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The RNA helicase DHX9 establishes nucleolar

heterochromatin, and this activity is required for

embryonic stem cell differentiation
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Abstract

Long non-coding RNAs (lncRNAs) have been implicated in the regu-

lation of chromatin conformation and epigenetic patterns. lncRNA

expression levels are widely taken as an indicator for functional

properties. However, the role of RNA processing in modulating

distinct features of the same lncRNA is less understood. The estab-

lishment of heterochromatin at rRNA genes depends on the

processing of IGS-rRNA into pRNA, a reaction that is impaired in

embryonic stem cells (ESCs) and activated only upon differentia-

tion. The production of mature pRNA is essential since it guides

the repressor TIP5 to rRNA genes, and IGS-rRNA abolishes this

process. Through screening for IGS-rRNA-binding proteins, we here

identify the RNA helicase DHX9 as a regulator of pRNA processing.

DHX9 binds to rRNA genes only upon ESC differentiation and its

activity guides TIP5 to rRNA genes and establishes heterochro-

matin. Remarkably, ESCs depleted of DHX9 are unable to differenti-

ate and this phenotype is reverted by the addition of pRNA,

whereas providing IGS-rRNA and pRNA mutants deficient for TIP5

binding are not sufficient. Our results reveal insights into lncRNA

biogenesis during development and support a model in which the

state of rRNA gene chromatin is part of the regulatory network

that controls exit from pluripotency and initiation of differentia-

tion pathways.
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Introduction

The nucleolus is the compartment where ribosome biogenesis takes

place, a process that is initiated by transcription of ribosomal RNA

(rRNA) genes that synthesize ribosomal rRNA [1]. In each somatic

cell, a fraction of the 400 rRNA genes is transcriptionally silent and

organized in heterochromatic structures, including CpG methylation

and histone H3K9 methylation [2,3]. However, until now the role of

silent heterochromatic rRNA repeats is not yet understood. Indeed,

the formation of heterochromatin at rRNA genes appears to not be

implicated in ribosome biogenesis since silent rRNA repeats do not

become transcriptionally activated even under conditions of high

metabolic activities of the cell [4].

The higher order organization of genomes is functionally impor-

tant to ensure correct execution of gene expression programs. For

instance, as cells differentiate into specialized cell types, chromo-

somes undergo diverse structural and organizational changes that

affect gene expression and other cellular functions [5]. The chro-

matin of embryonic stem cells (ESCs) is largely devoid of compact

heterochromatin blocks when compared to lineage-committed cells

[6,7]. This structure well reflects the plasticity and transcriptional

permissiveness of ESC genome that need to maintain the ability to

enter any distinct transcriptional programs for lineage specification

[8,9]. Upon differentiation, a large portion of the ESC genome

remodels toward a highly condensed heterochromatic form [10].

These changes are also accompanied by alterations of nuclear archi-

tecture such as the clustering of centromeres either at the nucleolus

or at the nuclear envelope [11,12]. However, it still remains elusive

how the switch from a lower to a higher order chromatin structure

is achieved during ESC differentiation and whether this process

plays a role in ESC differentiation.

Previous results have shown that also rRNA genes undergo chro-

matin changes during mouse ESC differentiation [13,14]. In ESCs,

all 400 rRNA gene copies are active and only upon differentiation a

fraction of these genes acquire heterochromatic marks such as CpG

methylation and histone H3K9 methylation, as found in somatic

cells [2,13]. In somatic mouse and human cells, establishment of

heterochromatin at rRNA genes is mediated by TIP5 through its

association with the long non-coding (lnc)RNA pRNA, DNA methyl-

transferases, and histone modifier enzymes [3,15–17]. Although

mouse and human pRNA sequences are lowly conserved in their

sequences, they display a similar structure that serves for the associ-

ation with TIP5 in vitro and in vivo [15,16,18]. pRNA derives from

the processing of the 2-kb-long IGS-rRNA, a transcript originating

from the spacer promoter that, in mouse, is located 2-kb upstream
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the main rRNA gene promoter [16,19]. The production of mature

pRNA is essential for the formation of heterochromatin at rRNA

genes since only mature pRNA can guide TIP5 to nucleolus to estab-

lish silencing while the association of TIP5 with the unprocessed

transcript abolishes this process [13]. Mature pRNA promotes the

association of TIP5 with TTF1, a nucleolar docking factor bound to

the main promoter of rRNA genes, whereas IGS-rRNA destroys the

interaction with TTF1 and impairs TIP5 recruitment [13,20]. In

ESCs, the maturation of IGS-rRNA into pRNA is abolished and it is

only upon ESC differentiation that the IGS-rRNA processing is acti-

vated to produce pRNA, which leads to the establishment

heterochromatin at a fraction of rRNA genes for the first time.

Remarkably, addition of mature pRNA in ESCs was not only suffi-

cient to establish nucleolar heterochromatin and to downregulate

rRNA synthesis but also primed ESCs for differentiation. These

results are consistent with recent studies proposing that elevated

rRNA biosynthesis sustains pluripotency in mouse and human ESCs

since rRNA downregulation through chemical inhibition of Pol I

activity or deletion of fibrillarin induces differentiation [21,22].

The critical role of pRNA biogenesis in the establishment of

rRNA gene heterochromatin represents an important example of

how the different features of the same lncRNA can be modulated to

regulate chromatin conformation and epigenetic patterns during

development. However, how this process is regulated is not under-

stood. To this end, we performed a screening for IGS-rRNA-binding

proteins and identified the RNA helicase DHX9 to be required for

the production of mature pRNA. DHX9 binds to rRNA genes only

upon ESC differentiation, and its activity to process IGS-rRNA into

pRNA is necessary to guide TIP5 to rRNA genes and establish rRNA

gene heterochromatin. Remarkably, ESCs depleted of DHX9 are

unable to differentiate and this phenotype can be reverted by the

sole addition of mature pRNA. Taken together, these results provide

molecular insights into lncRNA biogenesis that modulates different

features of the same lncRNA and highlights the importance of

lncRNA processing for the establishment of chromatin states during

development.

Results

The RNA helicase DHX9 associates with IGS-rRNA

pRNA is a 250–300 nucleotide transcript that derives from process-

ing of the 2-kb-long IGS-rRNA [16,19]. Production of pRNA is a key

step for the formation of heterochromatin at rRNA genes since only

mature pRNA can guide TIP5 to rRNA genes to establish repressive

chromatin states [13]. We sought to identify factors implicated in

IGS-rRNA processing by searching for proteins able to specifically

bind to IGS-rRNA. We performed GRNA chromatography, a method

that relies on the interaction between a 19 nt RNA element called

BoxB and a 22 amino acid long peptide kN22 [23]. We converted

Glutathione Sepharose into an RNA affinity matrix by binding GST-

kN22 fusion protein to in vitro synthesized BoxB-IGS-rRNA or BoxB-

Control-RNA and performed pull-downs using nuclear extracts of

NIH 3T3 or neural progenitors cells (NPCs), both proficient for IGS-

rRNA processing [13,19] (Fig 1A). Proteins bound to IGS-rRNA and

control-RNA sequences were eluted with RNase A and analyzed by

mass spectrometry (Figs 1B and EV1A–C, Dataset EV1). To identify

factors that specifically associate with IGS-rRNA sequences, we

considered only proteins that were present in all the experiments

with a minimum of two peptides and that were associated with at

least twofold higher peptide content to IGS-rRNA compared to

control-RNA (Figs 1B and EV1B and C). Only six proteins fulfilled

these criteria: DHX9, FUBP1, FUBP3, CSTF1, TIAR, and LSM6. As

expected, all these factors are related to RNA pathways. The RNA

helicase DHX9 (RNA Helicase A, RHA) caught our attention due to

its reported localization in nucleoli of mouse and human cells, the

compartment where processing of IGS-rRNA takes place [24–26].

