
lncRNA PAPAS tethered to the rDNA
enhancer recruits hypophosphorylated
CHD4/NuRD to repress rRNA synthesis
at elevated temperatures

Zhongliang Zhao,1 Nevcin Sentürk, Chenlin Song, and Ingrid Grummt

Division of Molecular Biology of the Cell II, German Cancer Research Center, Deutsches Krebsforschungszentrum–Zentrum für
Molekulare Biologie der Universität Heidelberg Alliance, D-69120 Heidelberg, Germany

Attenuation of pre-rRNA synthesis in response to elevated temperature is accompanied by increased levels of
PAPAS (“promoter and pre-rRNA antisense”), a long noncoding RNA (lncRNA) that is transcribed in an orientation
antisense to pre-rRNA. Here we show that PAPAS interacts directly with DNA, forming a DNA–RNA triplex
structure that tethers PAPAS to a stretch of purines within the enhancer region, thereby guiding associated CHD4/
NuRD (nucleosome remodeling and deacetylation) to the rDNA promoter. Protein–RNA interaction experiments
combined with RNA secondary structure mapping revealed that the N-terminal part of CHD4 interacts with an
unstructured A-rich region in PAPAS. Deletion or mutation of this sequence abolishes the interaction with CHD4.
Stress-dependent up-regulation of PAPAS is accompanied by dephosphorylation of CHD4 at three serine residues,
which enhances the interaction of CHD4/NuRD with RNA and reinforces repression of rDNA transcription. The
results emphasize the function of lncRNAs in guiding chromatin remodeling complexes to specific genomic loci and
uncover a phosphorylation-dependent mechanism of CHD4/NuRD-mediated transcriptional regulation.
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There is emerging evidence that the interaction of long
noncoding RNAs (lncRNAs) with chromatin-associated
proteins impinges on chromatin structure and transcrip-
tional regulation. lncRNAs have been proposed to func-
tion in a variety of ways, serving as scaffolds, decoys,
guides, or enhancers. They are known to act in cis or in
trans; however, the mechanisms underlying lncRNA-
mediated changes of chromatin structure in response to
environmental signals remain elusive. Many chromatin
modifiers are RNA-binding proteins and are targeted to
specific chromatin loci by regulatory RNAs (Rinn et al.
2007; Nagano et al. 2008; Zhao et al. 2008; Tsai et al.
2010). Global transcriptome analysis has shown that up
to 70% of transcripts have antisense partners that can al-
ter the expression of the respective sense gene. In accord
with this notion, strand-specific PCR walking across
rDNA revealed low levels of antisense transcripts, termed
PAPAS (“promoter and pre-rRNA antisense”). PAPAS
is transcribed by RNA polymerase II (Pol II), yielding

>10-kb transcripts that cover the gene body and intergenic
regions, including the rDNA promoter and upstream
enhancer sequences. Notably, the level of PAPAS anti-
correlates with rDNA transcription; that is, PAPAS is
up-regulated in growth-arrested cells and down-regulated
in rapidly proliferating cancer cells. Elevated levels of
PAPAS in quiescent cells recruit the histonemethyltrans-
ferase Suv4-20h2 to the rDNA promoter, leading to trime-
thylation of histone H4 at Lys20 (H4K20me3), chromatin
compaction, and repression of rRNA synthesis (Bierhoff
et al. 2014). This study revealed a unique mechanism by
which PAPAS regulates the epigenetic signature at the
rDNA promoter and ensures shutdown of RNA Pol I tran-
scription when cells become quiescent.
Another PAPAS-based mechanism throttles rRNA syn-

thesis in response to hypo-osmotic stress or heat shock. At
elevated temperatures, increased levels of PAPAS recruit
CHD4/NuRD (nucleosome remodeling and deacetyla-
tion), a protein complex that has important roles in the
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regulation of gene expression by integrating ATP-depen-
dent chromatin remodeling and histone-modifying activ-
ities (Tong et al. 1998; Xue et al. 1998; Zhang et al.
1998). NuRD is composed of several subunits, each with
several isoforms, including the ATPase CHD3/4, the pro-
tein deacetylases HDAC1/2, metastasis-associated pro-
teins MTA1/2/3, the retinoblastoma-associated histone-
binding proteins RBP4/7, p66/68, and MBD2/3, which
harbor a methyl-CpG-binding domain. Consistent with
a versatile use in transcriptional regulation, NuRD plays
a key role in various cellular processes, including cell cy-
cle progression, stem cell biology, DNA damage respons-
es, and maintenance of genome integrity (Denslow and
Wade 2007; Lai and Wade 2011; Hu and Wade 2012).

PAPAS interacts with CHD4, the ATPase subunit of
NuRD, which triggers epigenetic silencing of rDNA by
shifting the promoter-bound nucleosome into a position
that is refractory to transcription initiation (Zhao et al.
2016a,b). Here we show that PAPAS directly binds to a
promoter-proximal stretch of homopurines in the rDNA
enhancer. Tethering PAPAS to DNA facilitates the re-
cruitment of CHD4/NuRD to the rDNApromoter and en-
sures repression of rRNA synthesis in response to elevated
temperature. Of note, increased levels of PAPAS are nec-
essary but not sufficient for CHD4/NuRD-dependent re-
pression of rDNA transcription. Targeting CHD4/NuRD
to the rDNA promoter requires heat-induced dephosphor-
ylation of CHD4, which facilitates the interaction with
PAPAS. Furthermore, RNA–protein interaction experi-
ments, chemical structure probing, and RNase footprint-
ing show that a single-stranded A-rich motif in PAPAS is
recognized by CHD4. Disruption of this sequence leads
to loss of CHD4 binding, indicating that the structure of
PAPAS covering the rDNA promoter is important for its
function. The results decipher the molecular mechanism
underlying PAPAS-dependent targeting of CHD4/NuRD
to rDNA and reveal that heat stress-induced hypophos-
phorylation of CHD4 is essential for NuRD recruitment
and repression of rDNA transcription.

Results

The interaction of CHD4 with PAPAS is increased
upon stress

Repression of pre-rRNA synthesis in response to unfavor-
able growth conditions is accompanied by up-regulation
of PAPAS, a lncRNA that is transcribed in antisense orien-
tation to pre-rRNA. PAPAS represents a heterogeneous
12- to 16-kb RNA population that is synthesized by
RNA Pol II from a subpopulation of rDNA repeats cover-
ing the coding region, the rDNApromoter, and further up-
stream enhancer sequences (Bierhoff et al. 2010, 2014).
Transcription of PAPAS inversely correlates with the lev-
el of 45S pre-rRNA, being low in transformed cells that ex-
hibit high transcriptional activity and high in quiescent
and stressed cells in which rDNA transcription is re-
pressed. Stress-induced up-regulation of PAPAS correlates
with increased occupancy of the CHD4/NuRD corepres-
sor complex at rDNA, deacetylation of histones, and

movement of the promoter-bound nucleosome into a po-
sition that is refractory to transcription initiation (Zhao
et al. 2016a,b). In accord with these studies, up-regulation
of PAPAS in response to heat shock correlates with repres-
sion of pre-rRNA synthesis (Fig. 1A; Supplemental Fig.
S1A). To examine whether up-regulation of PAPAS is suf-
ficient to recruit CHD4/NuRD to the rDNApromoter and
attenuate pre-rRNA synthesis, we took advantage of the
CRISPRa approach (Gilbert et al. 2013; Konermann et al.
2015) to target dCas9-VP64 to the 3′ end of the rDNA tran-
scription unit. Although CRISPRa-mediated up-regula-
tion of PAPAS was higher than in heat-shocked cells,
elevated levels of PAPAS induced by dCas9-VP64 did
not compromise pre-rRNA synthesis (Fig. 1A). Thus, al-
though there is a causal relationship between stress-de-
pendent up-regulation of PAPAS and CHD4-dependent
repression of rDNA transcription, elevated levels of
PAPAS on their own are not sufficient to down-regulate
rDNA transcription.

