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The RNA-helicase DDX21 upregulates CEP55 expression
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Approximately 25% of human neuroblastoma is caused by amplification of
the MYCN oncogene, which leads to overexpression of N-Myc oncopro-
tein. The survival rate for this patient subtype is <50%. Here, we show that
N-Myc protein bound to the DEAD-box RNA helicase DDX21 gene pro-
moter and upregulated DDX21 mRNA and protein expression. Genome-
wide differential gene expression studies identified centrosomal protein
CEP55 as one of the genes most dramatically downregulated after DDX21
knockdown in MYCN-amplified neuroblastoma cells. Knocking down
DDX21 or CEP55 reduced neuroblastoma cell cytoskeleton stability and
cell proliferation and all but abolished clonogenic capacity. Importantly,
DDX21 knockdown initially induced tumor regression in neuroblastoma-
bearing mice and suppressed tumor progression. In human neuroblastoma
tissues, a high level of DDX21 expression correlated with a high level of
N-Myc expression and with CEP55 expression, and independently pre-
dicted poor patient prognosis. Taken together, our data show that DDX21
induces CEP55 expression, M YCN-amplified neuroblastoma cell prolifera-
tion, and tumorigenesis, and that DDX21 and CEPSS5 are valid therapeutic
targets for the treatment of M YCN-amplified neuroblastoma.

1. Introduction

rates for MYCN-amplified neuroblastoma patients
remain poor [1,2].

Neuroblastoma is the most common solid extracranial
tumor in children and responsible for 15% of all child-
hood cancer deaths. Amplification of the MYCN
oncogene occurs in ~ 25% of neuroblastoma patients.
Despite multimodal therapy including chemotherapy,
surgery, radiotherapy, myeloablative therapy with
autologous transplant, and immunotherapy, survival

Abbreviations

MYCN gene amplification leads to overexpression
of N-Myc oncoprotein and neuroblastoma tumorigene-
sis [2,3]. Through its basic helix-loop—helix zipper
domain, N-Myc heterodimerizes with another basic
helix-loop—helix zipper protein Max, forming a tran-
scription factor complex that binds to specific
Myc-responsive enhancer box (E-box) DNA motifs.

CEP55, centrosomal protein 55; DDX21, DEAD-box RNA helicase 21; DDX3, DEAD-box RNA helicase 3; DDX41, DEAD-box RNA helicase
41; DOX, doxycycline; E-box, enhancer box; shRNA, short hairpin RNA; siRNA, small interfering RNA.
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This binding activates the transcription of target genes
involved in various cellular processes, including cell
growth, proliferation, metabolism, apoptosis, and dif-
ferentiation [4,5]. The N-Myc oncoprotein is consid-
ered ‘undruggable’ because it has no active sites for
ligand binding by conventional small molecule drug-
like compounds and has not been crystalized [6,7].
Thus, rather than targeting N-Myc directly, targeting
downstream factors vital for N-Myc’s oncogenic
effects is an attractive approach for the therapy of
M YCN-amplified neuroblastoma.

RNA helicases are categorized into six superfamilies,
of which DEAD-box helicases are the largest group
and are characterized by nine conserved motifs for
ATP binding, hydrolysis, intramolecular rearrange-
ments, and RNA interactions [8,9]. DEAD-box heli-
cases are multifunctional, being involved in gene
transcription, pre-mRNA splicing, microRNA process-
ing, and RNA metabolism, while aberrant expression
of these critical regulators is linked to neurodegenera-
tive diseases, dysregulation of innate immune
responses, and cancers [8—10]. Small molecule inhibi-
tors have been successfully developed to target the
DEAD-box RNA helicases eukaryotic initiation fac-
tor-4A, DEAD-box RNA helicase 3 (DDX3), and
DDX41 [11-14], with the DDX3 inhibitor RK-33 now
in clinical trials for lung cancer patients. DEAD-box
RNA helicases therefore represent promising therapeu-
tic targets.

DEAD-box RNA helicase DDX21 binds to target
gene promoters and facilitates the release of the posi-
tive transcription elongation factor b (P-TEFDb) to
induce target gene transcription [15]. DDX21 is over-
expressed in human breast and colon cancer tissues
[16,17] and contributes to leukemogenesis and breast
cancer tumorigenesis [16,18]. In this study, bioinfor-
matics analysis identified Myc-responsive E-boxes at
the DDX21 gene promoter. N-Myc upregulated
DDX21 gene transcription, which subsequently upregu-
lated CEP55 transcriptional elongation and resulted in
increased neuroblastoma cell proliferation in vitro and
tumor progression in mice. In addition, high DDX21
expression correlated with high N-Myc and centroso-
mal protein 55 (CEPSS5) expression and predicted poor
patient prognosis in human neuroblastoma.

2. Materials and methods

2.1. Cell culture

Cell lines were validated and maintained as previously
described [19]. Briefly, BE(2)-C and SHEP-2IN
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neuroblastoma cells were maintained in Dulbecco’s
Modified Eagle’s medium (DMEM) containing 10%
FBS. Kelly neuroblastoma cells were grown in Roswell
Park Memorial Institute Medium (RPMI) 1640 con-
taining 10% FBS. BE(2)-C cells were provided by Bar-
bara Spengler (Fordham University, NY, USA). Kelly
cells were purchased from the European Collection of
Cell Cultures (Sigma, St. Louise, MO, USA), and
SHEP-2IN cells were provided by S. Cohn (The
University of Chicago, USA). All cell lines were
authenticated by small tandem repeat profiling (Cell-
Bank Australia or Garvan Institute of Medical
Research, Sydney, Australia).

