
OR I G INA L ART I C L E

TheWarsaw breakage syndrome-related protein DDX11
is required for ribosomal RNA synthesis and embryonic
development
Xinliang Sun1,2,†, Hongbo Chen1,2,*,†, Zaian Deng1,2, Bo Hu3, Hui Luo4,
Xiaobin Zeng4, Liqiao Han5, Guoping Cai1,2,* and Lan Ma1,2,*
1School of Life Sciences, Tsinghua University, Beijing, China, 2Division of Life Science and Health, Graduate
School at Shenzhen, Tsinghua University, Shenzhen, China, 3Department of Laboratory Medicine, The Third
Affiliated Hospital of Sun Yat-sen University, Guangdong, China, 4Department of Pharmacology, Guangdong
Medical College, Zhanjiang 524023, Guangdong, China and and 5Department of Laboratory Science, The Second
Affiliated Hospital of Guangzhou University of Chinese Medicine, Guangdong, China

*Towhomcorrespondence should be addressed at: Division of Life Science andHealth, Graduate School at Shenzhen, TsinghuaUniversity, Shenzhen, China.
Tel: +86 75526033033; Fax: +86 75526033033; Email: malan@sz.tsinghua.edu.cn (L. M.); School of Life Sciences, Tsinghua University, Beijing, China.
Email: caigp@mail.tsinghua.edu.cn (G. C.); Division of Life Science and Health, Graduate School at Shenzhen, Tsinghua University, Shenzhen, China.
Tel: +86 75526035209; Fax: +86 75526035209; Email: chen.hongbo@sz.tsinghua.edu.cn (H. C.)

Abstract
DDX11 was recently identified as a cause of Warsaw breakage syndrome (WABS). However, the functional mechanism of DDX11
and the contribution of clinically described mutations to the pathogenesis of WABS are elusive. Here, we show that DDX11 is a
novelnucleolarprotein that preferentially binds tohypomethylated active ribosomalDNA (rDNA) gene loci,where it interactswith
upstreambinding factor (UBF) and the RNApolymerase I (Pol I). DDX11 knockdown changed the epigenetic state of rDNA loci from
euchromatic structures to more heterochromatic structures, reduced the activity of UBF, decreased the recruitment of UBF and
RPA194 (a subunit of Pol I) to rDNA promoter, suppressed rRNA transcription and thereby inhibited growth and proliferation of
HeLa cells. Importantly, two indentifiedWABS-derivedmutants, R263Q and K897del, and a Fe–S deletion construct demonstrated
significantly reduced binding abilities to rDNA promoters and lowered DNA-dependent ATPase activities compared with wild-
type DDX11. Knockdown of the zebrafish ortholog of human DDX11 bymorpholinos resulted in growth retardation and vertebral
and craniofacial malformations in zebrafish, concomitant with the changes in histone epigenetic modifications at rDNA loci, the
reduction of Pol I recruitment to the rDNA promoter and a significant decrease in nascent pre-RNA levels. These growth
disruptions in zebrafish in response to DDX11 reduction showed similarities to the clinically described developmental
abnormalities found in WABS patients for the first time in any vertebrate. Thus, our results indicate that DDX11 functions as a
positive regulator of rRNA transcription and provides a novel insight into the pathogenesis of WABS.

Introduction
Helicases are a class of enzymes that unwind annealed DNA,
RNA or RNA–DNA hybrid duplexes using energy derived from

ATP hydrolysis. These enzymes participate in varied cellular pro-
cesses, including DNA replication, DNA repair, RNA transcription
and RNA modification (1). All known helicases contain
seven highly conserved motifs and are divided into six
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superfamilies (2). Superfamily 2 (SF2) helicases containing an
iron–sulfur (Fe–S) motif and a DEAD/DEAH-box have received
considerable attention owing to their genetic links with human
diseases (3–5). For example, patients who harbor mutations in
the Xeroderma pigmentosum group D (XPD) and Fanconi anemia
group J protein (FANCJ) helicases, two numbers of the SF2 super-
family, develop Cockayne’s syndrome and Fanconi anemia,
respectively (6,7). Recently, mutations in the DDX11 gene (also
named Ch1R1), a newly discovered member of SF2 superfamily,
were identified as a cause of Warsaw breakage syndrome
(WABS), a newly defined recessive cohesinopathy. People diag-
nosed with WABS demonstrate congenital abnormalities,
including severe pre- and postnatal growth retardation, facial
dysmorphy, microcephaly and intellectual disabilities (8,9).

Recently, the functions of DDX11have been extensively inves-
tigated. Similar to other DEAD (Asp–Glu–Ala–Asp)/DEAH (Asp–
Glu–Ala–His) helicases, DDX11 protein possesses the capacity to
unwind both DNA/DNA and DNA/RNA duplexes by hydrolyzing
ATP in an in vitro system (9,10). The biochemical functions of
two patient-derived mutations, K897del (a deletion of a single
lysine in the extreme C terminus of ChlR1) and R263Q, were
also extensively studied. The results showed that both these
twomutations impaired the helicase activity of DDX11 on forked
duplex or D-loop DNA substrates by perturbing the DNA binding
and DNA-dependent ATPase activity. These findings provide us
important insights into the clinical symptoms of WABS and bio-
chemical functions associated with DDX11 mutations (9,10). In
addition, the biological functions of DDX11 have also been inves-
tigated in several other contexts. The DDX11 homolog in yeast
has been shown to play important roles in maintaining sister
chromatin cohesion and regulating the G2/M cell cycle check-
point (11). Subsequent studies have demonstrated that DDX11
deficiency also resulted in aneuploidy, cohesion defects, sister
chromatid missegregation and increased apoptosis in mamma-
lian cells (12–14). Consistent with these functions, DDX11 was
shown to interact with the Ctf18–RFC complex (15), which is
required for cohesion establishment. Further, DDX11-deficient
cells were hypersensitive to DNA cross-linking agents or a topo-
isomerase I inhibitor, suggesting that DDX11 is important for
DNA repair (16–18). Together, these results indicate that DDX11
maintains genomic stability by promoting proper sister chromatid
cohesion and chromosome segregation in M phase. To examine
the potential role of DDX11 during development, DDX11 knockout
mice and mice with an ENU-induced mutation in the motif V do-
main of DDX11were generated (14,19). However, thesemice failed
to thrive beyond embryonic stage, highlighting the requirement
for DDX11 during mouse embryonic development.