Chromatin immunoprecipitation (ChIP) experiments
confirmed that up-regulation of PAPAS after thermal
stress correlates with increased rDNA occupancy of
CHD4/NuRD without affecting the overall level of
NuRD components (Fig. 1B; Supplemental Fig. S1B).
CRISPRa-mediated induction of PAPAS, on the other
hand, did not lead to increased binding. These results em-
phasize that elevated levels of PAPAS are required for
NuRD-dependent transcriptional repression upon heat
shock but do not affect transcription in unstressed cells.

Previous studies have shown that CHD4 is an RNA-
binding protein that exhibits binding preference for the
3′-terminal part of PAPAS, which overlaps the rDNA
promoter (Zhao et al. 2016b). To get insight into the mo-
lecular mechanism underlying PAPAS-dependent recruit-
ment of CHD4/NuRD in response to heat shock, we
monitored CHD4-associated PAPAS by CLIP/RT-PCR
(cross-linking and immunoprecipitation [CLIP] followed
by RT–PCR). In support of elevated levels of PAPAS tar-
geting CHD4/NuRD to rDNA, the interaction of CHD4
with PAPAS was strongly enhanced at elevated tem-
peratures (Fig. 1C). Binding of other CHD4-associated
RNAs that have been identified by genome-wide formal-
dehyde RNA immunoprecipitation (fRIP) assays (for ex-
ample, NEAT1 and XIST) (Hendrickson et al. 2016) was
also increased, while the interaction with HOTAIR and
U2 small nuclear RNA (snRNA) was not affected (Supple-
mental Fig. S1C). In contrast, CRISPRa did not increase
the level of CHD4-associated PAPAS. The finding that
the RNA-binding activity of CHD4 is increased upon ex-
ternal stress suggests that stress-induced post-translation-
al modifications are required for PAPAS-dependent
targeting of CHD4 to rDNA.

To get insight into the molecular mechanism underly-
ing PAPAS-dependent recruitment of CHD4/NuRD in
response to elevated temperatures, we incubated bead-
bound PAPAS with lysates of unstressed and heat-
shocked HEK293T cells and analyzed PAPAS-associated
CHD4 on Western blots. Higher amounts of CHD4 were
retained if PAPAS was incubated with lysates from heat-
shocked as compared with untreated cells, underscoring
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that heat stress augments the interaction of PAPAS with
CHD4 (Fig. 1D). In a reciprocal approach, we monitored
binding of PAPAS to CHD4 upon exposure to elevated
temperatures. Again, CHD4 from heat-shocked cells in-
teracted more efficiently with PAPAS than CHD4 from
unstressed cells (Fig. 1E). These in vitro assays are in ac-
cord with the CLIP data showing increased association
of CHD4 with PAPAS upon thermal stress. The weak in-
teraction with “pRNA,” the respective sense counterpart
(−205/−1) of PAPAS (Schmitz et al. 2010), was also en-
hanced, suggesting a functional interplay of PAPAS,
pRNA, and NuRD that attenuates rDNA transcription
in heat-shock conditions (Supplemental Fig. S1D,E).

The finding that the interaction of CHD4 with PAPAS
correlated with rDNA occupancy of CHD4 suggested
that RNA might stabilize CHD4/NuRD binding to chro-
matin. In support of this view, treatment with RNase A
significantly decreased the association of CHD4 with
chromatin (Fig. 1F). Association of the transcription factor
UBF was not affected by RNase A treatment, indicating
that binding of NuRD, but not components of the Pol I
transcription apparatus, requires RNA.
CHD4 is a large (1912-amino-acid) protein with multi-

ple functional domains and numerous post-translational
modifications. To dissect the RNA-binding capacity of
CHD4, we performed RNA pull-down assays using the
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Figure 1. The interaction of CHD4with PAPAS is enhanced upon heat shock. (A) PAPAS and pre-rRNA levels in NIH3T3 cells cultured
in normal conditions (Ctrl), upon heat shock (HS) for 3h at 42°C, or after single guide RNA (sgRNA)-mediated recruitment of dCas9-VP64
(VP64). PAPAS valuesmeasured by RT-qPCRwere normalized to GAPDHmRNA and are displayed relative to Ctrl. Pre-rRNAwas quan-
tified from fluorograms of metabolically labeled cellular RNA shown in Supplemental Figure S1A. n = 3. (B) ChIP-qPCR (chromatin im-
munoprecipitation [ChIP] combinedwith quantitative PCR [qPCR])monitoringCHD4occupancy at the rDNApromoter upon heat shock
(HS) or after dCas9-VP64-mediated up-regulation of PAPAS (VP64). Data were normalized to cells transfected with the empty sgRNAvec-
tor. n = 3. (C ) CLIP/RT–PCR (cross-linking and immunoprecipitation [CLIP] followed by RT–PCR) monitoring the interaction of CHD4
with PAPAS and the lncRNAAir in normal conditions (Ctrl), upon heat shock (HS), or after dCas9-VP64-mediated up-regulation of PAPAS
(VP64). The numbersbelow represent the amount of CHD4-associated PAPASnormalized to input levels in unperturbed conditions (Ctrl),
after heat shock (HS), and after CRISPRa-mediated recruitment of dCas9-VP64 (VP64). (D)Western blot showing binding of Flag-CHD4 (Fl-
CHD4) from normal (Ctrl) or heat-shocked (HS) HEK293T cells to empty beads or bead-bound biotinylated PAPAS (−1/−205). (E) Pull-
down assay showing binding of radiolabeled PAPAS (−1/−205) to immobilized Fl-CHD4 from untreated HEK293T cells (Ctrl) and cells
exposed to heat shock (HS). The Coomassie brilliant blue stain shows equal amounts of bead-bound Fl-CHD4. (F ) Western blot showing
binding of CHD4 to chromatin from control or heat-shocked HEK293T cells in the absence and presence of RNase A. The bar diagram at
the right shows the level of CHD4binding after normalization to histoneH3. n = 3. (G) Pull-down assaymonitoring binding of radiolabeled
PAPAS (−1/−205) to immobilized Fl-CHD4-N and Fl-CHD4-C. The structure of full-length and truncated CHD4 is depicted below. (H)
Northwestern blot showing binding of PAPAS to Fl-CHD4-N. The Ponceau stain at the right shows the amount of filter-bound Fl-
CHD4-N and Fl-CHD4-C. (I ) CLIP/RT-qPCR comparing binding of PAPAS to full-length Fl-CHD4, Fl-CHD4-N, and Fl-CHD4-C. Data
were normalized to input. n = 3. (J) ChIP-qPCR assaysmonitoring binding of Fl-CHD4, Fl-CHD4-N, and Fl-CHD4-C to the rDNA promot-
er. n = 4. Error bars represent mean values ± standard deviation (SD).
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N-terminal part (amino acids 1–700) and the C-terminal
part (amino acids 701–1912) of CHD4. The N-terminal
part (CHD4-N) efficiently bound to PAPAS, whereas the
C-terminal part (CHD4-C) did not display significant
RNA-binding activity (Fig. 1G). To substantiate that
CHD4 rather than other subunits of the NuRD complex
or NuRD-associated proteins mediates RNA binding, we
monitored PAPAS–CHD4 interactions on Northwestern
blots. After gel electrophoresis and transfer to a nitrocellu-
lose membrane, CHD4 was renatured and incubated with
radiolabeled in vitro transcribed PAPAS. Again, CHD4-N,
but not CHD4-C, interactedwith PAPAS, confirming that
CHD4-N harboring the two plant homeodomains (PHDs)
and chromodomains mediates the interaction with RNA
(Fig. 1H). The interaction of CHD4-N with PAPAS was
also augmented at elevated temperatures, underscoring
that the N-terminal half of CHD4 behaves similarly to
full-length CHD4 (Supplemental Fig. S1F–H).