Accordingly, immunofluorescence analysis revealed the presence of

endogenous DHX9 or ectopic GFP-DHX9 within nucleoli, as

evidenced by the co-localization with the nucleolar upstream bind-

ing factor UBF (Fig 1C). Moreover, in our effort to identify factors

associated with TIP5 through immuno-precipitation (IP) combined

with mass-spec analysis, DHX9 was consistently detected as a TIP5-

interacting protein (data not shown). Accordingly, co-immunopreci-

pitation of TIP5 in HEK293T cells revealed the association of TIP5

with endogenous DHX9 and the N-terminus domain of TIP5 was

sufficient for this interaction (Fig 1D). The interaction between

endogenous TIP5 and DHX9 was also detected in ESCs (Fig EV1D).

Finally, the identification of DHX9-interacting proteins in ESCs,

ESCs after 4 days of differentiation, NIH 3T3 and HEK293 cells

through anti-FLAG immuno-precipitation of ectopically expressed

FLAG-DHX9 followed by mass spectrometry revealed a strong

enrichment in factors implicated in RNA processing (Datasets EV2

and EV3, and Fig EV2). In particular, components of the spliceo-

some (as determined by STRING database of interaction and KEGG

pathway database) were remarkably abundant [27, 28]. Consistent

with these results, spliceosome was the major hit obtained through

cellular component and pathway analysis in each of the GRNA chro-

matography experiments performed to identify IGS-rRNA-binding

proteins (Dataset EV1). Interestingly, the absence of the spliceosome

canonical DExH/RHA helicases (i.e., PRPF 2, 16, 22, and 43) [29]

among DHX9 and IGS-rRNA interacting factors suggests that DHX9

does not interact with the canonical spliceosome complex.

DHX9 belongs to the DExH/RHA family of helicase superfamily 2

and is characterized by two copies of a double-stranded RNA-

binding domain (DSRM) at the amino terminus, a helicase core

domain (HrpA) in the central region, and an RGG-rich region at the

carboxyl terminus, which confers both RNA and DNA helicase activ-

ities [30–32]. DHX9 is the homolog of the maleless gene product

MLE in Drosophila, where it is essential for dosage compensation

between the two X chromosomes of females and the single one of

males [33]. In mammalian cells, DHX9 has been implicated in a

variety of processes such as transcriptional activation [34–38] and

genome stability [39,40]. However, the co-activating function of

DHX9 does not necessarily require ATP-hydrolysis or DNA unwind-

ing [36,38].

The ability of DHX9 to bind to IGS-rRNA, its nucleolar localiza-

tion, the association with TIP5 and its link to factors implicated in

spliceosome formation prompted us to investigate whether DHX9

plays a role in the processing of IGS-rRNA. We initially employed a

previously established assay based on the transfection of the IGS-

rRNA reporter plasmid in NIH 3T3 cells, proficient for IGS-rRNA

processing (Fig 2A) [13]. Transcripts are measured by strand-

specific reverse transcription (RT) using a primer hybridizing vector

sequences downstream the main rRNA gene promoter followed by
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amplification of pRNA and 50-IGS-rRNA regions. Since IGS-rRNA

also includes pRNA sequences, values obtained through amplifi-

cation with primers amplifying pRNA sequences represent the total

amount of mature pRNA and unprocessed IGS-rRNA transcripts

whereas measurements of 50-IGS-rRNA sequences correspond to the

levels of unprocessed transcripts only. We made use of the IGS-

rRNA reporter assay in NIH 3T3 cells depleted of DHX9 by siRNA

and found that processing of ectopic IGS-rRNA was less efficient

when compared to control cells (Fig 2A). Knockdown of DHX9 also

induced a consistent accumulation of endogenous unprocessed IGS-

rRNA (Fig 2B). Depletion of DHX9 did not affect the total levels of

IGS-rRNA and pRNA sequences, indicating that DHX9 is not impli-

cated in the synthesis of IGS-rRNA itself but most likely acts on its

processing (Fig EV1E and F). Remarkably, the defects in IGS-rRNA

processing upon DHX9 knockdown could be reversed upon ectopic

expression of GFP-DHX9, which is not targeted by the siRNA-DHX9

(Fig 2C). Expression of GFP-DHX9K417R that contains a mutation

impairing the ATP-helicase activity [36,41] displayed a similar effi-

ciency for restoring IGS-rRNA processing (Fig 2C), suggesting that

DHX9 RNA helicase activity is not required for IGS-rRNA matura-

tion. Together, these results indicate that DHX9 is implicated in the

maturation of IGS-rRNA into pRNA.

IGS-rRNA is composed of three sequence elements, namely

spacer region, enhancer repeats and pRNA, [16,19] (Fig 3A). To

determine whether DHX9 has a preferential association with one of

these sequences, we performed electrophoretic mobility shift

(EMSA) competition assays. Increasing amounts of in vitro tran-

scripts corresponding to selected regions of murine rRNA were used

to compete for binding of recombinant TIP5 or DHX9 to radiolabeled

runoff transcripts from pBluescript (RNAMCS) [18]. Consistent with

previous results, TIP5 displayed a higher binding affinity for pRNA

than a control-RNA sequence since only pRNA can efficiently

compete for the binding to TIP5 (Fig 3B) [13,16,18]. DHX9 bound to

RNA, forming high-molecular-weight complexes. However, the

specificity of DHX9 for pRNA was lower than the one observed for

TIP5. Indeed, control-RNA could also compete for binding, although

to a less extent since higher amounts of transcripts were required

(Fig 3C). The interaction of DHX9 with nucleic acids is specific for
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RNA as shown by the higher affinity for pRNA than rDNA promoter

sequences (Fig 3D). DHX9 displayed a slight preferential binding for

spacer and enhancer RNA sequences as compared to pRNA

(Fig 3E). These results are consistent with RNA immunoprecipita-

tion (RIP) analyses of formaldehyde cross-linked NIH 3T3 cells

showing that DHX9 directly associates with IGS-rRNA-specific

sequences but not with pRNA and that this interaction depends on

its RNA-binding domains DSRM and RGG (Fig 3F and G). Together

these data support the GRNA chromatography results identifying

DHX9 as an IGS-rRNA-specific binding factor. Finally, the preferen-

tial association of DHX9 for IGS-rRNA sequences upstream of the

pRNA element is further supported by the lack of DHX9 in GRNA

chromatography experiments using pRNA as bait (data not shown).