Many proteins that play essential roles in normal cellular
activities may also contribute aberrantly under conditions of
pathogenesis. Previous work demonstrated that in addition to
its localization to the condensed chromatin in the early stage of
mitosis, the spindle poles throughout mitosis and the midbody
during the later stages ofmitosis (13), DDX11 also localizes to nu-
cleoli in cells in interphase, which suggests that DDX11 might
have unknown functions in the nucleolus. Functionally, the nu-
cleolus is the site of ribosome biogenesis. Ribosome biogenesis is
a multistage process that involves nascent 47S pre-rRNA tran-
scription, rRNA processing into the mature 18S, 5.8S and 28S
rRNAs, and ribosomal subunit assembly (20). During ribosome
biogenesis, the rate-limiting step is rRNA transcription from
rDNA loci, which are organized into tandem repeats within nu-
cleolar organizer regions (21). This process is stringently regu-
lated by diverse cellular signals and transcriptional regulatory
factors, which are modified by growth factor stimulation,

nutrient availability or cellular stress. The rRNA transcription is
mainly regulated at two levels: through control of the epigenetic
states of rDNA loci and regulation of the activity of the transcrip-
tional apparatus on the active rDNA loci (22–24). In mammalian
cells, the epigenetic regulation of rDNA loci involves DNAmethy-
lation and histone modifications (25,26). Generally, CpG island
hypomethylation and high levels of histone acetylation and
H3K4 methylation are detected in the promoter regions of active
rDNA loci; repressed promoters are associated with high levels of
H3K9methylation and CpG island hypermethylation (27,28). Sev-
eral proteins have been suggested to regulate rDNA transcription
by altering the epigenetic states of rDNA loci (27,29). In addition,
the assembly of the polymerase I (Pol I) transcriptional apparatus
at rDNA loci is necessary for rRNA transcription. Upstream bind-
ing factor (UBF) is a key transcriptional transactivator that binds
to the upstream core element of rDNA loci and subsequently re-
cruits SL1 and RNA Pol I to initiate rDNA transcription (21). Many
studies have shown that the activity of UBF can be regulated
by multiple post-translational modifications, including phos-
phorylation and acetylation (30,31). A growing body of work has
demonstrated a strong link between dysregulation of ribosome
biogenesis and various human diseases, in particular to mental
disorders, anemia, developmental defects, aging and different
types of cancer (32–34).

Here, we demonstrate that DDX11 is a novel nucleolus-loca-
lized protein that functions as a positive regulator for rRNA tran-
scription, which preferentially binds to hypomethylated rDNA
loci. DDX11 knockdown has been shown to induce epigenetic
changes in rDNA loci and suppress the recruitment of UBF and
RPA194 (a subunit of Pol I) to rDNA promoter regions. We also
show that mutations in DDX11 identified in the genome of
WABS patients functionally reduces the ability of DDX11 to bind
to rDNA promoters and decreases their enzymatic activities,
leading to reduced rRNA transcriptional rates. These results indi-
cate that nucleolar dysfunction caused by DDX11mutationsmay
play a role in the pathogenesis of WABS. Consistent with these
results in vitro, examination of zebrafish embryos with depleted
levels of the zebrafish analog of DDX11 (zDDX11) also shows sig-
nificantly decreased pre-rRNA levels compared with zebrafish in
control groups. Importantly, knockdown of zDDX11 partially
mimics the disease phenotypes observed in human WABS
patients,whichhasnot beenobserved in anyother vertebratemod-
els. Thus, our findings provide novel insights into the normal func-
tion of DDX11 as well as the underlying pathogenesis of WABS.

Results
DDX11 is a nucleolar protein

To assess potential functions of the DDX11 protein, we per-
formed motif analysis using ‘motif scan’, an online tool (MyHits,
SIB, Switzerland). The results of this analysis showed that DDX11
has a typical nuclear localization signal (NLS) sequence (aa295-
312, Refseq no. NM_030653.3) and a glutamic-acid-rich region
(aa163-224). To explore the subcellular distribution of endogen-
ous DDX11 protein, we immunofluorescently labeled DDX11
using both mouse monoclonal and rabbit polyclonal antibodies
in HeLa and HEK293 cells. As shown in Figure 1A and B, endogen-
ous DDX11 had discrete globular aggregates in the nucleus, indi-
cating that DDX11 is potentially a nucleolar protein. In addition,
DDX11 co-localized with nucleolin protein, an established
nucleolus marker, in the nucleus (Fig. 1C). Similar results were
observed in HEK293 cells (data not shown). To confirm these re-
sults, HeLa cells were fractionated into cytoplasmic, nuclear
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and nucleolar fractions (Fig. 1D), and protein extracts were ana-
lyzed using western blotting. Endogenous DDX11 protein was de-
tected specifically in the nucleolar fraction (Fig. 1E). Together,
these data suggest that the DDX11 protein contains typical
NLSs and functions as a nucleolar protein.

DDX11 knockdown suppresses the transcription
of rRNA genes, cell growth and proliferation

We next investigated the functional role of DDX11 in the nucleoli.
The nucleolus is the site of rRNA synthesis and ribosome subunit
assembly. The initial transcriptional product of the rDNA gene is
the 47s pre-rRNA. The 5′-external transcribed spacer (5′-ETS) can
be rapidly excised from 47S pre-rRNA by pre-rRNA processing pro-
teins (Fig. 2A), so the 5′-ETS levels can be used to determine the
transcriptional rate of the rDNA gene. HeLa or HEK293 cells were
transfected with control or DDX11-specific siRNAs (Fig. 2B), and
the amount of the nascent 47S pre-rRNA was quantified using
qPCR. In HeLa cells, a marked decrease in 47S pre-rRNA levels
was observed in cells transfected with DDX11-specific siRNAs
compared with cells transfected with control siRNA (Fig. 2C),
suggesting that knockdown of DDX11 protein suppressed the
transcription of the rDNA gene. Similar results were observed in
HEK293 cells (data not shown).

Luciferase reporter plasmids cloned with specific promoter se-
quences have been widely used to measure gene transcriptional
activity. To further determine the effects of DDX11 on transcrip-
tion of the rDNA gene, pHrD-IRES-Luc, a plasmid containing the
human rRNApromoterand luciferase reporter,was co-transfected
into HeLa cells together with control or DDX11-specific siRNAs,
and luciferase activity was quantified using a luminometer at
48 h after transfection. As shown in Figure 2D, knockdown of
DDX11 significantly inhibited the rRNA promoter-driven lucifer-
ase activity. Similar results were observed in HEK293 cells (data
not shown).

In addition, the effects of DDX11 on rRNA transcription were
further assessed using a fluorine-conjugated UTP analog (FUrd)
incorporation assay. In cells transfected with control siRNA, we
detected higher immunofluorescent signals at nucleolar sites.
In contrast, cells transfected with DDX11 siRNA demonstrated a
pronounced decrease in fluorescent intensity at nucleolar sites,

suggesting that DDX11 knockdown suppressed the nucleolar
FUrd incorporation (Fig. 3A). Because ribosome biogenesis is pre-
requisite for cell growth and proliferation (35), we examined the
effects of DDX1 siRNA on cellular growth. As expected, DDX11
knockdown also significantly inhibited cell growth and prolifer-
ation (Fig. 3B) and colony formation (Fig. 3C) compared with
control cells.

Taken together, these data demonstrated that DDX11 plays
an important role in regulating rRNA synthesis, cell growth and
proliferation.