To assess the RNA-binding specificity of CHD4, we
monitored the association of PAPAS with CHD4 after
UV cross-linking and immunoprecipitation with anti-
Flag antibody. This CLIP experiment substantiated that
both full-length CHD4 and CHD4-N, but not CHD4-C,
are associated with PAPAS in vivo (Fig. 1I). Parallel ChIP
experiments corroborated that both full-length CHD4
and the C-terminally truncated CHD4-N bound to the
rDNA promoter, while the C-terminal part harboring
the SNF2 and helicase domain did not associate with
rDNA (Fig. 1J). Altogether, these results reveal that
CHD4 is a strong and specific RNA-binding protein, and
the interactionwith both RNA andDNA is brought about

by the N-terminal part of CHD4, which harbors the PHD
and chromodomains.

Stress-dependent dephosphorylation increases
the RNA-binding efficiency of CHD4

As protein phosphorylation is a central post-translational
modification in cellular signaling, we sought to explore
whether reversible phosphorylationmight regulate the in-
teraction of CHD4 with RNA. To test this, we performed
pull-down experiments monitoring the interaction of
CHD4-N with PAPAS in the absence and presence of
phosphatase inhibitors. Binding of CHD4-N to PAPAS
was decreased in the presence of phosphatase inhibitors,
indicating that phosphorylation inhibits the interaction
of CHD4 with RNA. CHD4-N from heat-stressed cells,
on the other hand, retained elevated binding activity re-
gardless of whether it was purified in the presence of phos-
phatase inhibitors or was treated with calf intestine
phosphatase (Fig. 2A; Supplemental Fig. S2A). The finding
that binding of CHD4 from control cells was decreased if
dephosphorylation was prevented indicates that, in nor-
mal conditions, CHD4 is hyperphosphorylated, and its in-
teraction with PAPAS is weak. Under stress conditions,
CHD4 is dephosphorylated, which enhances the interac-
tion with RNA. In support of this view, Western blots
monitoring phosphorylation of CHD4-N with anti-phos-
pho-serine antibody revealed a marked decrease in serine
phosphorylation in heat-shocked cells (Fig. 2B), suggesting
that the kinase that targets CHD4 is inactivated upon ex-
posure to elevated temperatures. Alternatively, the
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Figure 2. Heat-induced dephosphorylation enhances RNA binding of CHD4. (A) Pull-down assays showing binding of radiolabeled
PAPAS to immobilized Fl-CHD4-N from untreated (Ctrl) or heat-shocked (HS) HEK293T cells. Where indicated, Fl-CHD4-Nwas purified
in the absence or presence of phosphatase inhibitors (phos-stop) or treatedwith calf intestine phosphatase (CIP). (B)Western blotwith anti-
phospho-serine antibody comparing phosphorylation of CHD4-N in control and heat-shockedHEK293T cells. Expression of Fl-CHD4was
monitored with anti-Flag antibody. (C ) Pull-down assay showing binding of radiolabeled PAPAS to immobilized Fl-CHD4-N from control
and heat-shocked HEK293T cells that were pretreated for 12 h with 5 µM CX-4945. (D) Pull-down assay showing binding of radiolabeled
PAPAS to immobilized wild-type Fl-CHD4-N andmutant Fl-CHD4-N/S3A from untreated or heat-shocked HEK293T cells. (E) CLIP/RT-
qPCR comparing binding of PAPAS to Flag-taggedwild-type CHD4, CHD4/S3A, andCHD4/S3E inHEK293T cells. Datawere normalized
to input. n = 3. (F ) ChIP-qPCR assays monitoring binding of wild-type CHD4 and mutants CHD4/S3A and CHD4/S3E to the rDNA pro-
moter. Data were normalized to wild-type CHD4. n = 3. (G) ChIP-qPCR monitoring the occupancy of HDAC1 and MBD2 at the rDNA
promoter. n = 3. (H) ChIP-qPCR monitoring acetylated histone H4 at the rDNA promoter. n = 3. Data were normalized to bound histone
H4. Error bars represent mean values ± SD.
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counteracting phosphatase could be activated, leading to
hypophosphorylation of CHD4, which augments the in-
teraction with PAPAS.
CHD4 is phosphorylated at multiple sites (Bouazoune

and Brehm 2005; Polo et al. 2010; Urquhart et al. 2011).
To identify the sites that are dephosphorylated upon
heat shock, we compared the phosphorylation pattern
of CHD4 in normal and heat-shocked cells by mass spec-
trometry. This analysis revealed that three serine
residues—Ser308, Ser310, and Ser428—were dephosphor-
ylated upon thermal stress. Two of these sites comprise
genuine CK2 target motifs, suggesting that, in normal
conditions, CK2 phosphorylates CHD4. Significantly,
treatment with the CK2 inhibitor CX-4945 markedly in-
creased the interaction of CHD4 with PAPAS, supporting
that CK2-dependent phosphorylation impairs the RNA-
binding activity of CHD4 (Fig. 2C; Supplemental Fig. S2B).
To confirm the impact of phosphorylation on CHD4 ac-

tivity, we generatedmutants inwhich Ser308, Ser310, and
Ser428 were replaced by alanine (CHD4-N/S3A) or glu-
tamic acid (CHD4-N/S3E). Immunoblots with phospho-
CK2 substrate antibody (pS/pTDXE) revealed reduced
phosphorylation in bothmutants, indicating that CK2 tar-
gets these serine residues (Supplemental Fig. S2C). The in-
teraction of CHD4-N/S3A with PAPAS was comparable
with the more efficient binding activity of wild-type
CHD4-N after heat shock, underscoring that hypophos-
phorylation enhances the interaction of CHD4 with
RNA (Fig. 2D; Supplemental Fig. S2D–F).
Further support for the impact of phosphorylation on

CHD4–PAPAS interaction was provided by CLIP experi-
ments, which revealed stronger interaction of CHD4/
S3Awith PAPAS than of wild-type CHD4 (Fig. 2E). Unex-
pectedly, the association of the phospho-mimetic mutant
CHD4/S3E with PAPAS was not reduced but remained
similar to that of wild-type CHD4 (Supplemental Fig.
S2E). Likewise, while rDNA occupancy of CHD4/S3A
was more than twofold stronger than CHD4, binding of
CHD4/S3E was comparable with parental CHD4 (Fig.
2F; Supplemental Fig. S2F). The finding that CHD4/S3E
did not mimic the phenotype of the phosphorylated pro-
tein (i.e., did not exhibit reduced binding activity) is prob-
ably due to the fact that the majority of cellular CHD4 is
hyperphosphorylated. Therefore, replacement of phos-
pho-serines by glutamic acid residues does not decrease
the binding activity of CHD4. rDNA occupancy of other
CHD4/S3A-associated NuRD components, such as
HDAC1 and MBD2, was also increased, demonstrating
that PAPAS recruits the NuRD complex rather than
CHD4 alone (Fig. 2G). Increased levels of HDAC1 recruit-
ed by CHD4/S3A correlated with decreased levels of
acetylated histone H4 (ac-H4) (Fig. 2H) and reduced pre-
rRNA synthesis (Supplemental Fig. S2G). These results
reveal that heat-induced dephosphorylation of CHD4 aug-
ments the interaction with PAPAS. Binding to PAPAS,
in turn, is a prerequisite for targeting CHD4/NuRD to
the rDNA promoter and shifting the promoter-bound
nucleosome into a position that is refractory to transcrip-
tion initiation (Li et al. 2006; Xie et al. 2012; Zhao et al.
2016b).