DHX9 associates with TIP5 independently of RNA

The ability of DHX9 to bind IGS-rRNA prompted us to investigate

whether RNA mediates the association of DHX9 with TIP5. We

performed co-immunoprecipitations from HEK293T cells transfected

with plasmids expressing Flag-HA-TIP5 and GFP-DHX9 or GFP-

DHX9 mutants (DHX9K417R, DHX9DDSRM, DHX9DRGG; Fig 4A). As

shown in Fig 4B, DHX9 mutations inactivating the ATPase activity

(GFP-DHX9K417R) did not affect the association with TIP5. Remark-

ably, RNase A treatment did not alter DHX9-TIP5 interaction. Consis-

tent with these results, the RNA-binding domains of DHX9 (DSRM

and RGG) were not required for TIP5-DHX9 interaction (Fig 4C).

Although co-expression of DHX9DDSRM and DHX9DRGG mutants nega-

tively affects expression of ectopic Flag-HA-TIP5 (but not of the

endogenous protein, Fig EV3), their association with TIP5 was simi-

lar to the one observed with wild-type DHX9. Similarly, TIP5W531G,

Y532A, a mutant with impaired RNA-binding ability [16], efficiently

interacted with DHX9 (Fig 4D). Taken together, these results indi-

cate that the association of DHX9 with TIP5 does not require RNA.

Considering the preferential binding of TIP5 to pRNA sequences [13]

and the association of DHX9 with IGS-rRNA, it may be possible the

TIP5-DHX9 complex can simultaneously associate with IGS-rRNA

through the interaction of TIP5 with pRNA sequences and the bind-

ing of DHX9 to the rest of the unprocessed transcript.
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Figure 2. DHX9 is implicated in IGS-rRNA processing.

A Schema depicts the IGS-rRNA reporter plasmid. Black arrows represent primers used to perform RT or to amplify plasmid sequences. Gray and red arrows indicate

primers hybridizing to rRNA sequences. siRNA-DHX9 or siRNA-control-treated NIH 3T3 cells were transfected with IGS-rRNA reporter plasmid. Transcripts are

measured by strand-specific reverse transcription (RT) using a primer hybridizing vector sequences downstream the main rRNA gene promoter followed by

amplification of pRNA (red and black arrows) and 5
0-IGS-rRNA regions (gray and black arrows). Data from six experiments are represented as values of amplifications

of the 5
0-region of IGS-rRNA (unprocessed) normalized to amplifications of pRNA sequences (unprocessed + processed) of the reporter plasmid. Box plots depict the

minimum and maximum values. The median is represented by a horizontal line within the boxes. DHX9 knockdown efficiency is shown on the left. Transcripts were
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B Measurements of endogenous IGS-rRNA levels in NIH 3T3 cells depleted of DHX9 by siRNA. Data from four experiments have been measured for endogenous

transcripts as described in (A).

C Schema depicts the domain organization of DHX9 and the strategy used to measure processing upon expression of plasmids expressing GFP-DHX9 in NIH 3T3 cells

depleted of DHX9 by siRNA. Values are from four independent experiments and were calculated as described in (A).

Data information: Statistical significance (P-values) for the experiments was calculated using the paired two-tailed t-test (*P < 0.05; ns, non-significant).
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DHX9 is required for the formation of heterochromatin at rRNA

genes through processing of IGS-rRNA into pRNA

The results above indicated that DHX9 is required for processing

of IGS-rRNA into pRNA. Previous findings showed that only

mature pRNA could guide TIP5 to rRNA genes by promoting the

association of TIP5 with TTF1, a nucleolar docking factor bound

to the main promoter of rRNA genes [13]. The unprocessed IGS-

rRNA alone, on the other hand, destroys the interaction with

TTF1 and impairs TIP5 recruitment to rRNA genes. We therefore

investigated whether depletion of DHX9 affects the association of

TIP5 with rRNA genes, TIP5 nucleolar localization, and rRNA

gene silencing. We analyzed NIH 3T3 cells, in which the function

of TIP5 and pRNA in establishing silencing at 40–50% of rRNA

genes has been well characterized [3,16,19]. While knockdown of

DHX9 did not alter TIP5 levels (Fig 5A), TIP5 occupancy at the

rRNA genes was impaired in the absence of DHX9 (Fig 5B).

Consistent with these results, the nucleolar localization of TIP5

was lost upon depletion of DHX9 (Fig 5C). Remarkably, upon

transfection of pRNA in cells depleted of DHX9 the localization of

TIP5 was retained in nucleoli (Fig 5D). Taken together, these

results indicate that DHX9 is required for the association of TIP5

with rRNA genes through its activity in processing IGS-rRNA into

pRNA. We then analyzed whether the nucleolar localization of

DHX9 depends on TIP5. Since all DHX9 antibodies tested so far

failed to detect a specific signal of DHX9 in mouse cells by

immunofluorescence analyses (data not shown), we measured the

cellular localization of DHX9 upon TIP5 knockdown in U2OS cells

(human osteosarcoma cells). U2OS cells showed a strong enrich-

ment and specific signal of DHX9 in nucleoli (Figs 1C and 5E).

Knockdown of TIP5 did not affect DHX9 levels (Fig EV4);

however, the enrichment of DHX9 in nucleoli was lost and DHX9

was mostly localized in nucleoplasm (Fig 5E). Consistent with

these results, the association of DHX9 with rRNA genes in NIH

3T3 cells decreased upon depletion of TIP5 (Fig 5F), suggesting

that DHX9 requires the association of TIP5 with mature pRNA to

bind to rRNA genes. Finally, NIH 3T3 cells depleted of DHX9

showed a reduction in rRNA gene silencing. Upon DHX9
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Figure 4. TIP5-DHX9 interaction is not mediated by RNA.

A Schema represents the domain organization of DHX9 and the mutants used for the interaction study.

B Anti-FLAG immunoprecipitation from HEK293T cells expressing FLAG-HA-TIP5 and GFP-DHX9 or GFP DHX9K4173. Bead-bound FLAG-TIP5 immunoprecipitates were

incubated with RNase A. After washing, co-precipitated proteins were visualized with anti-HA and -GFP antibodies. The data show one representative experiment out

of two independent experiments.

C Anti-FLAG immunoprecipitation from HEK293T cells expressing FLAG-HA-TIP5, GFP-DHX9, and GFP-DHX9 mutants DDSRM (left panel) or DRGG (right panel).

D Anti-FLAG immunoprecipitation from HEK293T cells expressing FLAG-HA-TIP5 or the RNA-binding deficient mutant FLAG-HA-TIP5W513G,Y532A.

Source data are available online for this figure.
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knockdown, rRNA genes displayed decreased levels of repressive

epigenetic marks such as CpG methylation and H3K9me2 and

increased 45S pre-rRNA transcription to levels similar to what

reported upon TIP5 knockdown in NIH 3T3 cells [42] (Figs 5G–I

and EV1G). Taken together, these results support a role of DHX9

in guiding TIP5 to rRNA genes and subsequent establishment of

nucleolar heterochromatin in a manner dependent on the produc-

tion of mature pRNA.

DHX9 localizes at nucleoli only upon ESC differentiation

Processing of IGS-rRNA into pRNA is impaired in ESCs and acti-

vated only upon ESC differentiation, which coincides with the

timing of de novo heterochromatin formation at rRNA genes [13].