DDX11 associates with rDNA and Pol I transcriptional
machinery

To further dissect the mechanism of DDX11’s role in rRNA tran-
scription, chromatin immunoprecipitation (ChIP) was performed
using a DDX11 antibody in HeLa cells. Figure 4A depicts the posi-
tions of the sets of primers on the rDNA gene loci used for the
ChIP assay. As shown in Figure 4B, DDX11 binding on the entire
rDNA loci was enriched 2- to 8-fold compared with controls,
suggesting that DDX11 participates in the regulation of rDNA
transcription through direct binding to the rDNA loci.

rRNA transcription requires the recruitment of Pol I transcrip-
tional machinery to rRNA loci. Pol I transcriptional machinery
consists of at least three factors, UBF1, SL1 and RNA polymerase
I. Several proteins have been shown to regulate the activity of Pol I
transcriptional machinery through their interactions with these
factors (36). To determinewhether DDX11 is associated with Pol I
transcriptional machinery, a co-immunoprecipitation assay was
performed using an anti-DDX11 antibody, followed by detection
of UBF and RPA194, a subunit of polymerase I, by western blot-
ting. As shown in Figure 4C and D, DDX11 specifically interacted
with UBF and RPA194, demonstrating that DDX11 associateswith
rDNA and Pol I transcriptional machinery.

DDX11 binds to active rDNA loci as a positive regulatory
factor of rRNA transcription

Because we observed that DDX11 knockdown suppressed rRNA
transcription, we hypothesized that DDX11 functions as a posi-
tive regulatory factor for rRNA synthesis. Previous studies have

Figure 1. DDX11 is a nucleolar protein. (A) DDX11 was observed using confocal microscopy following treatment with a mouse primary antibody against DDX11 and a

rhodamine-labeled goat anti-mouse secondary antibody in HeLa cells. Scale bar, 10 μm. (B) DDX11 was observed using confocal microscopy following treatment with

a rabbit primary antibody against DDX11 and a FITC-labeled goat anti-rabbit secondary antibody. Scale bar, 10 μm. (C) DDX11 (red fluorescence) colocalizes with

nucleolin (green fluorescence) in nucleoli. Scale bar, 10 μm. (D) HeLa cells were fractioned into nuclear (left image) and nucleolar (right image) fractions, and (E) the
proteins were detected by western blotting using the indicated antibodies.

Human Molecular Genetics, 2015, Vol. 24, No. 17 | 4903

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/24/17/4901/648228 by guest on 23 April 2024



shown that growth factor stimulation can upregulate expression
of proteins of the core transcriptional apparatus and other posi-
tive regulatory factors (37). In response to serum stimulation, ex-
pression levels of DDX11 markedly increased, concomitant with
RPA194 and phosphorylated UBF (Ser388) in HeLa cells (Fig. 5A),
suggesting that DDX11 is a positive regulatory factor of rRNA
transcription.

Active rRNA loci have a euchromatic structure, characterized
by relatively low levels of CpG island methylation, whereas
inactive rRNA loci have a heterochromatic structure with higher
levels of CpG islandmethylation (25). Studies have demonstrated
that the positive transcriptional regulators specifically associate
with hypomethylated activeDNA (27–29). Because the expression
levels of DDX11 increased upon serum stimulation, and knock-
down of DDX11 correlated with reduced levels of 47S pre-rRNA,
we hypothesized that as a positive regulator of rRNA transcrip-
tion, DDX11 might preferentially bind to active rDNA loci. In
order to examine this hypothesis, we utilized the ChIP-chop
assay in HeLa cells. Specifically, chromatin fragments from an
input sample or ChIP samples against DDX11, UBF and RPA194
antibodies were digested with the methylation-sensitive en-
zyme, HpaII, and then qPCR was performed using primer pairs
flanking an HpaII site within the rDNA promoter region. As

shown in Figure 5B, chromatin fragments immunoprecipitated
with DDX11 showed a similar level of HpaII-resistance (normal-
ized to the mock digestion) to that of UBF and RPA194, which
was lower than that of input DNA. UBF and RPA194 have previ-
ously been shown to be positive regulatory factors for rDNA tran-
scription and are predominantly found at active rDNA loci. These
results suggest thatDDX11 is also a positive regulatory factor that
predominantly binds to active, unmethylated rDNA loci in HeLa
cells.

In addition, specific histone modifications have been impli-
cated inmaintaining active or silent rDNA loci through establish-
ment of heterochromatic or euchromatic structures in nucleoli
(25). For example, trimethylated H3 lysine 9 (H3K9me3) is essen-
tial for the maintenance of the silent chromatin state, whereas
trimethylated H3 lysine 4 (H3K4me3) is a prominent mark for
transcriptionally active genes (38). Thus, we next investigated
whether DDX11 knockdown can affect the histone epigenetic
state of rDNA loci. HeLa cells were transfected with control or
DDX11-specific siRNAs, and ChIP was performed using anti-
bodies against H3K4me3 and H3K9me3. As shown in Figure 5C,
the fold enrichment of H3K4me3-associated rDNA chromatin
(relative to IgG control antibody) in DDX11 siRNA-treated cells
was significantly lower than that in control siRNA-treated cells.

Figure 2. DDX11 is required for rRNA transcription. (A) The position of the primers on the 47S rRNA used for qPCR to detect nascent pre-rRNA levels. (B) HeLa cells were

transfected with control or DDX11-specfic siRNAs. Cell lysateswere prepared at 48 h post-transfection and DDX11 levels were analyzed by western blotting. (C) Control or
DDX11-specific siRNAs were transfected into HeLa cells for 48 h, total RNA was extracted and qPCR was performed with primers shown in (A). The experiment was

repeated three times, and results were presented as mean ± SD (*P < 0.05). (D) Control or DDX11-specific siRNAs were transfected into HeLa cells. The pHrD-IRES-Luc

and pRL-TK plasmids were then co-transfected into the cells 24 h after siRNA transfection, and luciferase activity was measured 24 h later. Data from three

independent experiments was presented as mean ± SD (*P < 0.05).
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In contrast, the fold enrichment of H3K9me3-associated rDNA
chromatin in DDX11 siRNA-treated cells was significantly higher
than that in control siRNA-treated cells (Fig. 5D). These results
indicate that reduction in DDX11 levels resulted in increased
heterochromatic structures at rDNA repeats.

Taken together, these data suggest that DDX11 either initiates
or maintains rRNA transcription by associating with active rDNA
loci as a positive regulatory factor and that loss of DDX11 results
in the conversion of transcriptionally active rDNA loci to a more
heterochromatic state.