2.2. Establishment of neuroblastoma cell lines
stably expressing DOX-inducible shRNA

The lentiviral construct, DOX-inducible GFP-shRNA
FHI1tUTG, was provided by M. Herold [20] and used
to produce control or DDX21 short hairpin RNA
(shRNA) expression constructs as described previously
[21]. The control shRNA and DDX21 shRNA-1 and
DDX21 shRNA-2 target sequences were 5'-GCAC
TACCAGAGCTAACTCAGATAGTACT-3, 5-CGC
TCCTTGATCAACTCAAAT-3, and 5-GGAGACA
CTGCGAAAGCAAAC-3, respectively. Forward and
reverse control shRNA, DDX21 shRNA-1, and
DDX21 shRNA-2 oligonucleotides were inserted into
the DOX-inducible GFP-shRNA FHItUTG vector.
HEK?293T cells were then transfected with these con-
structs, viral medium was harvested and used to trans-
duce BE(2)-C and Kelly neuroblastoma cells in the
presence of polybrene (8 pg-mL™') (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) for 72 h. Cells
expressing high GFP were sorted with BD FACS
Jazz™ 1I Cell Sorter (BD Biosciences, Franklin Lakes,
NJ, USA). BE(2)-C and Kelly cells containing the
shRNAs were treated with 2 uygmL™' of DOX
(Sigma) daily to activate shRNA expression in vitro.

2.3. Luciferase assay

Luciferase assays were used to examine the activity of
DDX21 gene promoter modulated by N-Myc and CEP55
gene promoter modulated by DDX21. DDX2] gene pro-
moter region from —870 bp upstream to +111 bp down-
stream and CEP55 gene promoter region from —884 bp
upstream to +165 bp downstream of the CEP55 tran-
scription start site were custom-cloned into pLightS-
witch_Prom by Switchgear (Active Motif, Carlsbad, CA,
USA). BE(2)-C cells were transfected with control
siRNA, N-Myc siRNA-1, or N-Myc siRNA-2 using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) for
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14 h; subsequently, the cells were transfected with the
empty vector control or DDX2] gene promoter construct
using Lipofectamine LTX with PLUS Reagent (Invitro-
gen) for 30 h, followed by luciferase assays. The empty
vector control or CEP55 gene promoter construct
together with the Cypridina TK control construct was
transfected into the BE(2)-C cells containing DOX-in-
ducible control or DDX21 shRNA using Lipofectamine
LTX with PLUS Reagent, for 24 h, then treated with
vehicle control or DOX for 30 h followed by luciferase
assays. Luciferase activity was quantified using the Light-
Switch Dual-Luciferase Assay System (Active Motif),
and RenSP reporter signal was normalized by the
Cypridina reporter signal. Normalized RenSP reporter
signal was then calculated as fold change relative to the
empty vector construct and vehicle control treatment
condition as previously described [21].

2.4. Animal studies

Animal studies were performed with approval from
the Animal Care and Ethics Committee of UNSW
Sydney (Approval #: 17/35B), Australia, and in agree-
ment with institutional guidelines. Four- to five-week-
old female BALB/c nude mice were anesthetized and
subcutaneously injected with 2 x 10° DOX-inducible
control shRNA or DDX21 shRNA-1 BE(2)-C cells (in
serum-free DMEM cell culture medium), or 6 x 10°
DDX21 shRNA-2 Kelly cells (in serum-free RPMI cell
culture medium) into the right flank. When the tumors
reached 0.05 cm?®, the mice were randomized into two
groups and fed with food containing vehicle control or
600 mg-kg~' of DOX (Meat Free Rat and Mouse Fin-
ished Diet, Specialty Feeds Pty. Ltd., Glen Forrest,
WA, Australia). Tumors were measured every second
day, and their volumes were calculated using the for-
mula (length x width x height)/2. Once the tumors
reached 1.0 cm?, the mice were sacrificed and tumors
were harvested as previously reported [21].

2.5. siRNA transfection

Neuroblastoma cells were transfected with a validated
negative control (All Star; Qiagen, Hilden, Germany),
and N-Myc or CEP55 siRNAs (Qiagen) using Lipofec-
tamine 2000 (Invitrogen) as previously described [21],
followed by RNA or protein extraction 48 h after trans-
fection. The target siRNA sequences were as follows: 5'-
CGTGCCGGAGTTGGTAAAGAA-3 (siRNA-1) and
5-TCCAGCGAGCTGATCCTCAAA-3  (siRNA-2)
for N-Myc; and 5-CTCCAGCATGCTAGTGA-
ATCA-3 (siRNA-1) and 5-ATCAGCTGTTGTATT-
CACAAA-3' (siRNA-2) for CEP55.
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2.6. Real-time reverse transcription PCR
(RT-PCR)

RT-PCR was performed using Power SYBR Green
Master Mix (Thermo Fisher Scientific, Waltham, MA,
USA) and gene-specific oligonucleotides on Applied
Biosystems 7900 or QuantStudio™ (Applied Biosys-
tems, Grand Island, NY, USA), and quantified using
the comparative threshold cycle (AACt) method [22],
relative to the housekeeping gene actin or B2M as pre-
viously reported [21]. The RT-PCR oligonucleotides
were manufactured by Sigma, and their sequences were
as follows: 5-CGACCACAAGGCCCTCAGTA-%
(forward) and 5-CAGCCTTGGTGTTGGAGGAG-3
(reverse) for N-Myc; 5-GCTCTTATCTCAGGTC
CAGTTTCTTT-3 (forward) and 5'-GAGCTACCC
TTGTTTGTTCTTCTTG-3' (reverse) for CEP55; 5'-
GGCGAGGAGATTGATTCCAA -3’ (forward) and
5-CAAACACCCAGCTTTCCTTTG-3 (reverse) for
DDX21; 5-GCTGTGCTCGCGCTACTCT-3 (forward)
and 5-TGAATCTTTGGAGTACGCTGGAT-3 (re-
verse) for B2M; and 5-AGGCCAACCGCGAGAAG-3’
(forward) and 5-ACAGCCTGGATAGCAACGTAC
A-3' (reverse) for actin.

2.7. Western blotting

Western blotting was performed as previously
described [21]. The primary antibodies used were as
follows: rabbit anti-DDX21 (1 : 500; Catalogue num-
ber A300-629A; Bethyl Laboratories, Montgomery,
TX, USA), rabbit anti-CEP55 (1 : 500; Catalogue
number 81693S; Cell Signaling Technology, Danvers,
MA, USA) or mouse anti-N-Myc (1 : 1000; Catalogue
number sc-53993; Santa Cruz Biotechnology). The sec-
ondary antibodies used were as follows: goat anti-rab-
bit (Catalogue number 12-348) or goat anti-mouse
(Catalogue number 12-349) (1 : 10 000; both from
MERCK, Burlington, MA, USA). The anti-actin anti-
body (1 :15000; Catalogue number A3853; Sigma)
was used as loading control.