To determine whether the inhibition of IGS-rRNA processing in

ESCs is dependent on alterations in DHX9 expression or cellular

localization, we analyzed and compared ESCs before and after

4 days of differentiation achieved upon leukemia inhibitory factor

(LIF) withdrawal. DHX9 is expressed in both ESCs and differentiated

cells, the latter showing a slight increase at mRNA and protein

levels (Fig EV5A and B). Remarkably, ChIP analysis revealed that

the association of DHX9 with rRNA genes was higher in differenti-

ated cells than in ESCs (Fig 6A). Therefore, although DHX9 and

TIP5 associate in ESCs (Fig EV1D), in the absence of mature pRNA

this interaction is not sufficient to recruit DHX9 or TIP5 to rRNA

genes. Consistent with these results, analysis of GFP-DHX9 in ESCs

revealed its localization in nuclei without any evident enrichment in

nucleoli (Fig 6B–D). In contrast, upon differentiation GFP-DHX9

drastically changed its position within the nucleus and all cells

showed DHX9 with an exclusive localization within nucleoli and a

weak signal in the rest of nucleoplasm (Fig 6C). The accumulation

of DHX9 in nucleoli and its association with rRNA genes only upon

ESC differentiation correlates well with the activation of IGS-rRNA

processing into pRNA, which takes place in nucleoli [19]. However,

how DHX9 is excluded from nucleoli of ESCs still remains

unknown.

Figure 5. DHX9 mediates recruitment of TIP5 and establishment of rRNA gene heterochromatin through processing of IGS-rRNA into pRNA.

A DHX9 knockdown does not affect TIP5 levels. mRNA and protein levels of TIP5 in NIH 3T3 cells depleted of DHX9 by siRNA. TIP5 mRNA values were normalized to

GAPDH mRNA and to siRNA-control cells. Values (mean � SD) are from three independent experiments.

B DHX9 is required for the association of TIP5 with rRNA genes. ChIP analysis of TIP5 occupancy at rRNA genes in NIH 3T3 cells depleted of DHX9 by siRNA. Data from

two independent experiments are represented as bound over input and normalized to siRNA-Control cells. Scatter plot represents the values and the mean of two

independent experiments.

C DHX9 is required for the localization of TIP5 in nucleoli. Immunofluorescence with anti-TIP5 and anti-UBF of NIH 3T3 cells treated with siRNA-Control or-DHX9.

Numbers refer to cells showing TIP5 nucleolar localization relative to the number of analyzed cells.

D Retention of TIP5 in nucleoli depends on DHX9-mediated production of mature pRNA. Immunofluorescence with anti-TIP5 and anti-UBF of DHX9-depleted NIH 3T3

cells transfected with Control-RNA or pRNA.

E Nucleolar localization of DHX9 depends on TIP5. Immunofluorescence with anti-DHX9 and anti-UBF of U2OS cells treated with siRNA-Control or siRNA-TIP5. Numbers

refer to cells showing DHX9 nucleolar localization relative to the number of analyzed cells.

F TIP5 is required for the association of DHX9 with rRNA genes. ChIP analysis of DHX9 occupancy at rRNA genes in U2OS cells depleted of TIP5 by siRNA. Values

(mean � SD) from three independent experiments are represented as bound over input and normalized to siRNA-Control cells.

G DHX9 is required for rRNA gene silencing. Methylated DNA immunoprecipitation (MeDIP) analysis of rRNA gene promoter using anti-5mC antibodies in NIH 3T3 cells

upon DHX9 knockdown. Enrichments were calculated relative to input and normalized to rRNA genes in control cells. Low enrichment of GAPDH sequences (free of

CpG methylation) ensures for the specificity of the measurement. Values (mean � SD) are from three independent experiments.

H ChIP analysis of H3K9me2 at rRNA gene promoter in NIH 3T3 cells upon DHX9 knockdown. Enrichments were calculated relative to input and normalized to control

cells. Values (mean � SD) are from three independent experiments.

I Knockdown of DHX9 upregulates rRNA transcription. RT–qPCR of 45S pre-rRNA levels in NIH 3T3 cells upon DHX9 knockdown. Values (mean � SD) from three

independent experiments were normalized to GAPDH mRNA and to control cells.

Data information: Statistical significance (P-values) for the experiments was calculated using the paired two-tailed t-test (*P < 0.05; ***P < 0.001; ns, non-significant).

Figure 6. DHX9-mediated production of mature pRNA is required for ESC differentiation.

A DHX9 associates with rRNA genes only upon ESC differentiation. ChIP analysis using DHX9 antibodies in ESCs and cells after 4 days of differentiation. Values

(mean � SD) are from three independent experiments and calculated relative to input and to values of rRNA sequences in ESCs.

B–D DHX9 is not enriched in nucleoli of ESCs. (B) Schema depicts the experimental strategy to measure DHX9 localization in ESCs and after 3 days of differentiation. (C)

Immunofluorescence analysis with GFP and UBF antibodies of ESCs transfected with GFP-DHX9. (D) Life cell imaging of ESCs transfected with GFP-DHX9 (right).

Nucleoli can be visualized by phase contrast.

E–G DHX9 is required for ESC differentiation. (E) Schema depicts the experimental strategy to analyze differentiation of ESCs depleted of DHX9 by siRNA. (F) RT–qPCR

analysis of DHX9 and pluripotency factors in ESCs upon DHX9 knockdown. Expression levels were normalized to Rps12 mRNA amounts and control ESCs. Average

and standard deviation (n = 3) are shown for each point. (G) Representative images of alkaline phosphatase staining of ESCs and cells after 3 days of

differentiation.

H–J DHX9-mediated production of mature pRNA is required for ESC differentiation. (H) Schema depicts the experimental strategy to analyze differentiation of ESCs

depleted of DHX9 by siRNA in the presence of mature pRNA. (I, J) Quantification and representative images of ESCs after 3 days of differentiation. Values

(mean � SD) represent number of differentiated cells from three independent experiments relative to control cells (siRNA-control + Control-RNA).

K The association of TIP5 with mature pRNA is required for ESC differentiation. Quantification and representative images of ESCs treated with siRNA-DHX9 and

transfected with pRNA mutants and IGS-rRNA after 3 days of differentiation. Values represent number of differentiated cells to control differentiated cells (siRNA-

control + Control-RNA). Data represent the mean of two independent experiments.

Data information: Statistical significance (P-values) was calculated using the paired two-tailed t-test (*P < 0.05; **P < 0.01; ns, non-significant)
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DHX9-mediated processing of IGS-rRNA is required for

ESC differentiation

Previous work has shown that during differentiation, the euchro-

matic and transcriptional permissive ESC genome remodels into a

more repressive and heterochromatic structure [10,43]. Similarly,

rRNA genes in ESCs are euchromatic and only upon ESC differenti-

ation heterochromatin in the nucleolus is established [13]. Deter-

minant for the lack of heterochromatin in nucleoli is the

impairment of IGS-rRNA processing since addition of mature pRNA

into ESCs was sufficient to induce heterochromatin formation at

rRNA genes. Remarkably, the presence of ectopic pRNA in ESCs

also initiated the establishment of highly condensed chromatin

structures outside of the nucleolus, which was similar to what

observed in differentiated cells. Moreover, such ESCs were primed

for differentiation as indicated by the increased expression of

genes implicated in developmental and differentiation processes.