CHD4 binds to an A-rich loop structure

Previous studies have shown that CHD4 binds to PAPAS
comprising nucleotides −1/−205 relative to the transcrip-
tion start site (TSS) of the rDNA transcription unit (Zhao
et al. 2016b). To confine the region of PAPAS that is recog-
nized by CHD4, we assayed truncated versions of PAPAS
for their capability to interact with bead-bound CHD4.
These pull-down assays revealed that CHD4 interacts
with PAPAS comprising nucleotides −1/−105. Deletion
of 35 nucleotides (nt) from the 5′ end of PAPAS (−36/
−160) did not affect the interaction with CHD4, whereas
deletion of 67 nt abolished CHD4 binding, indicating
that the sequence between −36 and −67 is critical for
the interaction with CHD4/NuRD (Fig. 3A).
To fine-map the sequence and/or structure that dictates

the interaction of CHD4 with PAPAS, we determined the
secondary structure of PAPAS by chemical structure prob-
ing. For this, we treated in vitro transcribed PAPAS (−1/
−205) with either dimethylsulfate (DMS; which selective-
ly methylates unpaired adenosines and cytosines) or 2-
methylnicotinic acid imidazolide (NAI; which modifies
all nucleotides in unstructured RNA regions). The ad-
ducts of the RNA backbone terminate reverse transcrip-
tion, thus enabling detection of modified nucleotides by
primer extension with radiolabeled DNA primers and
electrophoresis on sequencing gels along with DNA se-
quencing ladders. The experimentally derived DMS and
NAI reactivity, together with measurements of RNase
T1 sensitivity, showed that the analyzed part of PAPAS
is highly structured (Fig. 3B; Supplemental Fig. S3A). Sig-
nificantly, the region that is required for CHD4 binding
exhibits high reactivity in both DMS and NAI probing,
suggesting that it is unstructured and contained in a sin-
gle-stranded loop (Fig. 3C).
To examine the impact of PAPAS structure on the in-

teraction with CHD4, we generated mutants in which
the stem structures were disrupted. Unexpectedly, nei-
ther mutations that destroy base pairing of stem regions
of PAPAS nor deletion of the apical stem–loop structure
(PAPASΔ−87/−105) impaired binding to CHD4 (Fig. 3D;
Supplemental Fig. S3B), indicating that sequences down-
stream from nucleotide −87 do not have a major impact
on binding specificity. We therefore reasoned that the
A-rich sequence (24 adenines within 42 nt) contained in
the large 5′-terminal loop is recognized by CHD4. To
test this, we either deleted a part of the A-rich sequence
(PAPASΔ−21/−51) or replaced several adenine residues
with uridines (PAPAS-A/U). Although the overall second-
ary structure of PAPAS-A/U remained unaffected by
thesemutations, the interactionwith CHD4wasmarked-
ly decreased (Fig. 3D; Supplemental Fig. S3C). Deletion of
nucleotides −21/−51 abolished the interaction, empha-
sizing the importance of the A-rich sequence for CHD4
binding.
Furthermore, we used synthetic RNAs as competitors

in CHD4/PAPAS interaction assays. We incubated bead-
bound CHD4 with radiolabeled PAPAS in the absence or
presence of short RNAs comprising nucleotides −21/
−51 of wild-type PAPAS or PAPAS-A/U. As controls, we
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used another A-rich and G-rich RNA in the binding com-
petition assays. Both the short wild-type RNA and the A-
rich foreign RNA efficiently competed for CHD4 binding
to radiolabeled PAPAS, while PAPAS-A/U mutations and
the G-rich RNA did not affect the interaction with CHD4
(Fig. 3E).

To reinforce that CHD4 recognizes the A-rich sequence
of PAPAS, we performedRNase footprinting experiments,

a technique used for probing RNA–protein interactions at
single-nucleotide resolution. After incubation of 5′ end-la-
beled PAPAS with immunopurified CHD4-N and partial
digestion with RNase I, the digestion products were ana-
lyzed on sequencing gels. Increasing amounts of CHD4-
N shielded PAPAS from cleavage by RNase I, the three
protected regions exactly overlapping A-rich single-
stranded sequences, supporting that CHD4 binds to the
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Figure 3. CHD4 binds to A-rich single-stranded regions in PAPAS. (A) Pull-down assays comparing binding of truncated radiolabeled
PAPAS to immobilized Fl-CHD4. (B) Secondary structure determination of PAPAS using dimethylsulfate (DMS) and SHAPE (selective
2′-hydroxyl acylation analyzed by primer extension) probing. Synthetic PAPAS treatedwith 1%DMS, 50mM2-methylnicotinic acid imi-
dazolide (NAI), or DMSO was reverse-transcribed using a 5′ end-labeled primer (mrDNA −205/−185), and cDNA was analyzed on a 6%
sequencing gel. Lanes T,C,G, andA represent sequencing ladders of mouse rDNA using the same 5′-labeled primer. (C ) Secondary struc-
ture of PAPAS derived from SHAPE/DMS probing. (D) Pull-down experiment comparing binding of radiolabeled truncated or mutant ver-
sions of PAPAS with immobilized Fl-CHD4 or Fl-CHD4-N. (E) Pull-down/competition experiment. Increasing amounts (10-fold, 33-fold,
and 100-foldmolar excess) of synthetic RNAcomprising sequences−21/−51 ofwild-type PAPAS,mutant PAPAS (A/U), or an unrelatedA-
rich or G-rich RNAwere included in pull-down assays to compete for binding of CHD4 to radiolabeled PAPAS (−1/−205). (F ) RNase I foot-
printing assay showing binding of CHD4 to PAPAS. 5′-labeled PAPAS (−1/−205) was incubated with increasing amounts of Fl-CHD4-N
and partially digested with RNase I, and the cleavage products were analyzed on a sequencing gel.
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unstructured part of PAPAS comprising short stretches of
adenosines (Fig. 3F; Supplemental Fig. S3D).

PAPAS binds to the rDNA enhancer through
a stretch of homopurines

Next we examined the molecular mechanism underlying
PAPAS-dependent targeting of CHD4/NuRD to the
rDNA promoter. One attractive possibility would be
that PAPAS exerts its cis-regulatory function while being
tethered to the same allele from which it is transcribed.
Sequence-specific tethering of RNA to complementary
DNA sequences can be achieved by forming DNA–RNA
hybrids (R loops) or by DNA–RNA triplex structures,
thus facilitating guidance of RNA-associated proteins to
specific genomic sites.