2.8. Differential gene expression analysis by
Affymetrix microarray

BE(2)-C cells stably expressing the DOX-inducible
control or DDX21 shRNAs were treated with vehicle
control or DOX for 32 h followed by RNA extraction
with RNeasy Mini Kit (Qiagen). Affymetrix microar-
rays (Affymetrix, Santa Clara, CA, USA) were per-
formed to examine genome-wide differential gene
expression after DDX21 knockdown. The microarray
data were analyzed in R (http://www.r-project.org/)
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with bioconductor package (http://www.bioconductor.
org/) and normalized with RMA normalization
method (https://www.ncbi.nlm.nih.gov/pubmed/
12925520) as previously described [21].

2.9. ChIP assays

ChIP assays were performed to assess N-Myc protein
enrichment at the DDX2] gene promoter as previously
described [23] with slight modification. Briefly, histone
proteins and DNA in BE(2)-C cells were cross-linked
by incubation with 1% formaldehyde in culture med-
ium for 15 min. ChIP assays were performed with a
mouse anti-N-Myc (Catalogue number sc-53993; Santa
Cruz Biotechnology) or a control mouse IgG (Cata-
logue number 31903; Invitrogen), followed by PCR
analysis with primers targeting the negative control
region or the core promoter region of the DDX2I
gene. The primer sequences used were as follows: 5'-
CTGCATTCATGCTTGCTCTC-3' (sense) and 5'-
GAGCCAGGAGCCTTGATTTA-3' (antisense) for
the remote negative control region of the DDX21 gene;
5-GCAATTCCTTGCGGTTCTAC-3' (sense) and 5'-
AAGCAGGAAGCACAGGAAAA-3 (antisense) for
the DDX21 gene promoter containing the noncanoni-
cal E-box at —93 to —98 bp upstream of the DDX21
transcriptional start site; and 5-CTACGGGAAGT-
GACGAGAGC-3 (sense) and 5-GCGTCACTACG-
GAGTTTTCC-3' (antisense) for the DDX2I gene
promoter containing the noncanonical E-box at +12 to
+17 bp downstream of the DDX21] gene transcriptional
start site.

To analyze DDX21 protein binding to the CEPS5S
gene promoter, histone proteins and DNA in BE(2)-C
cells were cross-linked with Diagenode ChIP cross-link
Gold, followed by incubation with 1% formaldehyde.
ChIP assays were performed with a rabbit anti-
DDX21 (Catalogue number NBP1-83310; Novus Bio-
logicals, Littleton, CO, USA) or a control rabbit IgG
(Catalogue number 31235; Invitrogen), followed by
PCR analysis with primers targeting the negative con-
trol region or the CEP55 gene core promoter region.
The PCR primer sequences used were as follows: 5'-
ATTCGCTCAATCACTGTGGTTCT-3' (sense) and
5-TGAGAGTGATTCTTTGGTTGGTATCT-3' (an-
tisense) for the remote negative control region of the
CEP55 gene; and 5-AGGTTTACTCTCCGCCCTTC-
3" (sense) and 5-GCTTCCGGGAGTTTGAATC-3
(antisense) for the CEP55 gene core promoter.

To analyze phosphorylated S2 Pol II binding to the
CEP55, RPLP2, and f-actin gene promoters and tran-
scriptional termination sites, DOX-inducible DDX21
shRNA-1 BE(2)-C cells were treated with vehicle control

DDX21 promotes neuroblastoma by upregulating CEP55

or DOX for 48 h, followed by ChIP assays as described
above with a rabbit anti-phosphorylated S2 Pol II (Cata-
logue number ab5095; Abcam, Cambridge, UK) or a
control rabbit IgG (Invitrogen) antibody. The PCR pri-
mer sequences used were as follows: 5-TGGCCACACA-
CAATGTTTTC-3 (sense) and 5-TGAGAGGG-
CTACATGGGTTT-3 (antisense) for CEP55 3'-UTR;
5-CACCAAGGAGTCAAGGCGAG-3 (sense) and 5'-
CTCAACCTTTGCCAGCGAAC-3 (antisense) for the
RPLP2 gene core promoter; 5-ATGGATGCAG-
GAAGTGAGCC-3 (sense) and 5-AAGCCTGAG-
GAGTGATTGCC-3 (antisense) for the RPLP2 3'-
UTR; 5-CTCAATCTCGCTCTCGCTCT-3' (sense) and
5-TCGAGCCATAAAAGGCAACT-3 (antisense) for
the f-actin gene core promoter; and 5-CACAGGG-
GAGGTGATAGCAT-3 (sense) and 5-CTCAA-
GTTGGGGGACAAAAA-3 (antisense) for the B-actin
3-UTR.

Fold enrichment of N-Myc protein at the DDX2]
gene core promoter or DDX21 protein at the CEP55
gene core promoter was calculated as previously
described [23] by dividing the Ct threshold obtained
from PCR products of samples pulled down by N-
Myc or DDX21 antibody by the Ct threshold obtained
from PCR products of samples pulled down by the
control antibody.

2.10. Immunocytochemistry

BE(2)-C and Kelly cells were transfected with control
siRNA, CEP55 siRNA-1, or CEP55 siRNA-2 for 72 h
in Lab-Tek™ Chamber slides (Thermo Fisher Scien-
tific). In separate experiments, BE(2)-C or Kelly cells
containing DOX-inducible control shRNA, DDX21
shRNA-1, or DDX21 shRNA-2 were plated in Lab-
Tek™ Chamber slides for 24 h, then treated with vehi-
cle control or DOX every 24 h for a total of 72 h.
Cells were then fixed in 4% paraformaldehyde for
15 min, permeabilized with 0.2% Triton X-100,
blocked with 10% FBS, and probed with Alexa Fluor
647 phalloidin (Thermo Fisher Scientific), or rabbit
anti-a-tubulin antibody (Abcam) and Alexa Fluor 594-
conjugated goat anti-rabbit antibody (Thermo Fisher
Scientific) and DAPI (Vector Laboratories, Burlin-
game, CA, USA).