Therefore, we asked whether the production of mature pRNA

mediated by DHX9 is necessary for ESC differentiation. Upon

DHX9 knockdown, ESCs did not show alterations in important

molecular features of the undifferentiated state such as cell prolif-

eration, expression of the pluripotency genes, cell morphology,

and alkaline phosphatase (AP) staining (Fig 6E–G). To determine

whether DHX9 depletion affects ESC differentiation, we induced

monolayer differentiation of ESCs treated with siRNA-control or

siRNA-Dhx9. After 3 days, control cells displayed morphological

structures typical of differentiated cells were negative for AP stain-

ing and had downregulation of pluripotency markers (Figs 6G and

EV5C). In contrast, after induction of differentiation, cells depleted

of DHX9 did not attach to the plate and underwent cell death

(Fig 6G). To assess whether the requirement of DHX9 for ESC dif-

ferentiation depends on its role in IGS-rRNA processing, we trans-

fected mature pRNA into ESCs treated with siRNA-control or

siRNA-Dhx9 and subsequently induced differentiation 1 day later

(Fig 6H). Both ESCs transfected with siRNA-control and with

control-RNA or pRNA efficiently differentiated whereas ESCs

depleted of DHX9 and transfected with control-RNA underwent cell

death (Fig 6I and J). Remarkably, transfection of mature pRNA in

ESCs knocked down for DHX9 was sufficient to entirely restore dif-

ferentiation capability to same efficiencies as in control cells

(Fig 6I and J). Consistent with the results described above, DHX9-

depleted ESCs transfected with IGS-rRNA were unable to differenti-

ate (Fig 6K), supporting the role of mature pRNA to drive cells

into differentiation. Since the association of TIP5 with pRNA is key

to establish heterochromatin at rRNA genes, we analyzed the abil-

ity of DHX9-depleted ESCs to differentiate using a pRNA mutant

whose 30-region necessary for TIP5 association was replaced with

a control-RNA sequence (pRNA-Control) [13,15,16]. As shown in

Fig 6K, DHX9-depleted ESCs transfected with pRNA-Control failed

to differentiate. In contrast, replacement of the 50-pRNA region

(Control-pRNA), which is not required for the association of TIP5

and recruitment to rRNA genes [13], was sufficient to entirely

restore ESC differentiation capacity, underscoring the importance

of TIP5/pRNA-mediated heterochromatin formation at rRNA genes

during ESC differentiation. Together, these results indicate that

processing of IGS-rRNA into pRNA mediated by DHX9 is an event

required for early differentiation and highlight the role of the chro-

matin state of rRNA genes in controlling this process.

Discussion

In this work, we have shown that the RNA helicase DHX9 is

required to process IGS-rRNA into pRNA and this activity is required

for ESC differentiation. Because of the role of pRNA to establish

heterochromatin at rRNA genes and the fact that mature pRNA is

produced only upon ESC differentiation, these results strongly

support a role of the chromatin state of rRNA genes for the ability of

ESCs to undergo differentiation.

The remodeling of the open and euchromatic genome structure

of ESCs toward the formation of highly condensed heterochromatic

structures marks the exit of ESCs from pluripotency and the entry

into differentiation program [8]. This change in chromatin state is

also characteristic of rRNA genes, a fraction of which only acquires

epigenetic silent marks upon differentiation [13]. The formation of

heterochromatin in the nucleolus during differentiation is also

timely coincident with the clustering of highly condensed

heterochromatin at nucleoli or at the nuclear periphery [11,12]. The

link between the nucleolus and heterochromatin is also true for the

inactive X-chromosome that contacts the nucleolus to duplicate its

silent chromatin structures during mid-to-late S phase [44]. Simi-

larly, lamina-associated domains (LADs) that are relatively gene

poor and have a repressive chromatin signature were also found

relocated next to the nucleolus [45,46]. Thus, by analogy with the

nuclear periphery [47,48] also the clustering of heterochromatin at

the nucleolus might play a role for the establishment of mammalian

heterochromatin.

Our previous work has started to highlight the nucleolus as an

important regulator that orchestrates the formation of heterochro-

matin. Indeed, inducing heterochromatin at rRNA genes in ESCs

through addition of mature pRNA resulted in a drastic change of

genome architecture with the appearance of highly condensed

heterochromatic blocks outside the nucleolus [13]. These changes

were also accompanied by a global increase in H3K9me2, matura-

tion of heterochromatin at repetitive sequences—such as major and

minor satellites—and their transcriptional repression as found in dif-

ferentiated cells. Although the mechanisms through which the

nucleolus acts in this global restructuring of genome architecture is

yet unknown, what is clear is that it depends on the chromatin state

of rRNA genes since the gain of heterochromatin at rRNA genes

induces the rest of the genome to remodel into highly condensed

structures.

The finding that DHX9 is required for processing of IGS-rRNA

into pRNA, a reaction that is activated only upon ESC differentia-

tion, allowed the determination that inhibition of this process

impairs ESC differentiation. Indeed, the defects of differentiation

observed upon DHX9 knockdown could be reverted solely by the

addition of mature pRNA, underscoring the importance of DHX9 in

the processing of IGS-rRNA into pRNA and subsequent establish-

ment of nucleolar heterochromatin in early development. Remark-

ably, the requirement of DHX9 in early development is also

supported by previous data indicating that DHX9 is essential for

gastrulation and Dhx9�/� embryos do not progress further than

E7.5 in development [49]. Moreover, the switch in the cellular local-

ization of DHX9, which is lowly enriched in nucleoli of ESCs but

exclusively present in nucleoli of differentiated cells, correlates well

with the activation of IGS-rRNA processing that takes place in nucle-

oli only upon exit of pluripotency. However, how the cellular
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localization of DHX9 is regulated in early development is yet unclear

and will be an aim of our future studies.

The contribution of DHX9-mediate production of pRNA in ESCs

differentiation supports previous observations showing defects in

ESC differentiation upon depletion of TIP5 [13]. Thus, impairment

of rRNA gene heterochromatin achieved by alteration of pathways

upstream TIP5 silencing activity without altering TIP5 expression

levels brought to similar conclusion, that is the chromatin state of

rRNA genes plays a role for the exit from pluripotency. This is

further supported by the fact that pRNA mutants with impaired abil-

ity to associate with TIP5 failed to rescue the differentiation defects

observed in ESCs upon depletion of DHX9. Recent studies have

proposed that elevated rRNA biosynthesis sustains pluripotency in

mouse and human ESCs since rRNA downregulation through chemi-

cal inhibition of Pol I activity or deletion of fibrillarin induces dif-

ferentiation [21,22]. Although the set-up of our experiments does

not allow us to determine whether the impairment of ESC differenti-

ation is due to the maintenance of high rRNA transcription or to the

lack of heterochromatin in nucleolus, we favor the latter case.

Indeed, it is unlikely that cells with high rRNA level undergo cell

death since ribosome biogenesis is well known to be positively

correlated with cell viability and proliferation [1]. Thus, our data

favor a model in which the nucleolus is not only the cellular

compartment where ribosomes are produced but it is also a central

component of nuclear architecture that coordinates the balance

between euchromatin and heterochromatin according to develop-

mental stages. Likewise, the function of rRNA genes might not only

be limited to the synthesis of rRNA, a model which is in agreement

with early studies showing that the fraction of silent rRNA genes

present in each differentiated cell does not change its transcriptional

state even under conditions of high metabolic activities [4]. The link

between rRNA genes and the chromatin architecture of the rest of

the genome is also supported by previous results in Drosophila

showing that deletion of rRNA repeats reduced heterochromatin

content elsewhere in the genome [50]. A similar observation was

also found upon knockdown of TIP5 in NIH 3T3 cells, which

induced not only a decrease of rRNA gene silencing but also the loss

of perinucleolar heterochromatic blocks and the reduction of silent

histone marks at pericentric heterochromatin [42].