DDX11 knockdown suppresses UBF activity and the
recruitment of Pol I to the rDNA promoter

The presence of UBF protein is a critical determinant for rRNA
transcription, and post-translational modifications of UBF, in-
cluding phosphorylation at ser388 and acetylations, have been
shown to be required for transcriptional activation of rDNA
genes (30,31). A previous study has shown that rRNA transcrip-
tion is a growth factor-stimulated process and UBF phosphory-
lated ser388 levels increase following serum stimulation (39).
The data depicted in Figure 6A show that DDX11 knockdown
markedly suppressed phosphorylation of UBF at ser388 in re-
sponse to serum stimulation of HeLa cells. In order to investigate
whether DDX11 can also affect the acetylation levels of UBF, im-
munoprecipitation experiments were performed in HeLa cells
treated with control or DDX11-specific siRNAs using an antibody
against acetylated lysine to detect the levels of UBF acetylation.
As shown in Figure 6B, DDX11 knockdown significantly reduced
the acetylation levels of UBF compared with levels of control

siRNA transfected cells. HDAC1, a member of the histone deace-
tylase family, has been confirmed to be able to efficiently hypoa-
cetylate UBF both in vitro and in vivo (39,40). Previous studies have
shown that trichostatin A (TSA) can specifically prevent UBF dea-
cetylation through inhibition of HDAC1 activity (31). Consistent
with previous reports, treatment of HeLa cells with TSA rescued
the reduction in acetylation levels of UBF induced by DDX11
knockdown, suggesting that HDAC1 is involved in regulating
UBF deacetylation in response to DDX11 knockdown (Fig. 6B).
Next, we tested the effects of DDX11 knockdown on the inter-
action between UBF and HDAC1 using a Co-IP assay. The data
in Figure 6C demonstrate that DDX11 knockdown promoted an
interaction between HDAC1 and UBF in HeLa cells.

Several studies have shown that the acetylation and phos-
phorylation of UBF are important for its binding to rDNA pro-
moter, as well as for the recruitment of RNA polymerase I
complex and the transcriptional activity of rDNA (41–44). Consist-
ent with the observed changes in UBF phosphorylation and
acetylation levels, results of the ChIP assays examining the
rDNA promoters using UBF and RPA194 antibodies showed that
depletion of DDX11 also significantly suppressed the binding of
UBF (Fig. 6D) and RPA194 (Fig. 6E) to rDNA loci.

Mutations of DDX11 affect the binding to rDNA
and enzyme activity

DDX11 contains a DEAD/DEAH box, a Fe–S domain and seven
conserved helicase domains (Fig. 7A). All helicases possess DNA-
binding activity that is driven by ATP, because the energy from
ATP hydrolysis is necessary to promote their helicase activities.

Figure 3.DDX11 knockdown suppressed cell growth andproliferation. (A) HeLa cells were transfectedwith control or DDX11-specific siRNAs for 48 h, and then pulsedwith

FUrd for another 15 min. Cells were fixed and stained with an anti-BrdU antibody (red). Scale bar, 10 μm. (B) HeLa cells were transfected with DDX11 siRNAs or control

siRNA, and cell numbers were determined every 24 h. Results were expressed as mean ± SD for three replicates. (C) Cell colonies of HeLa cells transfected with DDX11

siRNAs or control siRNAwere visualized by crystal violet staining.
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Because DDX11 mutations have been associated with WABS, we
compared the binding abilities to an rDNA promoter and the
ATPase activities of wild-type DDX11, two WABS patient-derived
mutants (R263Q and K897del) and a Fe–S deletion construct
in vitro (Fig. 7A). As shown in Figure 7B, R263Q and K897del
mutants showed significantly decreased binding abilities on an
rDNA promoter fragment compared with the wild-type DDX11. A
construct containing a deletion of the Fe–S domain also showed
significantly diminished binding abilities, indicating that the Fe–
S domain is vital for DDX11 interactions with rDNA loci (Fig. 7B).
In addition, DNA-dependent ATPase activity assays showed that
the DDX11 mutant proteins demonstrated significantly lower en-
zyme activities compared with wild-type proteins (Fig. 7C).

The effects of DDX11 mutants on rDNA promoter activities
were further investigated in vivo using a luciferase assay as

described in the Materials and Methods section. As shown in
Figure 7D, cells that overexpressed mutant DDX11 proteins
demonstrated significantly reduced luciferase activities compared
with cells that overexpressedwild-type DDX11. These results indi-
cated that DDX11mutations identified inWABS patients affect the
ability of DDX11 to promote rDNA transcription.

zDDX11 knockdown leads to the craniofacial
and vertebrate development defects of zebrafish

DDX11mutations were recently associated withWABS. However,
because the DDX11-null mutation is embryonically lethal in a
knockout mouse model, no DDX11 loss-of-function phenotype
analyses have been reported. In order to examine the in vivo
phenotype of DDX11 mutations, we used a zebrafish model to

Figure 4. DDX11 occupied rDNA loci and associated with Pol I transcriptional complexes. (A) Schematic illustration of a single human rDNA repeat and the positions of

primers used for ChIP. The numbers for positions are the distances (kb) from the transcriptional start site across the rDNA loci. (B) ChIP assay was performedwith control

IgG or DDX11 antibodies and the precipitated DNAwas analyzed using qPCRwith the described primers in (A). The enrichment of IgG treatment was set to 1, and the data

from samples treated with DDX11 antibody were expressed as relative fold-enrichments of IgG treatment. Error bars represent the SD of three independent experiments.

(C) and (D) Endogenous DDX11 protein was immunoprecipitated using anti-DDX11 antibody andmouse IgGwas used to reduce non-specific binding. The co-precipitated

UBF and RPA194 were examined by western blotting using anti-UBF and anti-RPA194 antibodies, respectively.
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investigate the phenotype resulting from loss of DDX11 during
zebrafish development. Co-injections of control morpholino or
zDDX11 morpholinos together with a GFP-fused plasmid con-
taining the morpholino-targeted sequences confirmed the
knockdown effectiveness and specificity of the zDDX11 morpho-
linos (data not shown). A control morpholino, 5′UTRmorpholino
or ATGmorpholino of zDDX11mRNAwere injected into zebrafish
embryos at the single-cell stage in doses of 6, 9 and 12 ng/embryo,
respectively. One hundred of embryos were injected for each
treatment group, and the morphology was observed at 3 d.p.i.
As shown in Figure 8A, 5′UTR morpholino and ATG morpholino
significantly increased the embryonic lethality in a dose-depend-
ent manner. Moreover, injections of zDDX11-specific morpholi-
nos resulted in significant developmental abnormalities in
zebrafish, when compared with that in the control morpholino-
treated group, with the most pronounced defects in craniofacial
and vertebrate development at 3 d.p.i (Fig. 8A). As shown in
Figure 8B, zebrafish embryos from the zDDX11 morpholino-
treated group at 3 d.p.i. exhibited shortened and twisted torsos,
smaller eyes and low mouth positions (arrows). With increasing
time following injections, zDDX11 morpholino-treated zebrafish
showed more obvious craniofacial defects, including longer
faces, low and protuberant mouths and narrow eye distances
at both 5 and 7 d.p.i. (Fig. 8C–E), which have similarities to the
congenital abnormalities described in WABS patients (8).