Images were taken under a confocal fluorescence
microscope (Leica TCS SP8, Wetzlar, Germany), and
a-tubulin filaments were quantified by dividing the
area of o-tubulin filaments by the area of the nucleus
for each cell. These analyses were done using a cus-
tom-built MATLAB code, which first converted the
images into binary images. The binary mask was
cleaned by morphological operations using the
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MATLAB built-in operation of structuring element,
dilation, and erosion [24].

2.11. Alamar blue and BrdU assays

BE(2)-C or Kelly cells were transfected with siRNAs
in 96-well plates. In separate experiments, BE(2)-C or
Kelly cells containing DOX-inducible control shRNA,
DDX21 shRNA-1, or DDX21 shRNA-2 were plated
in 96-well plates the day before and treated with vehi-
cle control or DOX every 24 h. Alamar blue (Invitro-
gen) or BrdU was added to the cells 90 h after
transfection or 72 h after DOX treatment and read on
a microplate reader (Victor3; PerkinElmer, Waltham,
MA) at 570/595 nm or 492/690 nm, respectively.
Results were calculated as described previously [21].

2.12. CEP55 overexpression

CEP55 open reading frame was custom-cloned into a
lentiviral construct by VectorBuilder. Empty vector
control or CEP55 overexpression construct was
cotransfected with three helper plasmids into
HEK?293T cells using Lipofectamine 3000 (Invitrogen).
Viral medium was harvested and used to transduce BE
(2)-C cells containing DOX-inducible control shRNA,
DDX21 shRNA-1, or DDX21 shRNA-2 in the pres-
ence of polybrene (8 pg-mL™").

2.13. Cell cycle analysis

BE(2)-C and Kelly cells were transfected with control
siRNA, CEPS55 siRNA-1, or CEP55 siRNA-2 for
72 h, followed by propidium iodide staining and flow
cytometry analysis. In separate experiments, BE(2)-C
and Kelly cells containing DOX-inducible control
shRNA, DDX21 shRNA-1, or DDX21 shRNA-2 were
treated with vehicle control or DOX every 24 h for a
total of 72 h, followed by propidium iodide staining
and flow cytometry analysis.

2.14. Statistical analysis

Every experiment was performed at least three times.
Statistical significance was analyzed using two-sided
unpaired #-test for two groups or ANOVA for multiple
groups in GRAPHPAD PRISM 8 (GraphPad, San Diego,
CA, USA) as previously described [21].

The Pearson correlation and Kaplan—Meier analyses
in the GRAPHPAD PRISM program were used to examine
the association between DDX21 and N-Myc or
DDX21 and CEPS55 expression, and overall survival in
human neuroblastoma patients, respectively, as
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previously described [21]. Multivariable Cox regression
analysis in the IBM SPSS program was used to investi-
gate the clinical significance of DDX21 and CEP55 in
human neuroblastoma. The prognostic factors
included in the analysis were as follows: age at diagno-
sis, INSS stage, and MYCN amplification status. Sur-
vival probabilities and hazard ratios (HRs) were
calculated with 95% ClIs as previously described [21].

3. Results

3.1. N-Myc increases DDX21 expression by
binding to the DDX21 gene promoter

It is well established that N-Myc binds to Myc-respon-
sive E-box motifs and activates gene transcription [25].
By analyzing gene promoter sequence data from the
National Centre for Biotechnology Information
(NCBI), we found two noncanonical Myc-responsive
E-boxes (CACGCQG) at —93 to —98 bp upstream and
+12 to +17 bp downstream of the DDX21 gene tran-
scriptional start site. Consequently, two M YCN-ampli-
fied neuroblastoma cell lines, BE(2)-C and Kelly, were
transfected with a control small interfering RNA
(siRNA) or two different N-Myc siRNAs. RT-PCR
and western blot analyses revealed that both N-Myc
siRNAs successfully knocked down N-Myc mRNA
(Fig. 1A) and protein (Fig. 1B) expression and that
DDX21 mRNA (Fig. 1A) and protein (Fig. 1B) levels
were considerably decreased after N-Myc knockdown.
To further confirm the regulation of DDX21 expres-
sion by N-Myc, we used doxycycline (DOX) with-
drawal-inducible N-Myc overexpressing SHEP-21N
neuroblastoma cells. RT-PCR and western blot analy-
ses showed that removal of DOX resulted in N-Myc
mRNA (Fig. 1C) and protein (Fig. 1D) overexpres-
sion, and significantly increased DDX21 mRNA
(Fig. 1C) and protein (Fig. 1D) expression.

To investigate whether N-Myc binds to the DDX21
gene promoter, chromatin immunoprecipitation (ChIP)
assays were performed with a control or an anti-N-
Myc antibody in BE(2)-C cell lysates. The N-Myc anti-
body enhanced the pull down of N-Myc protein and
the DDX21 proximal promoter region containing the
noncanonical E-box regions (Amplicons B and C) by
~ 20- to 30-fold compared with the negative control
(Amplicon A) (Fig. 1E-G). To further confirm the
transcriptional control of DDX21 by N-Myc, BE(2)-C
cells were transfected with control or two different N-
Myc siRNAs, followed by transfection with a Light-
Switch luciferase reporter construct containing the
DDX2] gene promoter and luciferase assays.
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Fig. 1. N-Myc upregulates DDX21 gene expression by binding to the DDX21 gene promoter in neuroblastoma cells. (A-B) BE(2)-C and Kelly
cells were transfected with control siRNA, N-Myc siRNA-1, or N-Myc siRNA-2 for 48 h, followed by RT-PCR (A) and western blot (B)
analyses of N-Myc and DDX21 mRNA and protein expression. (C-D) Tetracycline withdrawal-inducible N-Myc overexpression SHEP-21N
cells were treated with vehicle control or DOX for 48 h, followed by RT-PCR (C) and western blot (D) analyses of N-Myc and DDX21 mRNA
and protein expression. (E) Schematic representation of the DDX21 gene promoter. TSS, transcription start site. (F-G) ChlIP assays were
performed with a control or an anti-N-Myc antibody (Ab), the immunoprecipitated protein was subjected to immunoblot analysis with an
anti-N-Myc antibody (F), and the immunoprecipitated DNA was examined by PCR (G) with primers targeting a negative control region
(Amplicon A) or the DDX21 gene promoter regions containing the E-boxes (Amplicons B and C) in BE(2)-C cells. Fold enrichment of N-Myc
at the DDX21 gene promoter regions was calculated as the difference in cycle thresholds obtained with the anti-N-Myc Ab and with the
control Ab. (H) BE(2)-C cells were transfected with control siRNA, N-Myc siRNA-1, or N-Myc siRNA-2 for 14 h, then transfected with empty
vector control or DDX21 gene promoter (—870 to +111 bp) in LightSwitch reporter construct for 30 h followed by luciferase assays.
Luciferase activities were expressed as fold changes relative to empty vector construct. Error bars represented standard error. * indicates
P < 0.05, **P < 0.01, and ***P < 0.001.
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Correspondingly, knocking down N-Myc significantly
decreased the luciferase activity at the DDX2I gene
promoter (Fig. 1H).