Our data suggested that the splicing pathway might be implicated

in the processing of IGS-rRNA into pRNA. The spliceosome was

indeed the major hit obtained through cellular component and path-

way analysis of both IGS-rRNA pulled-down proteins and DHX9-

associated factors from ESCs, differentiated ESCs, NIH 3T3, and

HEK293 cells. Remarkably, spliceosome core components (i.e., U2

Small Nuclear RNA Auxiliary Factor 2 U2AF2, Splicing factor 3B

subunit 3 SF3B3, pre-mRNA Processing Factor 3 and 8, PRP3 and 8)

have been found in the analysis of the proteome of nucleoli [51].

The possibility of a role of the spliceosome in the production of

mature pRNA is also supported by the absence of ribonucleases

among the identified IGS-rRNA interacting proteins. Xrn2 (50–30

exoribonuclease 2) was the unique ribonuclease we identified as

DHX9-associated proteins in three out of four experiments.

However, analyses of IGS-rRNA processing in cells depleted of Xrn2

by siRNA did not reveal any substantial defect as the ones found

upon DHX9 knockdown (data not shown). Thus, the strong interac-

tion of DHX9 with spliceosome components and the lack of associa-

tion with ribonucleases with function in IGS-rRNA processing

suggest a mechanism where DHX9 through binding to TIP5 and/or

IGS-rRNA recruits the spliceosome complex for IGS-rRNA process-

ing. The mechanisms of this reaction are currently under investiga-

tion.

Taken together, the results provided molecular insights into the

biogenesis of lncRNAs that modulates different features of the same

lncRNA according to developmental stage. Moreover, the data

supported a model in which the state of rRNA gene chromatin is

part of the regulatory network that controls the exit from pluripo-

tency and the initiation of differentiation pathways.

Materials and Methods

Cell culture

NIH 3T3, U2OS, and HEK293T cells were cultured in Dulbecco’s

modified Eagle’s medium (DMEM Gibco) supplemented with 10%

fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin

(Gibco).

One hundred and twenty-nine mouse embryonic stem cells (E14

line) were cultured in DMEM-F12 and Neurobasal medium (1:1,

Gibco), supplemented with 1× N2/B27 (Gibco), 1× penicillin/

streptomycin/L-glutamine (Gibco), 50 lM b-mercaptoethanol

(Gibco), recombinant leukemia inhibitory factor, LIF (ESGRO,

1,000 U/ml) and MEK and GSK3b inhibitors, 2i (Stemolecule

CHIR99021 and PD0325901, 3 and 1 lM, respectively). ESCs were

seeded at a density of 50,000 cells/cm2 in culture dishes (Corning�

CellBIND� surface) treated with 0.1% gelatine without feeder layer.

Propagation of cells was carried out every 2 days using trypsin 0.5×

for enzymatic cell dissociation. ESCs were differentiated by culturing

for 48–72 h in complete medium: DMEM, 10% FCS, 1 mM sodium

piruvate (Sigma), 1× NEAA (Gibco), 1× penicillin/streptomycin/

L-glutamine, 100 lM b-mercaptoethanol.

The differentiation toward neural progenitor cells (NPC) was

obtained according to previously established protocol [52]. In brief,

differentiation employed a suspension-based embryoid bodies

formation (Bacteriological Petri Dishes, Bio-one with vents,

Greiner�) in neural differentiation media (DMEM, 10% FCS,

1× MEM NEAA, 1× penicillin/streptomycin/L-glutamine, 100 lM

b-mercaptoethanol). During the 8-day differentiation procedure,

media were exchanged every 2 days. In the last 4 days of differenti-

ation, the media were supplemented with 2 lM retinoic acid (RA) to

generate neuronal precursors (i.e., Pax-6-positive radial glial cells).

Transfections

Plasmids and siRNAs were transfected in HEK293T cells using

calcium phosphate protocol. NIH 3T3 mouse fibroblasts, U2OS and

ESCs were transfected with the indicated siRNAs (50 nM siRNA)

using Lipofectamine� RNAiMAX (Life Technologies) in Opti-MEM�

GlutaMAXTM (GIBCO) reduced-serum medium. Analysis of differenti-

ated transfected ESCs was performed using consecutive transfec-

tions. To test ESC ability to differentiate upon DHX9 knockdown,

3 days after the first transfection, equal amounts of ESCs (e.g.,

siRNA-control and siRNA-DHX9 treated cells) were again trans-

fected and induced to differentiate in complete media (G-MEM, 10%

FCS, sodium pyruvate 100 mM, 1× MEM NEAA, L-glutamine) by
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withdrawal of LIF and 2i. Transfections of siRNA together with

synthetic RNAs (1 mg/ml) were performed using Transit-X2� trans-

fection reagent (Mirus), and the differentiation was induced 1 day

after transfection by withdrawal of LIF and 2i.

Efficiencies of siRNA-mediated depletions and synthetic RNA

levels were monitored by qRT–PCR 3–4 days post-transfection.

RNA extraction, reverse transcription, and quantitative

PCR (RT–qPCR)

RNA was purified with TRIzol reagent (Life Technologies). Residual

contaminating genomic DNA was removed with Ambion� TURBOTM

DNase according to manufacturer’s instructions. RNA was primed

with random hexamers and reverse-transcribed to cDNA. Amplifi-

cation of samples without reverse transcriptase assured absence of

genomic or plasmid DNA (data not shown). The relative transcrip-

tion levels were determined by normalizing to Rps12 or GAPDH

mRNA levels, as indicated. Measurements of IGS-rRNA processing

were performed as previously described [53]. Reverse transcription

was obtained using primers �20/�1 Rev (endogenous transcripts)

or Vector RT primer hybridizing vector sequences (reporter assay).

Processing efficiency was calculated by normalizing amplifications

of the 50-IGS-rRNA region (endogenous: primers �1,994/�1,975 For

and �1,922/�1,905 Rev; reporter: primers �1,994/�1,975 For and

Vector 1 Rev) to amplification of pRNA sequences (endogenous:

primers �165/�145 For and �39/�20 Rev; reporter: primers �165/

�145 For and Vector 2 Rev). qRT–PCR was performed with

SensiMix SYBR Hi-ROX Mix (Bioline) on a Rotor-Gene Q (Qiagen).

Statistical significance (P-values) of the difference in expression

levels between genes was calculated using the two-sample paired

t-test. Primer sequences are listed in Table EV1.

Chromatin immunoprecipitation (ChIP)

ChIP analysis was performed as previously described [54]. Briefly,

formaldehyde 1% was added to cultured cells to cross-link proteins

to DNA. Isolated nuclei were then lysed and sonicated using a

Bioruptor ultrasonic cell disruptor to shear genomic DNA to an aver-

age fragment size of 200 bp. 20 lg of chromatin was diluted to a

total volume of 500 ll with IP buffer (16.7 mM Tris–HCl, pH 8.1,

167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, 1.1% Triton X-100) and

pre-cleared with 10 ll packed Sepharose beads for 2 h at 4°C. Pre-

cleared chromatin was incubated overnight with the indicated anti-

bodies. The next day, Dynabeads protein-A (or -G, Millipore) were

added and incubated for 4 h at 4°C. After washing, bound chro-

matin was eluted with the elution buffer (1% SDS, 100 mM

NaHCO3). Upon proteinase K digestion (50°C for 1 h) and reversion

of cross-linking (65°C, overnight), DNA was purified with phenol/

chloroform, ethanol precipitated and quantified by qPCR using the

primers listed in Table EV1.