In mice, PAPAS is transcribed in an orientation anti-
sense to rDNA, covering the gene body and sequences
upstream of the TSS, including several repeated elements
that enhance Pol I transcription initiation (Fig. 4A; Kuhn
et al. 1990). The enhancer repeats are separated by stretch-
es of homothymidine residues. The complementary
purine-rich strand should have a high potential to form tri-
ple-helical DNA–RNA structures with antisense RNA,
suggesting that tethering PAPAS to such putative tri-
plex-forming regions (TFR) would represent an intriguing
mechanism to target CHD4/NuRD to rDNA.
As PAPAS is associated with chromatin (Bierhoff et al.

2014), we first examined whether heat shock affects the
association of PAPAS with chromatin. To this end, we
prepared chromatin from untreated and heat-shocked
cells and monitored the level of bound PAPAS by RT-
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A Figure 4. PAPAS is tethered to rDNA by DNA–

RNAtriplex formation. (A) Schematic representation
of a murine rDNA transcription unit. Enhancer re-
peats are depicted as purple boxes, and terminator el-
ements are shown as orange boxes. The 3′-terminal
part of PAPAS used to study CHD4 interactions
(−1/−205) is indicated by a blue line. The En3-TFR
and the corresponding PAPAS sequences are shown
below. (B) RT-qPCR comparing the levels of chroma-
tin-bound PAPAS (−36/−135), 7SK, andGAPDHpre-
mRNA from control (Ctrl) and heat-shocked (HS)
NIH3T3 cells. Values were normalized to 18S
rRNA.n = 3. (C ) DNAcapture assay showing binding
of genomicDNAdigestedwithAccI and SalI to bioti-
nylated PAPAS fragments #1 and #2. PAPAS-associ-
ated DNA was monitored by qPCR amplifying
rDNA sequences −365/−221 and −135/−36. Data
represent DNA recovery normalized to input. n = 3.
The locations of the two RNAs used for the capture
experiment are depicted by a purple and a gray line.
(D) Binding of biotinylated PAPAS (−275/−336) to
PCR fragments #1 and #2 comprising En3-TFR
(−365/−221) and intergenic spacer (IGS16) sequences.
PAPAS-associated DNA was monitored by qPCR.
Data representDNA recovery normalized to samples
without RNA. n = 3. (E) Synthetic RNAs comprising
PAPAS sequences −234/−333 or −182/−333 and a
control RNA (IGS16 RNA) were incubated with 0.25
pmol of a double-stranded 32P-labeled exonuclease
I-treated oligonucleotide comprising En3-TFR (Sup-
plemental Table S1), and formation of DNA–RNA
triplexes was monitored by electrophoretic mobility
shift assay (EMSA). (F ) Competition experiment
showing that transfectionof syntheticRNAcompris-
ing the En3-TFR sequence (−275/−336) reduces bind-
ing of heat-induced endogenous PAPAS (−234/−333)
to chromatin. Values are displayed relative to mock
transfected cells. n = 3. (G) ChIP-qPCR monitoring
CHD4 occupancy in heat-shocked NIH3T3 cells
transfected with synthetic PAPAS or IGS16 RNA as
in F. Values were normalized to input. n = 3. Data
are presented as mean ± SEM.
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qPCR. In support of PAPAS exerting its function on chro-
matin, these experiments revealed that the amount of
chromatin-bound PAPAS was markedly increased after
heat shock (Fig. 4B). Normalization of chromatin-associ-
ated PAPAS to cellular PAPAS in normal and heat-
stressed cells revealed similar amounts of chromatin-
bound PAPAS (Supplemental Fig. S4A), underscoring
that cellular PAPAS is associated with chromatin.

To examine whether PAPAS is capable of binding
directly to rDNA, we incubated fragmented genomic
DNAwith biotinylated PAPAS derivatives comprising ei-
ther the TFR (RNA#1) or sequences around the TSS
(RNA#2), and monitored PAPAS-associated rDNA after
binding to streptavidin beads. To increase the resolution
of the capture assay, we separated the rDNA promoter
from the enhancer by digestion of genomic DNA with
AccI and SalI, which cleave within the upstream termina-
tor T0 between the rDNA promoter and the enhancer ele-
ments (Grummt et al. 1986). This experimental approach
revealed that PAPAS comprising nucleotides −275/−336
captured the corresponding region in the rDNA enhancer
that contains the TSS-proximal T stretch, termed En3-
TFR (Maldonado et al. 2018). RNA comprising PAPAS se-
quences from +5 to −55 did not capture significant
amounts of rDNA (Fig. 4C). These results indicate that
the 3′-terminal part of PAPAS harboring nucleotides
−275/−336 interacts with the rDNA enhancer in a se-
quence-specific manner.

To examine whether tethering of PAPAS to rDNA is
brought about by DNA–RNA triplex formation, we incu-
bated a PCR fragment overlapping the En3-TFR sequence
with biotinylated PAPAS and captured PAPAS-associated
DNAbybinding to streptavidinbeads (Fig. 4D).Consistent
with the genomic capture assays, PAPAS comprising nu-
cleotides −275/−336 bound to the En3-TFR fragment but
not to a fragment from the intergenic spacer (IGS16). The
preferential association of PAPAS with DNA harboring
the En3-TFR sequence suggests that PAPAS associates
with the rDNA enhancer via formation of a triple-helical
DNA–RNA structure. This notion is supported by electro-
phoreticmobility shift assays (EMSAs),whichmonitor the
direct association of PAPAS with rDNA. To this end, a 5′-
labeled DNA oligonucleotide comprising the En3-TFR
was annealedwith a complementaryunlabeledDNAoligo
to form aDNAduplex. After treatmentwith exonuclease I
to digest the excess of single-stranded oligos, the duplex
was incubated with synthetic RNAs comprising PAPAS
sequences −234/−333 or −182/−333, and triplex forma-
tion was analyzed by gel electrophoresis. Significantly,
RNA harboring TFR-containing PAPAS sequences retard-
ed the mobility of the radiolabeled double-stranded oligo-
nucleotide overlapping the En3-TFR, whereas no DNA–

RNA complex was formed with a control RNA that does
not contain a potential triplex-forming sequence (Fig. 4E).

To validate that tethering of PAPAS to DNA is required
for targeting CHD4/NuRD to the rDNA promoter in vivo,
we transfected cells with a synthetic PAPAS derivative
comprising the En3-TFR sequence (−275/−336) and mon-
itored the association of endogenous PAPAS with chro-
matin upon heat shock. This competition experiment

showed that binding of PAPAS to chromatin was compro-
mised by ectopic PAPAS containing the En3-TFR (Fig. 4F).
Transfection of IGS16 RNA, a stress-induced lncRNA
from the rDNA IGS (Audas et al. 2012), did not affect
the association of PAPAS with chromatin. The release of
PAPAS from chromatin by En3-containing RNA correlat-
ed with decreased CHD4 occupancy at the rDNA promot-
er, corroborating the specificity of the competition
experiment (Fig. 4G). Altogether, these results substanti-
ate that PAPAS acts as a molecular trafficking system
that guides CHD4/NuRD to the rDNA promoter to re-
press transcription at elevated temperatures.

Discussion

Several studies have highlighted the function of lncRNAs
in chromatin remodeling. For example, the lncRNA
MANTIS interacts with BRG1, the catalytic subunit of
the SWI/SNF chromatin remodeling complex, and this in-
teraction is required for nucleosome remodeling by keep-
ing the ATPase function of BRG1 active (Leisegang et al.
2017). Conversely, binding of the lncRNA SChLAP1 to
SNF5 and Myheart to BRG1 antagonizes the genome-
wide localization and regulatory functions of the SWI/
SNF complex (Prensner et al. 2013; Han et al. 2014).
ncRNAs also impact on nucleolar functions in response
to environmental stress. Under several stress conditions,
transcription of RNAs from the IGS is up-regulated. These
IGS transcripts target proteins containing a certain pep-
tide code for sequestration in the nucleolus (Audas et al.
2012; Jacob et al. 2013).