In summary, these data suggest that N-Myc upregu-
lates DDX21 gene expression by binding to the
DDX2] gene promoter.

3.2. DDX21 binds to the CEP55 gene promoter
and upregulates CEP55 gene expression

As DDX21 is known to bind to target gene promoters
and activates gene transcription [15], we carried out
Affymetrix microarray on DOX-inducible control or
DDX21 shRNA BE(2)-C cells after treatment with
vehicle control or DOX for 32 h to examine differen-
tial gene expression. The CEP55 gene was significantly
downregulated by the DDX21 shRNAs (Table S1).
The results were confirmed by RT-PCR and western
blot analyses, which demonstrated that treatment with
DOX in the DOX-inducible DDX21 shRNA BE(2)-C
or Kelly cells considerably reduced DDX21 expression,
and resulted in a decrease in CEP55 mRNA and pro-
tein expression (Fig. 2A,B).

To confirm that DDX21 was transcriptionally
upregulating CEP55 expression, ChIP assays were car-
ried out with a control or an anti-DDX21 antibody in
BE(2)-C cell lysates. The DDX21 antibody effectively
pulled down DDX21 protein, and binding of DDX21
was enhanced by twofold to threefold at the CEP5S
gene promoter region (Amplicon B), compared with
negative control regions (Amplicon A) (Fig. 2C-E).
To further demonstrate the transcriptional control of
CEP55 by DDX21, a LightSwitch luciferase reporter
construct containing the CEP55 gene promoter region
was transfected into the DOX-inducible control or
DDX21 shRNA BE(2)-C cells followed by luciferase
assays. Knockdown of DDX21 expression by treat-

V. Putra et al.

ment with DOX significantly downregulated the luci-
ferase activity of the CEP5S5 promoter (Fig. 2F).

The C-terminal repeat domain of RNA polymerase
IT (Pol II) is phosphorylated at serine 2 (S2) near the
end of genes during transcriptional elongation [26-28].
DDX21 binds to target gene promoters and regulates
target gene transcriptional elongation [15]; thus, we
examined whether DDX21 mediates CEPS5 transcrip-
tional elongation using ChIP assays with a control or
phosphorylated S2 Pol II antibody in the DOX-in-
ducible DDX21 shRNA-1 BE(2)-C cells. The phospho-
rylated S2 Pol II antibody efficiently pulled down the
phosphorylated S2 Pol II protein (Fig. 2G), and
knocking down DDX21 significantly decreased phos-
phorylated S2 Pol II binding at the transcriptional ter-
mination site (3’-untranslated region) of CEP55 but
not at the CEP55 gene promoter (Fig. 2H). Next, we
examined the transcriptional elongation modulation by
DDX21 of other known DDX21 target/nontarget
genes. RPLP2 is a known DDX21 target gene, while
B-actin is a known DDX21 nontarget gene [l5].
Knocking down DDX21 significantly decreased the
binding of phosphorylated S2 Pol II at the transcrip-
tional termination site of RPLP2 but not at RPLP2
gene promoter (Fig. S1A). In contrast, knocking down
DDX21 did not affect phosphorylated S2 Pol II bind-
ing to the transcriptional termination site of f-actin or
p-actin gene promoter (Fig. S1B).

The data therefore demonstrate that DDX21 binds
to the CEP55 gene promoter to upregulate CEP55
transcriptional elongation and expression.

3.3. DDX21 and CEP55 are essential for
neuroblastoma cell growth

We then assessed whether DDX21 or CEPS5S is
required for neuroblastoma cell viability and/or prolif-

Fig. 2. DDX21 upregulates CEP55 gene expression by binding to the CEP55 gene promoter and promotes CEP55 transcriptional elongation.
(A-B) DOX-inducible control shRNA, DDX21 shRNA-1, or DDX21 shRNA-2 BE(2)-C and Kelly cells were treated with vehicle control or DOX
for 48 h, followed by RT-PCR (A) or western blot (B) analyses of DDX21 and CEP55 mRNA and protein expression. (C) Schematic
representation of the CEP55 gene promoter. TSS, transcription start site. (D-E) ChlIP assays were performed with a control or anti-DDX21
antibody (Ab), the immunoprecipitated protein was subjected to immunoblot analysis with an anti-DDX21 antibody (D), and the
immunoprecipitated DNA was examined by PCR (E) with primers targeting the negative control region (Amplicons A) or the CEP55 gene
core promoter (Amplicons B) in BE(2)-C cells. Fold enrichment of DDX21 at the CEP55 gene promoter was calculated as the difference in
cycle thresholds obtained with the anti-DDX21 Ab and with the control Ab. (F) DOX-inducible control shRNA, DDX21 shRNA-1, or DDX21
shRNA-2 BE(2)-C cells were transfected with empty vector control or CEP55 gene promoter (—884 to +165 bp) in LightSwitch reporter
construct for 24 h, then treated with vehicle control or DOX for 30 h followed by luciferase assays. Luciferase activities were expressed as
fold changes relative to control shRNA, DDX21 shRNA-1, or DDX21 shRNA-2 BE(2)-C cells transfected with empty vector control and
treated with vehicle control. (G-H) DOX-inducible DDX21 shRNA-1 BE(2)-C cells were treated with vehicle control or DOX for 48 h, followed
by ChIP assays with a control or an anti-phos S2 Pol Il antibody. The immunoprecipitated protein was subjected to immunoblot analysis
with an anti-phos S2 Pol Il antibody (G), and the immunoprecipitated DNA was examined by PCR (H) with primers targeting the CEP55
promoter or the CEP55 3'-UTR. Error bars represent standard error. * indicates P < 0.05, **P < 0.01, and ***P < 0.001.
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siRNA or two different CEP55 siRNAs. In both cell
lines, the CEP55 siRNAs significantly knocked down
CEP55 mRNA (Fig. 3C) and protein (Fig. S2) expres-
sion. Alamar blue and BrdU assays revealed that
CEP55 knockdown also reduced cell wviability
(Fig. 3D) and cell proliferation (Fig. 3E) in both cell
lines.