Methylated DNA immunoprecipitation (MeDIP)

200-bp length DNA fragments were denatured and incubated over-

night with 5mC-antibody (Diagenode) in 200 ll IP buffer (10 mM

Na-phosphate buffer, pH 7.0, 140 mM NaCl, 0.05% Triton X-100).

The day after, 20 ll of protein-G Dynabeads (Millipore) was added

and incubated for 2 h at 4°C. Beads were then washed three times

at RT for 10 min with IP buffer and subsequently incubated with

250 ll proteinase K digestion mix (50 mM Tris–HCl, pH 8, 0.5%

SDS, 10 mM EDTA, 2 lg proteinase K) overnight at 42°C. DNA was

purified with phenol/chloroform, ethanol precipitated and quanti-

fied by qPCR.

AP staining

Cells were fixed in 4% paraformaldehyde for 10 min, washed with

AP buffer (100 mM Tris-Cl pH 9.5, 100 mM NaCl, 50 mM MgCl2),

and then incubated for 5–10 min in BCIP�/NBT liquid substrate

system (Sigma). The staining was blocked with 10 mM Tris and

1 mM EDTA for 10 min.

GRNA chromatography

GRNA chromatography was performed as previously described [23].

Briefly, Glutathione Sepharose matrix was incubated for 1 h rotating

at 4°C with GST-k phage N antiterminator fusion protein and

equimolar amounts of in vitro synthesized BoxB-RNAs (i.e., BoxB-

Control-RNA and BoxB-IGS-rRNA) to obtain the RNA affinity matrix

(GRNA resins). The GRNA resins were incubated overnight rotating

at 4°C with nuclear extracts from NIH 3T3 cells or NPC in BB buffer

(50 mM Tris–HCl pH 7.5, 100 mM KCl, 2 mM MgSO2, 0.1% NP-40,

0.1 mg/ml yeast tRNA, 0.01 mg/ml heparin, 1× protease inhibitor

cOmplete EDTA-free Roche), followed by extensive washing and

elution of bound proteins using 20 lg/ml of RNase A (Thermo

Scientific). Eluted proteins were precipitated in 20% trichloroacetic

acid, washed extensively with pure acetone, and dried at 95°C for

5–10 min. The samples were solubilized and incubated overnight at

37°C in 30 ll of buffer (10 mM Tris, pH 8.2, 2 mM CaCl2), 10 ll

acetonitrile, 5 ll trypsin (100 ng/ll in 10 mM HCl), and 5 ll of

RapiGestTM (1% in water). After centrifugation, the supernatants

were dried and resuspended in 0.1% formic acid and analyzed by

LC-MS/MS.

RNA immunoprecipitation

RNA immunoprecipitation was performed as previously described

[55]. Briefly, 1% final concentration formaldehyde was added to the

cell medium to cross-link proteins to RNA. Nuclei were then isolated

in swelling buffer (5 mM HEPES pH 8.0, 85 mM KCl, 0.5% Nonidet

P-40, 1× protease inhibitor cOmplete EDTA-free Roche) and lysed in

nuclei lysis buffer (50 mM Tris–HCl pH 8.0, 10 mM EDTA pH 8.0,

1% w/v SDS, 1× protease inhibitor, 40 U/ml RNase inhibitor). The

extracts were diluted tenfold with FA lysis buffer (1 mM EDTA pH

8.0, 50 mM HEPES pH 7.5, 140 mM NaCl, 0.1% w/v sodium deoxy-

cholate, 1% v/v Triton X-100, 1× protease inhibitor, 40 U/ml RNase

inhibitor) and sonicated for 5 min with 30 s on/off cycles in a

Bioruptor sonicator (Diagenode). The extracts were pre-cleared with

20 ll packed Sepharose beads for 1 h rotating at 4°C. Pre-cleared

extracts were then adjusted to 25 mM MgCl2, and 5 mM CaCl2 and

incubated at 37°C for 30 min. with 120 lg/ml of DNase I (Fermen-

tas). 5% of extracts was retained as input. Pre-cleared extracts were

incubated overnight with the DHX9 antibody (Abcam ab26271) or

GFP Trap� beads (Chromotek) to IP the endogenous or GFP-tagged

overexpressed protein, respectively. The next day, in case of

endogenous protein, Dynabeads protein-A (Millipore) were added
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and incubated for 4 h at 4°C. After stringent washing, bound RNA–

protein complexes were eluted with RIP elution buffer (10 mM

EDTA, 100 mM Tris–HCl pH 8.0, 1% SDS, 40 U/ml RNase inhi-

bitor). Upon proteinase K digestion (42°C for 1 h) and reversion of

cross-linking (65°C, 1 h), RNA was purified with an equal volume

of acid-equilibrated phenol/chloroform and isopropanol precipi-

tated. Residual contaminating genomic DNA was removed with

Ambion� TURBOTM DNase according to manufacturer’s instructions.

After isopropanol precipitation, RNA was primed with random

hexamers and reverse-transcribed to cDNA (as described above)

and quantified by qPCR using the primers listed in Table EV1.

Immunoprecipitation

Nuclei were obtained by resuspending cells in hypotonic buffer

(0.5% NP-40, 85 mM KCl, 5 mM HEPES, pH 7.4) and subsequent

centrifugation at 6,000 g for 10 min at 4°C. Nuclei were then

resuspended in nuclear extraction buffer (50 mM Tris–HCl pH 7.5,

0.15 M KCl, 5 mM MgCl2, 0.2 mM EDTA, 20% glycerol, 0.5 mM

DTT, 0.5% NP-40 and 1× protease inhibitor cOmplete EDTA-free

Roche) and sonicated two times for 30 s with a Bioruptor ultrasonic

cell disruptor. After DNase I treatment for 1 h at 4°C, extracts were

sonicated again for 30 s and centrifuged for 10 min at 4°C with

3,400 g. 0.5 mg of proteins from the resulting supernatant was

immunoprecipitated overnight at 4°C using anti-HA-Agarose

(Sigma) or M2 beads (Sigma). 0.05 mg (10%) of the extracts was

later used to check for equal input material. Immunoprecipitates

were washed three times at 4°C for 5 min with wash buffer (20 mM

Tris–HCl, pH 7.8, 150 mM KCl, 5 mM MgCl2, 0.2 mM EDTA, 10%

glycerol, 0.1% Tween and 1× protease inhibitor cOmplete EDTA-

free Roche). Beads were collected by centrifuging for 5 min at 4°C

with 500 rcf. Proteins were denatured with 1× Lämmli buffer, sepa-

rated on SDS–polyacrylamide gel, and analyzed by immunoblotting.