A key player in down-regulation of rDNA transcription
in response to external stress is PAPAS, a low abundant
lncRNA that is transcribed in an orientation antisense
to pre-rRNA. In quiescent cells, elevated levels of PAPAS
recruit the histone methyltransferase Suv4-20h2, which
mediates H4K20me3 and establishes transcription refrac-
tory chromatin structure in growth-arrested cells (Bierhoff
et al. 2014). A different PAPAS-dependent mechanism
throttles rDNA transcription in response to hypo-osmotic
stress or heat shock. Upon exposure to hypotonic stress or
elevated temperature, elevated levels of PAPAS recruit
CHD4/NuRD, which leads to deacetylation of histones
and movement of the promoter-bound nucleosome into
the “off” position that precludes transcription initiation
(Zhao et al. 2016a,b).

The interaction of CHD4with RNA has also been dem-
onstrated by a recent high-throughput approach, termed
RBR-ID (identification of RNA-binding regions), which
identified RNA-binding regions of 803 nuclear RNA-bind-
ing proteins by 4SU photocross-linking and mass spec-
trometry (He et al. 2016). Among the identified peptides
was the PHD of CHD4, which supports our finding that
the N-terminal part of CHD4 mediates the interaction
with PAPAS. Taking advantage of the CRISPRa approach
to guide dCas9-VP64 to the rDNA promoter (Gilbert et al.
2013), we found that a moderate increase of PAPAS on its
own is not sufficient to recruit CHD4/NuRD to the rDNA
promoter. However, the RNA-binding activity of CHD4
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was markedly increased upon heat shock, indicating that
stress-induced post-translational modifications of CHD4
regulate the interaction with RNA. In support of this
view, mass spectrometric analysis showed heat-induced
dephosphorylation of CHD4 at three serine residues
(Ser308, Ser310, and Ser428), two of which (Ser310 and
Ser428) are contained in a CK2 consensus sequence.
These results are consistent with studies in Drosophila
melanogaster showing that the N-terminal part of dMi-
2/CHD4 is phosphorylated by CK2, hypophosphorylation
increasing nucleosome-stimulated ATPase and ATP-de-
pendent nucleosome remodeling activities (Bouazoune
and Brehm 2005). Although CK2 is a ubiquitously ex-
pressed constitutively active protein kinase, brief expo-
sure to elevated temperature has been shown to affect
both the location and the activity of CK2 (Gerber et al.
2000; Davis et al. 2002). After heat shock, the CK2α sub-
unit is concentrated in the granular compartment of nu-
cleoli, whereas the CK2β subunit is localized at the
periphery of the condensed chromatin. This indicates
that detention of the CK2 subunits in defined nuclear
compartments physically separates CK2 from its target
proteins, thus preventing phosphorylation of certain
proteins and augmenting phosphorylation of others. Ac-
cordingly, heat-dependent sequestration of CK2 in the
granular compartment of nucleoli prevents phosphoryla-
tion of CHD4. As a consequence, the PAPAS-dependent
recruitment of CHD4/NuRD to the rDNA promoter is
stimulated, and transcription initiation is compromised.
In addition to NuRD-dependent changes in chromatin

structure, the basal transcription factor TIF-IA is also in-
activated at elevated temperatures. Phosphorylation and
dephosphorylation of TIF-IA at two serine residues
(Ser170/172) occurs during each round of transcription,
phosphorylation of Ser170/172 by protein kinase CK2 be-
ing required for the dissociation of TIF-IA from Pol I after
transcription initiation and promoter escape (Bierhoff
et al. 2008). Inhibition of CK2 upon exposure to elevated
temperatures impairs this step, thereby preventing tran-
scription initiation. These results reveal that cells have
evolved at least two mechanisms to throttle ribosome
biogenesis and guarantee cell survival in response to
heat stress, involving PAPAS-dependent recruitment of
NuRD (which shifts the promoter-bound nucleosome
into a transcription-refractive position) and inactivation
of the essential Pol I transcription factor TIF-IA (Zhao
et al. 2016b).
Analogous to the domain structure of proteins,

lncRNAs have modular structures. Deletion or mutation
of a critical module often results in loss of RNA function.
Genome-wide studies suggested that lncRNAs are more
structured than mRNAs but less structured than rRNAs
(Wan et al. 2011; Ding et al. 2014; Quinn and Chang
2016). With the exception of a few well-studied candi-
dates, very little is known about the structure of lncRNAs
and their mode of action. To unravel the mechanism un-
derlying PAPAS-mediated guidance of CHD4/NuRD to
rDNA, we used DMS and SHAPE (selective 2′-hydroxyl
acylation analyzed by primer extension) methods to probe
the structure of PAPAS that is recognized by CHD4. As

the low abundance of PAPAS makes it difficult to probe
its structure in vivo, we used in vitro synthesized PAPAS
for chemical probing and RNase footprinting experi-
ments. Although in vivo experiments will be required to
complement the present study, the results demonstrate
that CHD4 binds to a stretch of A residues within a large
single-stranded loop. Similar A-rich sequences are present
in other CHD4-associated RNAs identified by genome-
wide fRIP-seq (fRIP combined with sequencing) (Hen-
drickson et al. 2016), suggesting that sequence-dependent
targeting is a general mechanism that cells use to recruit
CHD4/NuRD to distinct genomic loci and alter the chro-
matin structure in response to external signals.
A key issue in epigenetic research regards the mecha-

nism by which lncRNA acts as a scaffold to guide associ-
ated proteins to specific genomic sites. Up-regulation of
PAPAS in response to elevated temperatures correlated
with enhanced occupancy of CHD4/NuRD at the rDNA
promoter and association of PAPAS with chromatin, sug-
gesting that PAPAS is tethered to chromatin either via
binding to proteins or by physical association with
rDNA. Our results show that PAPAS interacts directly
with the rDNA enhancer. Themurine rDNA enhancer re-
peats are separated by T stretches of different lengths
(Kuhn et al. 1990; Maldonado et al. 2018). Intriguingly,
at active rRNA genes, these repeats wrap around UBF,
which allows PAPAS to bind to the T stretches that sepa-
rate individual enhancer repeats. We used several ap-
proaches to prove that PAPAS physically associates with
the rDNA enhancer in vitro and in vivo. The results
show that a polyadenine sequence in the 3′-terminal
part of PAPAS binds to the T stretch closest to the Pol I
TSS, dubbed En3-TFR. Significantly, ectopic RNAharbor-
ing the En3-TFR sequence efficiently competed for
PAPAS binding to rDNA, emphasizing the in vivo rele-
vance of triplex-mediated anchoring of PAPAS to rDNA.
The physical association of PAPAS with dsDNA is in ac-
cord with recent genome-wide computational analysis
and several functional studies showing that lncRNAs
can localize to specific DNA sequences by forming
DNA–RNA triplex structures (Schmitz et al. 2010; Grote
et al. 2013;Mondal et al. 2015; O’Leary et al. 2015; Postep-
ska-Igielska et al. 2015; Kalwa et al. 2016; Singh et al.
2017). RNA binding has obvious benefits for chromatin-
modifying proteins with a broad genome-wide binding
profile, allowing lncRNAs to generate locus-specific chro-
matin profiles that enable fine-tuning of target gene ex-
pression. Altogether, our results reveal a previously
unsuspected mechanism of rDNA transcription in re-
sponse to stress, showing that heat-induced PAPAS is
tethered to rDNA by direct binding to rDNA, which leads
to specific recruitment of CHD4/NuRD (Fig. 5).