We next examined whether DDX21 increases the
clonogenic capacity of neuroblastoma cells. Knocking
down DDX21 almost completely abolished clonogenic-
ity in the DOX-inducible DDX21 shRNA-1 and
DDX21 shRNA-2 BE(2)-C and Kelly cells, compared
with the DOX-inducible control shRNA cells
(Fig. 3F-G), indicating that DDX21 plays a crucial
role in neuroblastoma tumorigenesis.

In summary, the results indicate that DDX21 and
CEPS55 are essential for neuroblastoma cell prolifera-
tion and survival.

3.4. DDX21 and CEP55 play a role in
neuroblastoma cell cytoskeletal stability

CEPS5 is necessary for microtubule bundling and
cytokinesis [29,30]. Microtubules are important in cell
cytoskeleton and maintenance of cellular structure
[31]. We therefore examined whether DDX21 or
CEPS5S5 plays key roles in microtubule stability in neu-
roblastoma cells. DOX-inducible control or DDX21
shRNA BE(2)-C and Kelly cells were treated with
vehicle control or DOX for 72 h, and stained with an
anti-o-tubulin antibody (Fig. 4A,B) or with actin-bind-
ing phalloidin (Fig. S3A). Knockdown of DDX21 sig-
nificantly reduced the area of a-tubulins and actin
filaments. Similarly, BE(2)-C and Kelly cells were
transfected with control siRNA or two different
CEP55 siRNAs and stained with an anti-o-tubulin
antibody (Fig. 4C,D) or actin-binding phalloidin
(Fig. S3B). Knockdown of CEPS55 decreased the area
of a-tubulins and actin filaments. Moreover, overex-
pression of CEPS55 in BE(2)-C cells containing DOX-
inducible control or DDX21 shRNA (Fig. S4) reversed
the cytoskeletal damage induced by DDX21 knock-
down (Fig. S5).

We then performed cell cycle analysis to determine
whether the regulation of cytoskeletal stability by
DDX21 and CEPS55 affects cell cycle progression.

DDX21 promotes neuroblastoma by upregulating CEP55

Knockdown of in BE(2)-C and Kelly cells containing
DOX-inducible = DDX21 shRNAs  significantly
decreased the percentage of cells in S phase compared
with control shRNA (Fig. S6A). Similarly, transfection
of CEPS55 siRNAs in BE(2)-C and Kelly cells signifi-
cantly reduced the percentage of cells in S phase com-
pared with control siRNA (Fig. S6B).

Taken together, these data indicate that DDX21
and CEPS55 play important roles in maintaining neu-
roblastoma cell cytoskeletal stability and in driving cell
proliferation.

3.5. DDX21 promotes neuroblastoma
progression in mice

We next examined whether DDX21 contributes to
neuroblastoma tumor progression in vivo. BE(2)-C
cells containing DOX-inducible control shRNA or
DDX21 shRNA-1 and Kelly cells containing DDX21
shRNA-2 were xenografted into BALB/c mice. Knock-
ing down DDX21 by treatment with DOX in mice
xenografted with BE(2)-C cells containing DOX-in-
ducible DDX21 shRNA-1 or Kelly cells containing
DOX-inducible DDX21 shRNA-2 cells led to tumor
shrinkage and a significant delay in relapse, with
increased overall survival by up to 68 and 24 days,
respectively. No effect was observed in mice xeno-
grafted with BE(2)-C cells containing DOX-inducible
control shRNA (Fig. 5A,B). Proteins were extracted
from the tumors, and western blot analyses demon-
strated that DOX treatment significantly reduced
DDX21 and CEP55 protein expression in DOX-in-
ducible DDX21 shRNA BE(2)-C and Kelly xenografts
(Fig. 5C,D). The results therefore indicate that
DDX21 regulates CEPS5 expression and promotes
neuroblastoma progression in vivo.

3.6. High DDX21 expression correlates with high
N-Myc and CEP55 expression and predicts poor
outcome in neuroblastoma patients

To investigate the clinical implications of DDX21 and
CEPS55 in M YCN-amplified neuroblastoma, we exam-
ined DDX21 and CEPS55 expression in 88 and 493
human neuroblastoma tissues in the publicly available
Affymetrix microarray Versteeg dataset and RNAseq

Fig. 4. DDX21 and CEP55 play a role in neuroblastoma cell cytoskeletal stability. (A-B) DOX-inducible control shRNA, DDX21 shRNA-1, or
DDX21 shRNA-2 BE(2)-C and Kelly cells were treated with vehicle control or DOX for 72 h, followed by immunostaining with an anti-a-tubulin
antibody and counter-staining of cell nuclei with DAPI (A). The areas covered by a-tubulin filaments, relative to nucleus, were quantified (B). (C-
D) BE(2)-C and Kelly cells were transfected with control siRNA, CEP55 siRNA-1, or CEP55 siRNA-2 for 72 h followed by immunostaining with
an anti-a-tubulin antibody and counter-staining of cell nuclei with DAPI (C). The areas covered by o-tubulin filaments, relative to nucleus, were
quantified (D). Error bars represent standard error. * indicates P < 0.05, ** P < 0.01, and *** P < 0.001. Scale bar: 10 pm.
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Fig. 5. DDX21 promotes CEP55 expression and neuroblastoma progression in mice. (A-B) DOX-inducible control shRNA BE(2)-C, DDX21
shRNA-1 BE(2)-C, or DDX21 shRNA-2 Kelly cells were xenografted into nude mice. When tumors reached 0.05 cm?, the three groups of mice
were randomized into two subgroups each and given feed with or without DOX. Tumor growth was monitored, and the mice were culled when
the tumors reached 1.0 cm?® or 3 months later if tumors regressed (A). Survival curves showed the probability of overall survival of the mice,
and P values were obtained with two-sided log-rank test (B). (C-D) Protein was extracted from the mouse tumor tissues and subjected to
western blot analysis of DDX21 and CEP55 protein expression with actin as a loading control (C). DDX21 and CEP55 protein expression was
quantified, relative to actin (D). Error bars represent standard error. * indicates P < 0.05, ** P < 0.01, and *** P < 0.001.