We have showed that DDX11 knockdown can change the
epigenetic state of rDNA loci, affect the recruitment of Pol I to

rDNA promoter and suppress rRNA transcription in HeLa cells.
To further confirm this finding in the zebrafish model, ChIP
assays were performed to investigate the epigenetic changes
of rDNA loci using H3K4me3 and H3K9me3 antibodies at 48 h
post-injection of control or zDDX11 morpholino. Similar to
the results observed in HeLa cells, the fold enrichment of
H3K4me3-associated rDNA chromatin (relative to IgG control
antibody) in zDDX11 morpholino-treated zebrafish embryos
was significantly lower than that in the control morpholino-
treated zebrafish embryos (Fig. 8F). In contrast, the fold enrich-
ment of H3K9me3-associated rDNA chromatin in zDDX11
morpholino-treated zebrafish embryos was significantly higher
than that in the control morpholino-treated zebrafish embryos
(Fig. 8F). These results indicate that zDDX11 knockdown also re-
sulted in increased heterochromatic structures at rDNA repeats.
Expectedly, ChIP assays examining the zebrafish rDNA promoter
using zebrafish polr1a (DNA-directed RNA polymerase I largest
subunit) antibody showed that depletion of zDDX11 also signifi-
cantly suppressed the recruitment of polr1a to rDNA loci
(Fig. 8G). Furthermore, the pre-rRNA levels in embryos microin-
jected with the zDDX11-specific morpholinos were measured
using qPCR and compared with those found in control embryos.
zDDX11 knockdown significantly reduced pre-rRNA levels in
zebrafish embryos (Fig. 8H).

Together with our in vitro data, these results suggest that the
developmental defects induced by zDDX11 knockdown in zebra-
fish are at least partially associated with nucleolar dysfunction.

Figure 5.DDX11 bound to active rDNA loci as a positive regulation factor. (A) HeLa cells were serum starved for 48 h and then stimulated with 15% serum for the indicated

times. Cell lysates were subjected to western blotting using antibodies against the indicated antibodies. (B) DNA isolated using ChIP was digested with Hpa II, and then

subjected to qPCR analysis using primers flanking an HpaII site within the rDNA promoter region. The Hpa II resistance was calculated after normalization to mock-

digested DNA. Data from input were set to 1, and data from other samples were expressed as relative Hpa II resistance. (C) and (D) Control or DDX11-specific siRNAs

were transfected into HeLa cells and ChIP assays were performed with H3K4me3 or H3K9me3 antibodies. The precipitated DNA was subjected to qPCR analysis using

H1 and H42.9 primers targeting the promoter region of rDNA, and the data were expressed as relative fold-enrichments of IgG treatment. Data from three independent

experiments are presented as mean ± SD (*P < 0.05).
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Discussion
WABSwas originally identified as a new formof cohesinopathy in
a patient that presented clinically with several congenital abnor-
malities, including pre- and postnatal growth retardation, micro-
cephaly, facial dysmorphy (small and elongated face, relatively
large mouth and narrow bifrontal diameter), high arched palate,
clinodactyly and mild mental retardation. This patient and his
parents carry a splice site mutation (c.2271+2T>C) and a C-ter-
minal deletion mutation (K897del) in the DDX11 gene (8). Subse-
quently, a novel homozygous mutation (R263Q) in the DDX11
gene was identified in three affected siblings from a Lebanese
family that presented with many of the same congenital abnor-
malities as the first reportedWABS patient, but with more severe
intellectual disabilities (9).

Previous studies indicated that DDX11 is involved in themain-
tenance of genomic stability and cohesion of the chromosome

arms and centromeres in nucleocytoplasm or in mitotic phase
(Fig. 9) (11–15,17,18). Here, we provide novel evidence that DDX11
is also constitutively localized to the nucleoli in interphase cells
and functions as a positive regulator of rRNA biogenesis. Nucleoli
are the sites of pre-rRNA transcription, rRNA processing and ribo-
some subunit assembly (20,21). Recently, a growing body of evi-
dence has indicated that nucleoli also participate in many other
biological processes, including the cell cycle, cell growth and
death, stress responses, aging, development and even human dis-
eases (32–34,45). In particular, mutations in several nucleoli-loca-
lized proteins have been linked to the human family genetic
syndromes, such as Roberts syndrome (46), Werner syndrome
(47), Börjeson–Forssman–Lehmann syndrome (48), Shwachman–
Diamond syndrome (49), Bowen–Conradi syndrome (50), CHARGE
syndrome (27), Woodhouse–Sakati syndrome (51) and Siderius–
Hamel CL/P syndrome (52). Most of these nucleoli-localized

Figure 6.DDX11 regulates UBFactivity and its recruitment to the rDNA loci. (A) HeLacells transfectedwith control (Co) orDDX11-specific siRNA (Dd)were serumstarved for

48 h and then stimulatedwith 15% serum for the indicated times. Cell lysateswere subjected towestern blotting using antibodies against the indicated antibodies. (B) Cells
were treated with control or DDX11-specific siRNA in the presence or absence of TSA, co-IP was performed using acetylated-lysine antibodies, and UBF was detected by

western blotting. (C) Immunoprecipitation analysis demonstrated thatDDX11 knockdown increased the interactions betweenHDACandUBF,when comparedwith that of

the control siRNA treatment. Columns: the immuneprecipitated HDAC1 was quantified by densitometric analysis of blots, and normalized to UBF. The relative levels of

HDAC1/UBF in control andDDX11 siRNAgroupswere compared (the relative level ofHDAC1/UBF in control groupwas set to 1). (D) Cellswere treatedwith control orDDX11-

specific siRNA, and equal amounts of the cell lysates were subjected to ChIP using anti-UBF or IgG antibodies. The precipitated DNAwas analyzed using qPCR with the

primers of H42.9 and H1. Data from three independent experiments were expressed as relative fold-enrichments of IgG treatment (*P < 0.05). (E) Similar to (D), the

precipitated DNA using anti-RPA194 or IgG antibodies was analyzed using qPCR with primers of H42.9 and H1 (*P < 0.05).
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proteins have been shown to regulate ribosome biogenesis, and
mutations in these proteins can result in nucleolar dysfunction
during rRNA transcription. For example,mutations inplant home-
odomain finger protein 8 (PHF8) have been shown to cause Side-
rius–Hamel CL/P syndrome, a newly diagnosed X-linked mental
retardation syndrome characterized by facial dysmorphism, cleft
lip and/or palate, and microcephaly (52,53). PHF8 can regulate
rRNA transcription through interactions with WDR5-containing
H3K4 methyltransferase complexes and with the RNA Pol I com-
plex. Mutations in PHF8 identified clinically abolish its nuclear
localization, demethylase activity and rRNA transcriptional acti-
vation, linking nucleolar dysfunction to genetic disease (29,54).
In this study, we show that DDX11 is a novel nucleolar protein
that preferentially binds to active rDNA gene loci. DDX11 knock-
down resulted in a change in the epigenetic state of rDNA loci
from euchromatic structures to more heterochromatic structures.
As DDX11 possesses classical helicase domains, we proposed that
DHX11might alter the rDNA chromatin structure through its DNA

binding and helicase activities. In addition, DDX11 is also a crucial
interaction partner for UBF and RNA Pol I transcriptional machin-
ery. UBF is an rDNA chromatin-modulating protein and can bind
across rDNA promoters to activate rRNA transcription (22). As we
hypothesized, DDX11 knockdown affected the phosphorylation
and acetylation of UBF, as well as its recruitment to rDNA promo-
ters, leading to suppressed rRNA transcription. Thus, our findings
provide novel insights into the functions of DDX11 in normal cells,
and link the functions of DDX11 in nucleoli to WABS.