Materials and methods

Plasmids, siRNAs, and antibodies

Expression plasmids for Flag-CHD4 have been described (Xie
et al. 2012). CHD4-N (amino acids 1–700) and CHD4-C (amino
acids 701–1912) were generated by PCR and inserted into pFlag-
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CMV-6c. Plasmids for dCas9/VP64-mediated transcription acti-
vation (single guide RNA [sgRNA] cloning backbone [no.
61424], MS2-P65-HSF1_GFP [no. 61423], and dCAS9-VP64_GFP
[no. 61422]) were fromAddgene. To activate PAPAS transcription
by dCas9/VP64, sgRNAs targeting the minus strand of mouse
rDNA were used (GenBank: BK000964.3, sgRNA#1: 13838–
13857, sgRNA#2: 13599–13618, and sgRNA#3: 13631–13650)
(Supplemental Table S1). Antibodies against CHD4 (ab70469)
andHDAC1 (ab7028) were fromAbcam, anti-phosphoserine anti-
bodies were from Santa Cruz Biotechnology (sc-81514), the phos-
pho-CK2 substrate motif [(pS/pT)DXE] antibody was from Cell
Signaling (8738), α-Flag antibodies (M2)were fromSigma-Aldrich,
the anti-acetyl-Histone H4 antibody (06-866) was from Upstate
Biotechnology, and anti-MBD2 (NB100-81657) was from Novus
Biologicals.

Cell culture and transfection

NIH3T3 and HEK293T cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal calf
serum (FCS). For heat shock, cells were transferred to prewarmed
DMEM (42°C) and incubated for 3 h at 42°C. Lipofectamine 3000
was used for DNA transfection. Cells were harvested 36–48 h af-
ter transfection. In competition experiments, cells were trans-
fected with synthetic RNAs using TransIT-TKO (Mirus),
incubated overnight, and harvested after 3 h of heat shock at
42°C. Formetabolic labeling of pre-rRNA, 0.2 × 106NIH3T3 cells
were cultured for 3 h at 37°C or 42°C in medium containing
5 μCi/mL 3H-uridine. Two micrograms of cellular RNAwas sep-
arated on a 1% agarose gel in 20 mM MOPS (pH 7.0), 5 mM
sodium acetate, and 1 mM EDTA and transferred to a Hybond-
N+ nylonmembrane (GE Healthcare), and labeled RNAwas visu-
alized by fluorography using EN3HANCE (PerkinElmer).

RNA analysis and in vitro transcription

Cellular RNAwas isolatedwithTRI reagent (Sigma), treatedwith
DNase I (Sigma), and analyzed by reverse transcription using M-
MLV reverse transcriptase (Life Technologies). For CLIP experi-
ments, PAPAS cDNAwas synthesized using a primer encompass-

ing mouse rDNA sequences from −205 to −185 fused to the T7
promoter. PAPAS cDNA was amplified by PCR using a T7 for-
ward primer and a rDNA-specific reverse primer.
In vitro transcripts were generated using T7-fused rDNA oligos

hybridized to complementary T7-containing DNA oligos or PCR
products as templates (Supplemental Tables S1, S2) usingMEGA-
script T7 transcription kit (Ambion). To radiolabel or biotinylate
PAPAS, transcription assays were supplemented with 20 µCi of
[32P]UTPor 2.5 nMbiotin-16-dUTP (Roche). Transcriptswere pu-
rified with the RNeasy minikit (Qiagen) and analyzed by electro-
phoresis on polyacrylamide–urea gels.

In vivo RNA–protein interaction assays

Cells overexpressing Flag-tagged CHD4 (Fl-CHD4) were UV
cross-linked (150 mJ/cm2 at 254 nm) using a Stratalinker (Strata-
gene). Nuclei were isolated and lysed in RIPA buffer containing
20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 0.5
mM EGTA, 1% NP-40, 0.5% sodium deoxycholate, 0.05% SDS,
1 mMDTT, and protease and phosphatase inhibitors. After soni-
cation and preclearing, protein–RNA complexes were immuno-
precipitated overnight at 4°C in RIPA buffer using anti-Flag M2
beads (Sigma-Aldrich). Lysates from cells transfected with the
empty vector served as a negative control. The immunoprecipi-
tates were washed three times with RIPA buffer containing 600
mMNaCl and oncewith 1M urea. Protein-bound RNAwas elut-
ed by digestion with proteinase K (Roche), purified with TRI re-
agent, and analyzed by RT-qPCR. The fraction of coprecipitated
RNA is presented as the percentage of input (upon subtraction
of the IgG background).

In vitro protein–RNA interaction assays

Tomonitor the interaction of CHD4with PAPAS, in vitro labeled
RNAwas denatured for 2min at 95°C and renatured in RNA fold-
ingbuffer (10mMTris-HClatpH7.0, 10mMMgCl2, 100mMKCl,
2U/µLRNasin) for 30min at 37°C. Fl-CHD4was immobilized on
M2 beads and incubated with radiolabeled PAPAS (Supplemental
Table S2) for 1 h at room temperature in RIPA buffer. After wash-
ing, boundRNAwaselutedbydigestionwithproteinaseK, precip-
itated, and analyzed by phosphorimaging after electrophoresis on
6% polyacrylamide–urea gels. Alternatively, biotinylated PAPAS
was immobilized on streptavidin Dynabeads (Life Technologies)
and incubated for 4 h at 4°C with 1 mg of nuclear extract from
HEK293T cells expressing Fl-CHD4. Beads were washed with
RIPA buffer containing 600 mM NaCl, and RNA-bound proteins
were eluted with SDS and analyzed on immunoblots.
ForNorthwestern blot analyses, purified proteins were separat-

ed by SDS–polyacrylamide electrophoresis and transferred to a ni-
trocellulose membrane (GE Healthcare). After renaturation in
10 mM Tris-HCl (pH 6.8), 25 mM NaCl, 1 mM EDTA, 0.04%
BSA, and 0.04% NP40 overnight at 4°C, the filter was incubated
for 2 h at 37°C in the same buffer containing 6 ng of 32P-labeled
synthetic PAPAS (−1/−205) and washed three times with buffer
containing 300 mM NaCl, 20 mM Tris-HCl (pH 8.0), and 1%
NP40, and bound RNA was visualized by phosphorimaging.
Tomonitor CHD4–PAPAS interaction by filter-binding assays,

gel-purified PAPAS was renatured in RNA folding buffer (10 mM
Tris-HCl at pH 7.0, 10mMMgCl2, 100mMKCl, 2 U/µL RNasin)
and incubatedwith CHD4-N in TBS/10%glycerol for 1 h at room
temperature. The formation of protein–RNA complexes was as-
sayed by filtering the incubationmixture through a nitrocellulose
membrane (Protran, Schleicher and Schuell) using a manifold I
system (Whatman). Membrane-bound protein–RNA complexes
were monitored by phosphorimaging.