SEQC-RPM-seqenbl dataset downloaded from the R2 expression correlated with high N-Myc mRNA expres-
platform (http://r2.amc.nl) on July 7, 2017, and April 6, sion and CEP55 mRNA expression by Pearson’s corre-
2018, respectively [32,33]. High DDX21 mRNA lation analysis (Fig. 6A,B). These correlations were also
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Fig. 6. High DDX21 expression correlates with high N-Myc and CEP55 expression and predicts poor patient prognosis. (A-B) Two-sided
Pearson’s correlation was used to analyze the correlation between DDX21 mRNA expression and N-Myc mRNA expression (A) or
between DDX21 mRNA expression and CEP55 mRNA expression (B) in 88 or 493 human neuroblastoma tumor tissues in the publicly
available microarray gene expression Versteeg dataset or RNA sequencing gene expression SEQC-RPM-seqcnb1 dataset, respectively,
downloaded from the R2 platform (http://r2.amc.nl). Five out of 498 samples in the SEQC-RPM-seqcnb1 dataset were excluded from
analysis, due to the lack of information on MYCN amplification status. (C-D) Two-sided Pearson’s correlation was used to analyze the
correlation between DDX21 mRNA expression and N-Myc mRNA expression (C) or between DDX21 mRNA expression and CEP55
mRNA expression (D) in 92 MYCN-amplified human neuroblastoma tissues in the RNA sequencing SEQC-RPM-seqcnb1 dataset. (E-F)
Kaplan-Meier curves showed the probability of overall survival of neuroblastoma patients according to the levels of DDX21 (E) and
CEP55 (F) expression in 88 and 493 human neuroblastoma tissues in the Versteeg and SEQC-RPM-seqcnb1 datasets, respectively, using
the upper quartile of RNA expression as the cutoff point and two-sided log-rank test. (G-H) Kaplan—-Meier curves showed the probability
of overall survival of neuroblastoma patients according to the levels of DDX21 (G) and CEP55 (H) expression in 92 MYCN-amplified
neuroblastoma tissues in the large SEQC-RPM-seqcnb1 dataset using upper quartile of RNA expression as the cutoff point and two-
sided log-rank test.
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Table 1. Multivariable Cox regression analysis of DDX21 and CEP55 as factors prognostic for outcome in 493 patients®.

DDX21 promotes neuroblastoma by upregulating CEP55

Overall survival

Event-free survival

Factors HR (95% Cl) P value HR (95% CI) P value

High DDX21 expression (median as the cutoff) 1.99 (1.18-3.36) 0.0098 1.69 (1.20-2.38) 0.0029
MYCN amplification 3.07 (2.00-4.72) < 0.0001 1.54 (1.09-2.19) 0.0145
Age > 18 months 2.38 (1.55-3.66) < 0.0001 1.78 (1.29-2.46) < 0.0001
Stages 3 and 4° 5.98 (2.86-12.48) < 0.0001 2.81 (1.89-4.19) 0.0004
High DDX21 expression (upper quartile as the cutoff) 1.94 (1.26-2.97) 0.0025 1.52 (1.08-2.13) 0.0163
MYCN amplification 3.02 (1.95-4.67) < 0.0001 1.56 (1.09-2.25) 0.0160
Age > 18 months 2.53 (1.65-3.89) < 0.0001 1.82 (1.32-2.51) 0.0003
Stages 3 and 4P 5.93 (2.84-12.38) < 0.0001 2.89 (1.94-4.31) < 0.0001
High CEP55 expression (median as the cutoff) 3.01 (1.69-5.35) 0.0002 1.98 (1.39-2.83) 0.0002
MYCN amplification 3.28 (2.19-4.91) < 0.0001 1.64 (1.17-2.28) 0.0038
Age > 18 months 2.19 (1.41-3.40) 0.0005 1.75 (1.26-2.43) 0.0009
Stages 3 and 4 4.94 (2.33-10.49) < 0.0001 2.45 (1.62-3.72) < 0.0001
High CEP55 expression (upper quartile as the cutoff) 2.53 (1.70-3.76) < 0.0001 2.16 (1.58-2.96) < 0.0001
MYCN amplification 3.68 (2.46-5.51) < 0.0001 1.64 (1.17-2.28) 0.0036
Age > 18 months 2.58 (1.68-3.98) < 0.0001 1.83 (1.32-2.52) 0.0003
Stages 3 and 4° 5.35 (2.65-11.21) < 0.0001 2.54 (1.69-3.82) < 0.0001

‘The level of DDX21 or CEP55 expression was considered high or low in relation to the median or upper quartile level of expression in
tumors of the RNA sequencing gene expression-patient prognosis SEQC-RPM-seqcnb1 dataset. HRs were calculated as the antilogs of the
regression coefficients in the proportional hazard regression. Multivariable Cox regression analysis was carried out following the inclusion of
the four factors listed above into the Cox regression model, and P value was obtained from two-sided log-rank test.

“Tumor stage was categorized as favorable (International Neuroblastoma Staging System stages 1, 2 and 4S) or unfavorable (International
Neuroblastoma Staging System stages 3 and 4).
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Fig. 7. Schematic model of the regulation of DDX21 and CEP55 by N-Myc. (A) N-Myc binds to the DDX27 gene promoter containing the
noncanonical E-boxes, leading to DDX217 transcriptional activation, and increased DDX21 mRNA and protein expression. (B) DDX21 binds to
the CEP55 gene promoter to facilitate CEP55 transcriptional elongation, leading to elevated CEP55 mRNA and protein expression, as well
as cell cytoskeletal stability and cell proliferation. TSS, transcription start site.

observed in the subset of 92 MYCN-amplified patients
in the SEQC-RPM-seqcnbl dataset (Fig. 6C,D).
Furthermore, the Kaplan—Meier survival analysis
with upper quartile as the cutoff point revealed that
high DDX21 (Fig. 6E) or CEP55 (Fig. 6F) expression
correlated with lower patient survival in both datasets.
Consistently, in the SEQC-RPM-seqenbl dataset, high
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DDX21 (Fig. 6G) or CEPS55 (Fig. 6H) mRNA expres-
sion in the subset of 92 MYCN-amplified neuroblas-
toma patients also correlated with poorer patient
survival. Importantly, in the larger SEQC-RPM-seqcn-
bl dataset, multivariable Cox regression analysis with
the median or upper quartile as the cutoff points
revealed that high DDX21 or CEPS55 expression
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predicted poor event-free and overall patient survival
independent of age at diagnosis, stage of disease, and
MYCN status (Table 1).