DDX11 belongs to the DEAD/DEAH-box proteins in the heli-
case family that consists of about 50 members. DEAD/DEAH-
box helicase superfamily was generally believed to function in
RNA metabolism, including transcriptional regulation, pre-
mRNA splicing, nucleocytoplasmic transport, translation and
mRNA decay by through potential RNA helicase activity (55).
However, some members of this superfamily, such as DHX9
and DHX33, have been also shown to function as DNA helicases
and to regulate rRNA transcription (37,56). For example, Zhang

Figure 7. DDX11 mutations affect its binding to rDNA promoters and ATPase activity. (A) A schematic representation of DDX11 protein indicating a Fe–S domain, seven

conserved helicasemotifs and two identifiedmutations inWABS patients. (B) An in vitro binding assaywas performed as described inMaterials andMethods. The datawere

expressed as relative fold-enrichments of control treatment (*P < 0.05). (C) DNA-dependent ATPase activity ofwild-type of DDX11 and itsmutantsweremeasured using an

ATPase detection kit. Data from three independent experiments were expressed as relative enzyme activity (*P < 0.05). (D) The effect of DDX11mutants on rDNA promoter

activity was investigated using dual-luciferase reporter assays. The activity of wild-type DDX11 was set to 1, and the data of mutant proteins were expressed as relative

rDNA promoter activity. Bars represent the SD of three independent experiments (*P < 0.05).
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et al. investigated the potential roles of 28 putative RNA helicases
within DEAD/DEAH family in the regulation of rDNA transcrip-
tion using a shRNA deletion screen. This screen identified
DHX33 as an important regulator of rDNA transcription, because
DHX33 knockdown resulted in a 10-fold decrease in 47S pre-rRNA
levels (37). Similarly, we show that DDX11 knockdown also re-
sults in approximately 5-fold reduction in 47S pre-rRNA levels
(Fig. 2). Moreover, DDX11 specifically binds to rDNA promoters
(Fig. 4) and demonstrates DNA-dependent ATPase activity (Fig. 7).
Two bi-allelic mutations (K897del and R263Q) of DDX11 gene as-
sociated with WABS have been independently identified in a
male individual fromWarsaw, Poland and three affected siblings
from Lebanon (7–9). Some in vitro biochemical studies showed
that these two clinically relevant mutations impaired DDX11 he-
licase activity by perturbing the DNA binding and DNA-depend-
ent ATPase activity (8,9). Similar to these findings, R263Q and
K897del were also demonstrated to have significantly reduced
binding abilities on rDNA promoters and lower DNA-dependent
ATPase activities, resulting in reduced rRNA transcriptional

rates comparedwith those of wild-type DDX11 (Fig. 7). Therefore,
we speculated that inefficient unwinding of rDNA duplexes
caused by DDX11 mutations reduced UBF recruitment, rDNA oc-
cupancy of the RNA Pol I machinery and rRNA transcription.
These observations further deepened our understanding of the
novel biological functions of proteins in the DEAD/DEAH box
helicase family. Further, our results also suggest that nucleolar
dysfunction caused by DDX11 mutations is involved in WABS
pathogenesis.

Homologs of the human DDX11-encoded gene appear to be
highly conserved in evolution from yeast to humans. To fully
understand the potential functions of DDX11 during develop-
ment and in WABS pathogenesis, the DDX11 gene was knocked
out in amousemodel. However, the DDX11-null mice died at em-
bryonic day 10.5, which was attributed to developmental abnor-
malities in the placenta (14). Subsequently, Cota et al. generated a
null allele mutation in the motif V of DDX11 protein using
N-ethyl-N-nitrosourea (ENU) in mice (19). Unfortunately, the
mutant embryos also appeared to stop developing at E8.5 and

Figure 8.DDX11 knockdown affects the development of zebrafish. One hundred of embryos were injected using control or zDDX11morpholinos at doses of 6, 9 and 12 ng/

embryo. (A) The number of dead embryos and the zebrafish with normal morphology and abnormal morphology were counted at 3 d.p.i, and the representative

phenotypes of the zebrafish at 3 (B), 5 (C) and 7 d.p.i. (D and E) were shown. Arrows indicate the sites with developmental defects compared with zebrafish in the

control group. (F) ChIP assays were performed using H3K4me3 or H3K9me3 antibodies at 48 h post-injection of control or zDDX11 morpholino. The precipitated DNA

was subjected to qPCR analysis using primers targeting the promoter region of zebrafish rDNA, and the data were expressed as relative fold-enrichments of IgG

treatment. Data from three independent experiments are presented as mean ± SD (*P < 0.05). (G) ChIP assay was performed with anti-zebrafish polr1a antibody at 48 h

post-injection of control or zDDX11 ATG morpholino. The precipitated DNA was subjected to qPCR analysis using the primers targeting the promoter region of

zebrafish rDNA, and the data were expressed as relative fold-enrichments of IgG treatment. Data from three independent experiments is presented as mean ± SD

(*P < 0.05). (H) The pre-rRNA levels in embryos with control or zDDX11 morpholino injection at 12, 24 and 48 h post-injection were detected by qPCR. The relative pre-

rRNA level in the control group was set to 1 (*P < 0.05).
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showed similar placental defects to that described in DDX11-
knockout embryos (19). Although these results indicated DDX11
is vital for mouse embryonic development, the phenotypes of
both mouse models cannot be observed due to early embryonic
death. In this paper, we used zebrafish as a model to investigate
the effects of zDDX11 loss on zebrafish development and pheno-
types. zDDX11 knockdown by morpholinos resulted in craniofa-
cial and vertebrate defects with shortened and twisted torsos,
longer faces, smaller eyes, low and protuberant mouths and nar-
rowed eye distances (Fig. 8A–E), which have similarities to the
spectrum of pathology observed in WABS patients (8,9). More-
over, zDDX11 knockdown also resulted in the changes in histone
epigenetic modifications at rDNA loci (Fig. 8F), the reduction of
Pol I recruitment to the rDNA promoter (Fig. 8G) and a significant
decrease in nascent pre-RNA levels (Fig. 8H) in zebrafish embryos,
suggesting that the development and phenotype defects ob-
served in these zebrafish is associated with nucleolar dysfunc-
tion caused by zDDX11 knockdown. Thus, we generated a
DDX11-deficient animal model with similarities toWABS-related
phenotypes for the first time in any vertebrate.

