Mirus)

and siRNAs with Lipofectamine RNAiMAX (Life Technologies). For retroviral

infections, pBabe-puro viruses were produced in ecotropic Phoenix cells.

Plasmids and cell differentiation methods are detailed in Supplemental

Information.
lncRNAs are indicated in the scheme above. The bar diagram depicts quan-

tification of IAP RNAs relative to 28S rRNA.

(D) RT-qPCR showing quiescence-induced IAP-specific lncRNAs. cDNA was

synthesizedwith theGag reverse primer followed by qPCRwithGag primers to

measure total IAP RNA (left) or with LTR primers to identify IAP lncRNA (right).

(E) RIP showing association of IAP transcripts with GFP-tagged Suv4-20h2.

Coprecipitated IAP RNA was assayed by RT-qPCR and normalized to

input RNA.

(F) IAP-specific RNA recruits Suv4-20h2. NIH 3T3 cells were transfected with

500 ng of sense or antisense Gag transcripts, and occupancy of Suv4-20h2-

ER, H4K20me3, and H3K9me3 at IAP elements was assessed by ChIP. Data

are shown as fold change relative to transfections without RNA.

Data are represented asmean ± SD from at least three independent replicates;

*p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S4.
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RNA Analysis and In Vitro Transcription

Cellular RNA was isolated with Tri-Reagent (Sigma) and reverse transcribed

using M-MLV (Life Technologies) and either random hexamers or sequence-

specific primers (see Table S1). PAPAS cDNA was synthesized with RT-

primers fused to the T7 promoter sequence, and cDNA was PCR-amplified

with T7 forward primer and rDNA-specific reverse primer. Synthetic RNAs

were generated by in vitro transcription and purified using the RNeasy Mini

kit (QIAGEN). Details are provided in the Supplemental Information.

Pull-Down Assays and RNA Immunoprecipitation

For RNA pull-down, GFP-tagged Suv4-20h2 was expressed in HEK293T cells,

immobilized on GFP-Trap agarose (ChromoTek), and incubated with radiola-

beled transcripts for 1 hr at room temperature. Captured RNA was eluted

with formamide, run on 6% denaturating polyacrylamide gels, and visualized

by PhosphorImaging. Suv4-20h2-GFP was pulled down from HEK293T cell

lysates with biotinylated transcripts immobilized on streptavidin-coupled

Dynabeads (Invitrogen) followed by western blotting. For RIP, Suv4-20h2-

GFP was precipitated from NIH 3T3 cells with GFP-Trap, and bound RNA

was analyzed by RT-qPCR. For details, see Supplemental Information.

Chromatin Immunoprecipitation

ChIP and ChRIP assays were performed as detailed in the Supplemental Infor-

mation. Precipitated DNA was subjected to qPCR and normalized to input

DNA. ChIPs of modified histones were normalized to unmodified histone H3.

Primers are listed in Table S1.

Chromatin Accessibility Assays

FAIRE assays were performed according to Simon et al. (2012) followed by

qPCR. To analyze global chromatin compaction, nuclei were digested with

micrococcal nuclease (MNase, Sigma), and nucleosomal DNA was analyzed

on agarose gels or with an Agilent 2100 bioanalyzer (Agilent Technologies).

Details for chromatin accessibility assays are provided in the Supplemental

Information.

Statistical Analysis

Data are reported as mean values from at least three biological replicates with

error bars denoting standard deviations (SD). Comparison between two

groups were performed using a paired two-tailed Student’s t test, p values

*p < 0.05, **p < 0.01, and ***p < 0.001.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures, one table, and Supplemental

Experimental Procedures and can be found with this article at http://dx.doi.

org/10.1016/j.molcel.2014.03.032.
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