Figure 5. Cartoon illustrating PAPAS-dependent repression of
rDNA transcription in response to heat shock. Thermal stress in-
duces transcription of PAPAS and dephosphorylation of CHD4.
Hypophosphorylation facilitates binding of CHD4/NuRD to an
unstructured A-rich region of PAPAS that covers the rDNA pro-
moter. PAPAS is tethered to the adjacent rDNA enhancer via
DNA–RNA triplex formation, thereby targeting CHD4/NuRD
to rDNA, where it shifts the promoter-bound nucleosome into
a position that does not allow transcription initiation.
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ChIP assays

Cells were cross-linked with 1% formaldehyde for 10 min and
quenched with 125mM glycine, and isolated chromatin was son-
icated in a Bioruptor Pico (Diagenode) in buffer containing 1%
SDS, 50 mM Tris-HCl (pH 8.0), and 10 mM EDTA to obtain an
average fragment length of 200–500 base pairs (bp). After dilution
with 5 vol of ChIP buffer (15 mM Tris-HCl at pH 8.0, 180 mM
NaCl, 1.2 mM EDTA, 1.2% Triton X-100, 0.01% SDS) and pre-
clearing, 20 µg of chromatin was incubated with 1–5 µg of anti-
bodies immobilized on protein A/G Sepharose overnight at 4°C.
Protein–DNA complexes were washed in buffer A (20 mM Tris-
HCl at pH 8.0, 150mMNaCl, 2mMEDTA, 0.1%SDS, 1%Triton
X-100) followed by two washes with buffer B containing 500 mM
NaCl, one wash with buffer C (10 mM Tris-HCl at pH 8.0, 250
mM LiCl, 1 mM EDTA, 0.5% sodium deoxycholate, 1% NP-
40), and two washes with TE buffer. Protein–DNA complexes
were eluted with either 100 mM NaHCO3,/1% SDS or 0.2 µg/
µL Flag peptide. After reversal of the cross-link for 6 h at 65°C
and digestion with proteinase K, DNA was purified and quanti-
fied by qPCR using primers that amplify the murine rDNA pro-
moter (Supplemental Table S1).

Secondary structure probing by DMS/SHAPE

SHAPEwas performed as described (Steen et al. 2011; Spitale et al.
2013). Briefly, 200–500 ng of in vitro synthesized PAPAS was dis-
solved in RNase-free water, denatured for 2 min at 95°C, and re-
folded in 10 mM Tris-HCl (pH 7.0), 10 mM MgCl2, 100 mM
KCl, and 2 U/µL RNasin. After treatment for 3 min at room tem-
perature with 1% DMS (Sigma-Aldrich), the reaction was
quenched by addition of 0.5MDTT. Parallel sampleswere treated
with DMSO as a control. ForNAI treatment, RNAwas incubated
with 50 mM NAI for 3 and 6 min at 37°C and immediately puri-
fied. Themodified RNAwas reverse-transcribed using a 5′ end-la-
beled forward primer (mrDNA−205/−183) (Supplemental Table
S1), and cDNAwas analyzedbyelectrophoresis on6%sequencing
gels.DNAsequence ladderswere generatedwith theUSBThermo
Sequenase cycle sequencing kit (Thermo Fisher Scientific). The
secondary structure was generated with the Mfold Web server
(http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form) and
ViennaRNAWeb services (http://rna.tbi.univie.ac.at/forna).

RNase footprinting

5′ end-labeled PAPAS (−1/−205) was purified on 6% polyacryl-
amide–urea gels, denatured for 2 min at 95°C, and renatured for
30 min at 37°C in RNA folding buffer (10 mM Tris-HCl at pH
7.0, 10 mM MgCl2, 100 mM KCl, 2 U/µL RNasin). One-hundred
femtomoles of PAPASwas incubated for 1 h at room temperature
with increasing amounts of CHD4-N in buffer containing 40mM
Tris-HCl (pH7.5), 2mMMgCl2, 40mMKCl, 75mMNaCl, 0.01%
NP40, and 5% glycerol. After digestion with 0.01 U of RNase I
(Thermo Scientific) for 5 min at room temperature, the reaction
was stopped with SDS, and RNA was purified and analyzed by
electrophoresis on 6% polyacrylamide–urea gels (Nilsen 2014).

Isolation of chromatin-associated RNA

Chromatin was extracted from 107 NIH3T3 nuclei by incubation
for 5 min in 500 µL of glycerol/urea buffer (25% glycerol, 20 mM
Tris-HCl at pH 7.4, 187.5 mM KCl, 0.5 M urea, 0.5% NP-40,
5 mM MgCl2, 1 mM DTT). After centrifugation at 1200g for
3 min, chromatin was resuspended in 1 mL of glycerol/sucrose
buffer (10% glycerol, 340 mM sucrose, 10 mM Tris-HCl at pH
7.4, 10mMKCl, 5 mMMgCl2, 1 mMDTT) and centrifuged again

(Werner and Ruthenburg 2015). RNA from chromatin was recov-
ered by TRI reagent (Sigma) according to the manufacturer’s in-
structions. PAPAS cDNA was synthesized using a forward
primer comprising nucleotides −355/−337 with respect to the
TSS of the pre-rRNA-coding region.

Capture of PAPAS-associated DNA

Genomic DNAwas fragmented by sonication and digestion with
AccI and SalI to an average size of 200–300 bp. DNA (7.5 µg) was
incubated with 20 pmol of in vitro transcribed PAPAS (Supple-
mental Table S1, S2) for 40 min at 37°C in triplex buffer (10
mMTris-HCl at pH 7.4, 50mMKCl, 5mMMgCl2) supplemented
with 0.8 U/µL RNasin (Promega). DNA–RNA complexes were
bound to MyOne Streptavidin C1 Dynabeads (Invitrogen). After
three washes with triplex buffer containing 0.05% Tween20
and 0.5% NP-40 and one wash with triplex buffer containing
0.05% Tween20, RNA-associated DNA was eluted with 25 ng/
µL RNase and 5 mU/µL RNase 1 (Thermo Scientific) for 30 min
at 37°C. DNA was recovered by phenol/chloroform extraction
and analyzed by qPCR.
To monitor binding of PAPAS to defined DNA fragments, PCR

fragments were generated using GoTaq DNA polymerase (Prom-
ega). Four-hundred femtomoles of exonuclease I-treated PCR frag-
ments was incubated with 20 pmol of biotinylated PAPAS for 1 h
at 37°C in triplex buffer containing 10 mM Tris-HCl (pH 7.4),
50 mM KCl, 5 mM MgCl2, 0.8 U/µL RNasin (Promega), and
10 µg of salmon sperm DNA (Invitrogen). After binding to strepta-
vidin beads, washing, and elution, PAPAS-associated DNAwas re-
covered by phenol/chloroform extraction and analyzed by qPCR.

EMSA

Five picomoles of a DNA oligonucleotide comprising the En3-
TFR sequence of PAPAS was 5′-radiolabeled, annealed with the
complementary oligonucleotide, and then treated with 0.4 U/
µL exonuclease I for 30 min at 37°C to digest the excess of sin-
gle-stranded oligonucleotides. Labeling of the DNA oligo corre-
sponding to the PAPAS sequence did not allow visualization of
DNA–RNA heteroduplexes. After incubation of 0.25 pmol of du-
plex oligos with 25 pmol of synthetic RNA for 1 h at 37°C in tri-
plex buffer supplemented with 5 µg of salmon sperm DNA and
2.5U/µLRNasin, triplex formationwasmonitored by electropho-
resis on 8% polyacrylamide gels containing 8 mM MgCl2. Se-
quences of DNA oligos and RNAs are shown in Supplemental
Table S1.

Statistical analysis

Data are reported as mean values from at least three biological
replicates, with error bars denoting standard deviation (SD) or
mean ± SEM where indicated. Comparisons between two groups
were performed using a paired two-tailed Student’s t-test (P-val-
ues P < 0.05 [∗] and P < 0.01 [∗∗]).
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