Several studies have demonstrated that depletion of DDX11
caused mitotic failure with abnormal sister chromatid cohesion
and chromosome segregation defects, consistent with observa-
tions described in the clinical WABS (8,13,14). The clinical symp-
toms of WABS are partially overlapped with Cornelia de Lange
syndrome and Roberts syndrome (RBS), the other two cohesino-
pathies, characterized by facial and skeletal abnormalities,
growth retardation, intellectual disability and so on (57). There-
fore, our results could not exclude the possibility that the devel-
opmental abnormality of zebrafish is also partially attributed to
the DDX11 deficiency-induced cohesion and chromosome segre-
gation defects. However, the nucleolar defects are also observed
in RBS. Mutation of the cohesin acetyltransferase in RBS is asso-
ciated with impaired rRNA transcription and ribosome biogen-
esis in yeast and human cells. Mutations in other subunits of
the cohesin ring are also associated with defects in nucleolar
function, demonstrating that maintenance of cohesion is critical
for nucleolar function (46,58,59). In addition, several acknowl-
edged nucleolar proteins were found to play important roles
in sister chromatid cohesion, centrosome and chromosome
segregation at G2/M phase (60–67), and several centromeric

components or proteins also accumulated in human interphase
nucleolus in an RNA polymerase I-dependent manner (68,69). All
of these findings indicate that nucleolus is associated with sister
chromatid cohesion and chromosome segregation, and WABS
might be caused by the comprehensive effect of the DDX11 defi-
ciency-induced nucleolar dysfunction, abnormal cohesion and
chromosome segregation defect.

Taken together, our data identified a novel nucleolar-localized
protein, DDX11, as an important positive regulator of rRNA tran-
scription (Fig. 9). DDX11 preferentially binds to hypomethylated
active ribosomal rDNA gene loci, where it interacts with UBF and
RNA Pol I transcriptional machinery. DDX11 knockdown changed
the epigenetic state of rDNA chromatin from euchromatic struc-
tures to more heterochromatic structures, suppressed UBF activa-
tion and Pol I recruitment to rDNA promoters, and reduced rRNA
transcriptional levels. Importantly, clinically identifiedmutants of
DDX11 affected rRNA transcriptional rates owing to their signifi-
cantly weaker binding abilities to rDNA promoters and lower
DNA-dependent ATPase activities compared with those of wild-
type DDX11, linking nucleolar dysfunction to the pathology of
WABS. Moreover, zDDX11 knockdown resulted in reduced rRNA
expression and WABS-like symptoms in a zebrafish model for
the first time, further supporting previous reports that DDX11mu-
tationsmight be the underlying cause ofWABS. Thus, our findings
provide novel insights into the cellular role of DDX11 in normal
cells and WABS pathogenesis beyond its previously identified
functions in sister chromatid cohesion and maintenance of
genomic integrity (Fig. 9).

Materials and Methods
Cell lines, plasmids, siRNAs,morpholinos and antibodies

HEK293 and HeLa cells were purchased fromAmerican Type Cul-
ture Collection (ATCC) and cultured in DMEM supplementedwith
10% fetal calf serum (Hyclone, Logan, UT, USA), 100 units/ml
penicillin and 100 µg/ml streptomycin. Human DDX11 and two
clinical mutants (R263Q, K897del), and a Fe–S domain deletion
mutant (ΔFe–S) were cloned into the pFLAG-CMV2 vector
(Sigma–Aldrich, St. Louis, MO, USA). The pHrD-IRES-Luc plasmid
containing the promoter sequence for the rDNA gene was a kind

Figure 9. Proposed model for the novel role of DDX11 in nucleoli. DDX11 has been known to function in the cohesion of chromosome arms and centromeres in mitosis.

Here, DDX11was identified as a novel nucleolar-localized protein in interphase, which can promote rRNA transcription by binding to active rDNA gene loci and recruiting

UBFandRNA Pol I transcriptionalmachinery.Mutations inDDX11 reduce its binding ability to rDNApromoter andDNA-dependentATPase activity, affect theUBFactivity,

and decrease the recruitment of Pol I complex and rRNA transcriptional rate. Consequently, nucleolar dysfunction results in specific developmental defects in zebrafish

embryos and WABS.
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gift from professors Ke Yand Jacob ST (70,71). Chemically synthe-
sized siRNAs specifically targeting human DDX11 were pur-
chased from GenePharma (Shanghai, China). The sequences of
siRNA1 and siRNA2 were 5′-GAAGAAGAGGCACGACUCCTT-3′
and 5′-GCAGGCACGAGAAGAAGAATT-3′, respectively. Two mor-
pholinos targeting the 5′ UTR region from −69 to 45 and the ATG
region from−2 to +23 of zebrafishDDX11mRNAwere synthesized
by Gene Tools (Philomath, OR, USA). To evaluate the effective-
ness of the morpholinos, a GFP-fused DNA fragment containing
morpholinos target sequenceswas constructed into PCS2+ vector
(Addgene, Cambridge, MA, USA). The primary antibodies for
p-UBF (ser 388), RPA194, nucleolin, DDX11, FLAG, BrdU and
β-actin were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). The primary antibody for UBF was obtained
from Cell Signaling (Beverly, MA, USA). H3K4me3 and H3K9me3
antibodies were obtained Milipore (Bedford, MA, USA). HRP-
and fluorescein-labeled secondary antibodies and the ECL detec-
tion system were purchased from KPL (Gaithersburg, MD, USA).
Anti-zebrafish polr1a antibody was from Ab-mart (Berkeley
Heights, NJ, USA). Anti-FLAG M2 affinity gels (Sigma–Aldrich)
were used to precipitate FLAG-fused proteins. ChIP assays were
performed using Dynabeads Protein Gmagnetic beads (Life Tech-
nologies, Carlsbad, CA, USA).

Nucleolus fractionation

Nucleoli isolation from HeLa cells was performed as described
previously (72). An equal amount of protein isolated fromnuclear
and nucleolar fractions was subjected to western blotting.

Quantitative PCR for pre-rRNA expression

Total RNA from HeLa and HEK293 cells and zebrafish embryos
was extracted using TRIzol regent (Invitrogen Corp., Carlsbad,
CA, USA) according to the manufacturer’s specifications. The
cDNA was synthesized by reverse transcription using random
primers, and the product was used to analyze pre-rRNA expres-
sionusing SYBRGreen real-timequantitative PCR (qPCR). Primers
for human and zebrafish pre-rRNA detection used for qPCR were
synthesized as described in previous reports (54,73,74).

Luciferase reporter assay

To evaluate the effects of DDX11 knockdownon rDNApromoter ac-
tivity, HeLa or HEK293 cells grown on 12-well plates were trans-
fected with DDX11-specific or control siRNAs for 24 h, followed by
the addition of 1 µg pHrD-IRES-Luc and 50 ng pRL-TK into the
media. Cellswere incubated for 24 h and thenharvested in the pas-
sive lysis buffer. The relative rDNApromoter activitywasmeasured
in cell lysates using a dual-luciferase assay kit (Promega, Madison,
WI, USA). To evaluate the effects of wild-type DDX11 and its mu-
tants on rDNA transcription, HeLa cells were transfected with
DDX11-specific siRNA for 24 h, followed by the addition of 1 µg
pFLAG-CMV2 plasmid containing DDX11 or its mutant gene to-
gether with 500 ng pHrD-IRES-Luc and 50 ng pRL-TK with the
cells for another 24 h. Cells were harvested, and the relative rDNA
promoter activities were measured as described above.