In summary, these data demonstrate that N-Myc
regulates DDX21 expression and DDX21 regulates
CEPS55 expression in human neuroblastoma (Fig. 7)
and that high DDX21 and high CEPS55 expressions are
independent prognostic markers of poor outcome in
human neuroblastoma patients.

4. Discussion

The DEAD-box RNA helicase protein DDX21 associ-
ates with diverse species of RNA and RNA polymerase
I- and Il-transcribed genes, facilitates the release of the
positive transcription elongation factor b (P-TEFb)
from the 7SK small nuclear ribonucleoproteins in a
helicase-dependent manner, and promotes transcription
of target genes [15]. DDX21 unwinds the nucleic acid
structure R loops and overcomes R-loop-mediated stal-
ling of RNA polymerases. By resolving estrogen-in-
duced R loops on estrogen-responsive genes in breast
cancer cells, DDX21 promotes transcription elongation
[34]. N-Myc and c-Myc oncoproteins are well known to
induce tumorigenesis by binding to Myc-responsive E-
boxes at target gene promoters to drive gene transcrip-
tion [5,35]. In this study, we have identified two Myc-re-
sponsive E-boxes at the DDX2I gene promoter, and
our ChIP assays confirm that N-Myc binds to the
DDX21 gene promoter. Knockdown of N-Myc signifi-
cantly decreased DDX21 mRNA and protein expres-
sion. In human neuroblastoma tissues, high levels of
DDX21 expression correlate with high levels of N-Myc
expression and predict poor patient prognosis, indepen-
dent of the current standard prognostic markers.
DDX21 has recently been shown to be involved in
various cancers. When DDX21 is relocalized from the
nucleolus to the nucleoplasm, the p53 tumor suppressor
protein is activated in neural crest cells [36]. DDX21
unwinds the nucleic acid structure R loops, whereas
depletion of DDX21 leads to accumulation of cellular
R loops, DNA double-strand breaks, and genomic
instability [34]. DDX21 also forms a protein complex
with the leukemogenic Amino-terminal Enhancer of
Split protein, and DDX21 knockdown has been shown
to reduce leukemia cell proliferation and clonogenesis
[18]. In addition, DDX21 is highly expressed in human
breast cancer tissues and DDX21 protein expression
level correlates with cancer cell proliferation rate, while
mechanistically, DDX21 induces AP-1 transcriptional
activity and c-Jun protein phosphorylation [16]. We
found that DDX21 promotes M YCN-amplified neurob-
lastoma cell proliferation and clonogenic capacity, and
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high DDX21 gene expression correlates with poor
patient prognosis. In mouse models of MYCN-ampli-
fied neuroblastoma, DDX21 knockdown initially
induces tumor regression, suppresses tumor progression,
and significantly improves the overall survival.

CEP5S5 is a centrosomal protein that has been shown
to be deregulated in a number of cancers. CEPSS is
upregulated when the MEK1/2-MYC pathway is acti-
vated in breast cancer cells and is essential for breast
cancer cell aneuploidy, proliferation, and survival [37],
and CEPS55 overexpression in primary breast tumor
tissues is a marker for chromosomal instability and
poor prognosis [37,38]. CEP55 also protects aneuploid
cells against cell death, and loss of CEP55 leads to cas-
pase-dependent apoptosis [37]. In addition, CEPS55 is
overexpressed in human osteosarcoma tissues, and its
overexpression correlates with poor patient prognosis
[39]. CEP5S knockdown significantly induces cell cycle
arrest at G1 phase, suppresses osteosarcoma cell pro-
liferation in vitro through regulating the PI3K/AKT
pathway, and suppresses osteosarcoma tumor growth
in mice [39]. CEPS55 associates with microtubules, effi-
ciently bundles microtubules, and is essential for cell
proliferation [29,30]. In the current study, genome-
wide differential gene expression analysis identifies
CEP55 as one of the few genes markedly downregu-
lated after DDX21 knockdown in neuroblastoma cells.
In human neuroblastoma tumor tissues, high CEPS55
gene expression correlated with high DDX21 gene
expression and independently predicts poor patient
survival. Knocking down DDX21 or CEPS55 signifi-
cantly decreases neuroblastoma cell cytoskeletal stabil-
ity and cell proliferation.

5. Conclusions

Our data demonstrate that DDX21 and CEPS5 are
potential therapeutic targets for M YCN-amplified neu-
roblastoma. Small molecule inhibitors of DDX21
could be developed with helicase targeting strategies
similar to the discovery of DDX3 and DDX41 inhibi-
tors [12—-14], one of which (DDX3 inhibitor, RK-33) is
currently in a clinical trial in lung cancer patients.
Studies have shown that CEP55-derived peptides may
facilitate vaccination strategies for breast cancer [40]
and colorectal carcinoma [41]. Therefore, vaccination
against CEP55 might be an avenue for further research
in MYCN-driven neuroblastoma.
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Fig. S1. DDX21 promotes RPLP2 transcriptional
elongation.

Fig. S2. CEP55 siRNAs knock down CEPSS protein
expression.

Fig. S3. DDX21 or CEP55 play a role in for neurob-
lastoma cell cytoskeletal stability.
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Fig. S4. Transfection of CEPS55 overexpression con-
struct results in CEP55 overexpression.

Fig. S5. Overexpression of CEP55 rescues the pheno-
types induced by DDX21 knockdown.

Fig. S6. DDX21 and CEPS55 promote neuroblastoma
cell proliferation.

Table S1. Genes commonly up- or downregulated by
DDX21 shRNAs by > 2 fold.
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