For the analysis of DHX9 interactome, nuclei were obtained by

resuspending FLAG-DHX9 expressing cells in nuclei preparation

buffer (10 mM HEPES pH7.6; 1.5 mM MgCl2; 10 mM KCl; 0.5 mM

DTT and 1× protease inhibitor cOmplete EDTA-free Roche). After

10-min (HEK293T, ESC and ESC differentiated cells) or 30-min (NIH

3T3) incubation, cells were centrifuged at 3,800 g for 5 min, resus-

pended in nuclei preparation buffer, and subjected to 20–40 strokes

in a dounce homogenizer. Nuclei were collected by centrifugation at

6,000 rcf, resuspended in nuclear extraction buffer, and immuno-

precipitation was performed as described above. Elution of DHX9-

interacting proteins was obtained by competition with 100 lg/ml of

free FLAG peptide in wash buffer. Proteins of each elution were

precipitated with trichloroacetic acid as described above for GRNA

chromatography and analyzed by LC-MS/MS.

Immunofluorescence

TIP5 immunofluorescence was performed as described in ref. [13].

Briefly cells were seeded on glass coverslips 72–96 h before analysis

and in the case of knockdown experiments transfected with siRNAs

as described above. To perform the immunofluorescence, coverslips

were washed with 1× PBS and cells were incubated with permeabi-

lization buffer (20 mM Tris, pH 8, 5 mM MgCl2, 0.5 mM EDTA,

25% glycerol, 0.05% Triton X-100) for 4 min at RT. After three

washes with 1× PBS, cells were fixed with ice-cold pure methanol

for 7 min at �20°C, washed again with 1× PBS, and incubated over-

night with anti-TIP5 and anti-UBF. After washing three times with

1× PBS, cells were incubated with fluorescently labeled secondary

antibodies for 1 h at RT, washed again, and stained with DAPI.

Immunofluorescent images were digitally recorded.

DHX9 immunofluorescence was performed according to the

protocol indicated by the DHX9 antibody manufacturer (Abgent).

Briefly cells were seeded on glass coverslips 72–96 h before analy-

sis. To perform the immunofluorescence, the coverslips were

washed with 1× PBS and cells were fixed and permeabilized in 1×

PBS containing 4% paraformaldehyde and 0.1% Triton X-100 for

20 min at RT followed by an incubation in blocking solution (1%

BSA in PBS) for 30–60 min. After washing three times with 1× PBS,

cells were incubated with anti-DHX9 for 1–3 h at RT, washed three

times with 1× PBS, and incubated with fluorescently labeled

secondary antibodies for 1 h at RT, washed again, and stained with

DAPI. Immunofluorescent images were digitally recorded.

In vitro RNA synthesis

The following RNA and control sequences were cloned by PCR into

pJET1.2 plasmids: Control-RNA (pJET1.2 backbone); pRNA

(mrDNA from �232 to �1); Spacer-rRNA (mrDNA from �1,994 to

�1,905); Enhancer-rRNA (mrDNA from �554 to �447); IGS-rRNA

(mrDNA from �1,997 to +1). pRNA mutants (pRNA-Control and

Control-pRNA were described in ref. [13]. BoxB-Control (BoxB

sequence fused to pJET1.2 backbone from 345 to 2,134) and BoxB-

IGS-rRNA (BoxB sequence fused to mrDNA from �1,994 to �1)

were cloned by PCR into pTOPO 2.1 plasmid. Synthetic RNAs were

synthesized using T7 polymerase and as substrate XbaI (pJET1.2),

BamHI (pTOPO 2.1), or AvaII (pJET1.2 BoxB-Control) linearized

vectors containing the indicated sequences. IGS-rRNA used for ESCs

transfection was synthesized using the HiScribeTM T7 ARCA Kit (Neb

E2065S) according manufacturer’s instructions, in order to increase

its stability upon transfection. After treatment with DNase I, tran-

scripts were double purified using TRIzol reagent (Invitrogen)

according to the manufacture’s protocol, quantified and analyzed by

agarose gel electrophoresis.

EMSA competition assay

Radiolabeled RNAMCS was synthesized by T7 RNA polymerase using

EcoRI linearized pBluescript-KS(+) plasmid as template. After treat-

ment with DNase I, transcripts were purified and 50,000 cpm of

MCS-RNA was incubated for 15 min on ice with 75 ng recombinant

TIP5 or 50 ng DHX9 in EMSA buffer (20 mM Tris–HCl pH 8.0,

5 mM MgCl2, 100 mM KCl, and 0.2 mM EDTA). The amounts of

TIP5 and DHX9 moieties to be used in EMSA competition assay

were determined by pilot titration experiments as the minimal

amount of proteins necessary to obtain a complete shift of radiola-

beled RNAMCS in the absence of competitor RNA (shown in the

second lane of each EMSA competition experiment). Cold competi-

tor RNA was added, and incubation was continued for 30 min.

RNA–protein complexes were analyzed by electrophoresis on 6%

(w/v) native polyacrylamide gels and visualized by autoradiogra-

phy. To produce recombinant DHX9, HEK 293T cells overexpressing

FLAG-DHX9-His were resuspended in lysis buffer (10 mM Tris–HCl

pH 7.5, 500 mM NaCl, 5 mM MgCl2, 15 mM imidazole, 10%
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glycerol, 2 mM b-mercaptoethanol, 1× protease inhibitor cOmplete

EDTA-free Roche), incubated for 10 min at 4°C, and sonicated two

times for 30 s with a Bioruptor ultrasonic cell disruptor. Extracts were

then treated with DNase I (10 U/ml, Thermo Scientific) and RNase A

(40 lg/ml, Thermo Scientific) for 1 h at 4°C and centrifuged at

20,000 g for 30 min. Supernatant was incubated with ProBondTM resin

(Invitrogen) at 4°C for 3 h to capture His-tagged proteins. After wash-

ing using lysis buffer, DHX9-bound bead were resuspended in lysis

buffer and treated again with DNase I and RNase A as described

above. After extensive washing using lysis buffer containing 500 mM

NaCl, DHX9 was eluted using lysis buffer containing 300 mM NaCl

and 300 mM imidazole. To produce recombinant TIP5, the N-terminal

region of TIP5 fused to His tag (TIP51–600-His), which contains the

RNA-binding domain TAM, was expressed in Escherichia coli BL21.

Cell pellets were resuspended in lysis buffer (20 mM Tris–HCl, pH 8,

300 mM KCl, 5 mM imidazole, 1 mM 2-mercaptoethanol, and 1×

protease inhibitor cOmplete EDTA-free Roche), treated with 50 U

DNaseI for 30 min, and centrifuged for 30 min at 20,000 g. Super-

natants were incubated with ProBondTM resin for 4 h, washed with

wash buffer (50 mM Tris–HCl, pH 8, 500 mM KCl, 20 mM imidazole,

1 mM 2-mercaptoethanol and protease inhibitors), treated with RNase

A, followed by further washing steps. TIP51–600 was eluted using wash

buffer containing 250 mM imidazole. The quality and identity of puri-

fied proteins were assessed by Coomassie Brilliant Blue staining and

Western blot analysis.

Antibodies

The following antibodies were used: anti-DHX9 (AW5241) from

Abgene; anti-5mc (MAb-081-100) and anti-TIP5 (CS-090-100)

from Diagenode; anti-UBF (sc-13125) and anti-DHX9 (sc-66997)

from Santa Cruz; anti-GFP (11814460001) from Roche; anti-

H3K9me2 (17-648) from Millipore; anti-HA (MMS-101P) from

Covance.

Expanded View for this article is available online.
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