Immunofluorescence and 5-fluorouridine (FUrd)
incorporation assay

HeLa andHEK293 cells grown on glass coverslipswere fixed using
pre-chilled methanol for 10 min and then permeabilized for
15 min with 0.1% Triton X-100 in PBS at room temperature.
Cells were washed three times with PBS and blocked with 1%

BSA in PBS for 1 h at 4°C. After incubation with primary anti-
bodies against DDX11 and nucleolin at 4°C overnight, the cover-
slips were incubated with fluorescein or rhodamine-conjugated
secondary antibodies for 1 h at room temperature. Nuclei were
counterstained with DAPI. Finally, cells were examined and
imaged using a confocal microscope.

To monitor nascent rRNA, an FUrd incorporation assay was
performed. Briefly, DDX11 siRNA1 or control siRNA was used to
transfect HeLa or HEK293 cells grown on coverslips in a six-well
culture plate. FUrd (Sigma–Aldrich) was added 24 h after trans-
fection at afinal concentration of 10 m. After 15 min incubation,
cells were subjected to immunodetection with an anti-bromo-
deoxyuridine (BrdU) antibody.

Co-immunoprecipitation assay (Co-IP)

HEK293 cells were resuspended in IP buffer (20 m Tris–HCl pH
8.0, 150 m NaCl, 1 m EDTA, 1 m EGTA, 1% Triton X-100, pro-
tease inhibitor cocktail) and subjected to sonication for 10 s. The
cell lysates were clarified using centrifugation at 16 000 rpm for
15 min. Protein extracts were then mixed with the indicated pri-
mary antibodies and protein A/G agarose (Sigma, St. Louis, MO,
USA) for 4 h at 4°C. The complexes were collected and washed
three times with IP buffer. The resolved proteins were analyzed
using western blotting (75,76).

Chromatin immunoprecipitation

ChIPs were performed in accordance with a published protocol
(77) with minor modifications. Briefly, cells were fixed with 1%
formaldehyde for 15 min at room temperature, and cross-linking
reactions were then quenched by adding 125 m glycine for
5 min. After washing the cells with PBS, the cells were collected
and resuspended in ChIP lysis buffer (50 m Tris–HCl pH 7.5,
150 mNaCl, 5 m EDTA, 0.5%NP-40, 1.0%Triton-X-100 and pro-
tease inhibitor cocktail), then subjected to sonication to produce
200–1000 bp DNA fragments. Sheared chromatin was immuno-
precipitated with the indicated antibodies or control IgG in com-
bination with Dynabeads Protein Gmagnetic beads. After several
washes, beads were resuspended with Chelex 100 suspension
and boiled for 10 min. After the tubes cooled on ice, proteinase
K was added. The tubes were then incubated in a shaker (1 h,
55°C at 1400 rpm) followed by boiling for 10 min. After centrifuga-
tion, the suspensionwas collected to perform qPCR analysis, and
fold enrichment relative to the IgG control antibody was calcu-
lated. Primers (H0, H1, H4, H8, H13, H18, H23, H42.9) for rDNA
loci used in the ChIP assays were synthesized as specified by a
previous report (78). The primers targeting the promoter region
of zebrafish rDNA in the ChIP assays are as follows: 5′-CCGGT
CTACCTCGAAAGTC-3′ and 5′-CGAGCAGAGTGGTAGAGGAAG-3′.

Assay for colony formation

HeLa cells were transfected in suspension with DDX11-specific
siRNAs or control siRNA and then plated on six-well plates.
Cells were cultured for 14 days. Colonies were photographed
after staining with 5% crystal violet for 10 min.

Cell proliferation assay

Cells were transfected with DDX11-specific siRNAs or control
siRNA and then seeded at low density (100 000 cells/10 cm plate).
Cell numbers were quantified every day, and the data from three
independent studies were presented as mean ± standard
deviation (SD).
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ChIP-chop assay

ChIP was performed on HeLa cells using antibodies for FLAG-
DDX11, RPA194 and UBF, and aliquots of chromatin from ChIP
and input samples were digested or not digested (mock-digested)
with HpaII, a methylation-sensitive enzyme that cannot cut
methylated CCGG sequences. qPCR was utilized to detect the
rDNA promoter region (−157/+43) in the input and ChIP samples
that contained HpaII sites using the primer pairs described
previously (27). The relative resistance to HpaII digestion was
calculated following normalization to mock-digested DNA.

In vitro binding analysis of rDNA promoter

HEK293 cells were transfected with FLAG-fused DDX11 and its
mutant plasmids. The cells were collected and resuspended in
IP buffer, then subjected to sonication 48 h after transfection.
FLAG-fused proteins were purified using anti-FLAG M2 Affinity
gels. Anti-FLAG M2 Affinity gels with FLAG-fused proteins
bound were then incubated with the promoter fragment of
rDNA (−410 to +81) in binding buffer (20 m HEPES pH 7.5,
25 m KCl, 2 m MgCl2, 1 m DTT, 1 m ATP) at 37°C for 2 h,
with an equal amount of M2 gel without bound FLAG-fused pro-
teins used as a control. Anti-FLAGM2 Affinity gels were collected
and DNAwas recovered using phenol/chloroform extraction and
ethanol precipitation. qPCR was performed using the H0 primer
pair, and fold enrichment relative to the control was calculated.

ATPase assay

The DNA-dependent ATPase activities of DDX11 and its mutants
were measured using an ATPase assay kit (Bioassay, Hayward,
CA, USA). Briefly, FLAG-fused DDX11 and its mutants were pro-
duced in HEK293 cells and purified using anti-FLAG M2 Affinity
gels in accordance with a previous report (10). Equal amounts
of FLAG-fused proteins and promoter fragments of rDNA (−410
to +81) were used to quantify the DNA-dependent ATPase
activities in assay buffer provided by the kit according to the
manufacturer’s instructions.

Zebrafish DDX11 (zDDX11) knockdown and phenotype
analysis

To eliminate zebrafish DDX11 function, two morpholinos target-
ing the 5′UTR region from −69 to −45 and the ATG region from −2
to +23 were synthesized from Gene Tools (Philomath, OR, USA),
respectively. In addition, a mismatch morpholino was used as a
control. To confirm the effectiveness of the zDDX11morpholinos,
a DNA fragment containing the morpholino target regions and
the coding sequence of EGFP was generated using PCR and sub-
cloned in frame into the pCS2+ plasmid. At the single-cell
stage, zebrafish embryos were injected with zDDX11-specific or
control morpholinos in combination with pCS2+ plasmids at
doses of 6 ng morpholino and 100 ng pCS2+ plasmids. Fluores-
cence was detected and imaged using a fluorescent microscope
(Zeiss, Oberknochen, Germany).

The morpholinos were injected into single-cell stage zebra-
fish embryos at doses of 6, 9 and 12 ng/embryo. Uninjected and
injected embryos were then incubated under standard condi-
tions for 24 h to assess their viability. Morphological differences
among the zebrafish injected with either zDDX11-specific or
control morpholinos were assessed under an Olympus SZX12
stereoscope at 3, 5 and 7 days post-injection (d.p.i.).
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