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The RNA helicase DDX21 is vital for ribosome biogenesis and is upregulated in CRC, but the mechanism by which DDX21 is
dysregulated and by which DDX21 promotes tumorigenesis in CRC remains poorly understood. Here, we showed that DDX21 is a
direct transcriptional target gene of B-catenin and mediates the protumorigenic function of B-catenin in CRC. DDX21 expression is
correlated with the expression and activity of 3-catenin, and high DDX21 expression is associated with a poor prognosis in CRC
patients. Loss of DDX21 leads to cytoplasmic translocation and decreased transcriptional activity of YAP and suppresses the
proliferation and migration of CRC cells, which can be partially rescued by YAP reactivation. Importantly, by using translation
elongation inhibitors and DNA intercalators, we showed that ribosomal stress upregulates DDX21 expression and induces the
downregulation of LATS and the activation of YAP, probably through the ZAKa-MKK4/7-JNK axis. Overall, our study revealed the
transcriptional activation mechanism of DDX21 in CRC and the activation of YAP in the ribosomal stress response, indicating the
potential of combination therapy involving the induction of ribosomal stress and YAP inhibition.

Oncogene (2024) 43:3227-3239; https://doi.org/10.1038/541388-024-03160-8

INTRODUCTION
DEAD-box RNA helicases regulate the formation of RNA structures
and play a vital role in various biological processes, including
ribosome biogenesis, transcription and translation [1]. DDX21 is a
nucleolar DEAD-box RNA helicase family member and was first
identified as a transcriptional co-factor for c-JUN-dependent
transcription [2]. Recent studies have elucidated the mechanism
by which DDX21 coordinates gene transcription and ribosomal
RNA processing and revealed the crucial role of DDX21 in multiple
steps of ribosome biogenesis [3-5]. In addition, DDX21 can resolve
genomic R loops and cooperate with SIRT7 to maintain genome
stability during gene transcription [6]. Interestingly, DDX21 only
facilitates double-strand break (DSB) repair at an appropriate
expression level. Aberrantly high expression of DDX21 delays
homologous recombination (HR) repair and results in genome
instability and subsequent tumorigenesis [7]. Pancancer analysis
revealed that the expression of the DEAD-box RNA helicase
DDX21, which is prominently upregulated in CRC at the mRNA
level, promotes CRC metastasis and tumor growth [8-11].
However, the transcriptional activation mechanism underlying
the upregulation of DDX21 mRNA and the downstream effectors
of DDX21 in tumorigenesis and tumor progression in CRC remain
poorly understood.

The Hippo pathway is a conserved signaling pathway involved
in organ size control and tissue homeostasis in mammals [12]. The
transcriptional coactivators YAP/TAZ are the major downstream

effectors of the Hippo pathway. Dysregulated activation of YAP/
TAZ leads to tumorigenesis and an invasive phenotype in various
cancers, including CRC [13]. YAP/TAZ can modulate gene
transcription and cell behaviors in response to multiple cellular
stimuli and stresses, such as osmotic stress, energy stress, ER
stress, oxidative stress and heat stress [14-17]. Ribosomal stress,
also referred to as ribotoxic stress, describes the impairment of
ribosomal function and biogenesis that ultimately results in the
activation of various stress signals, including P53, the ribotoxic
stress response (RSR), ribosome-associated quality control (RQC)
and the integrated stress response (ISR) [18]. The RSR is a mitogen-
activated protein (MAP) kinase signaling cascade initiated by the
MAP3K20 kinase ZAKa and activates the stress-associated MAP
kinases p38 and JNK [18]. In intestinal stem cells, nutrient
deficiency-induced activation of ZAKa kinase activates YAP by
enhancing Tyr416 phosphorylation by SRC, ultimately transform-
ing adult ISCs into fetal-like states [19]. However, the biological
relevance between the RSR and the Hippo pathway and the
regulatory effect of ZAKa on YAP activity in CRC remains obscure.

Wnt signaling is crucial for intestinal homeostasis and the
maintenance of intestinal stem cells [20]. Mutations in Wnt
pathway tumor suppressors or activating mutations in the
CTNNB1 gene, which encodes the transcriptional coactivator
B-catenin and the main downstream effector of Wnt signaling,
drive the development and tumor progression of CRC by
transcriptionally modulating T-cell factor/lymphoid enhancer
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(TCF/LEF) downstream target genes [20, 21]. In this study, we
report that DDX21 is a direct transcriptional target gene of Wnt/
[-catenin signaling and is required for the oncogenic function of
B-catenin in CRC. The upregulation of DDX21 is positively
correlated with the transcriptional activity of p-catenin and
increased expression of -catenin in CRC and is associated with
a poor prognosis in CRC patients. Inhibition of DDX21 suppresses
the transcriptional activity and oncogenic function of YAP in CRC.
Importantly, chemical-induced ribosomal stress activates YAP,
partially through the ZAKa-MKK4/7-JNK axis. Thus, our study
revealed that B-catenin transcriptionally activates DDX21 in CRC
and that YAP/TEAD is activated in response to ribosomal stress,
highlighting the therapeutic potential of combination strategies
targeting the nucleolar DDX21 and YAP/TEAD in CRC.

RESULTS

DDX21 is transcriptionally activated by B-catenin in CRC cells
As a driver of CRC tumorigenesis and an attractive therapeutic
target for CRC treatment, activation of B-catenin promotes the
transcription of a series of oncogenes. By re-analyzing the public
RNA-seq and microarray datasets of Apc-deficient mice, we found
that Ddx21 is transcriptionally upregulated in the intestinal
epithelium of Apc-deficient mice, which suggested that B-catenin
might transcriptionally activate DDX21 in CRC cells [22, 23] (Fig.
1A). First, we confirmed that DDX21 expression was upregulated
in Apc™™™ mice compared with that in their WT littermates (Fig.
1B, Q). In two CRC cell lines with active B-catenin expression, HCT-
116 (with an activated -catenin mutation) and SW480 (with a
truncated APC), we found that both the mRNA and protein levels
of DDX21 were significantly decreased in B-catenin knockdown
HCT-116 and SW480 cells vs. control cells (Fig. 1D, E). Consistently,
transient overexpression of Flag-B-catenin moderately increased
the mRNA and protein levels of DDX21 in HEK-293T cells and the
normal intestinal epithelial cell line HIEC-6 in a dose-dependent
manner (Fig. 1F, G). Next, we sought to determine whether
B-catenin directly modulates DDX21 gene transcription. The
publicly available ChIP-seq datasets of TCF7L1/TCF7L2 revealed
that TCF7L1/TCF7L2, which are B-catenin binding partners, could
bind to the promoter region of DDX21 in multiple cell lines (Fig.
1H). The ChIP—gPCR results further confirmed that {-catenin
bound to a similar promoter region of DDX21 and the known
target gene CCL2 in HCT-116 cells (Fig. 11) [24]. We further
generated a luciferase reporter of the DDX21 promoter and
observed that overexpression of B-catenin induced up to 4-fold
activation of DDX21 luciferase activity in a dose-dependent
manner (Fig. 1J). In addition, bioinformatic analysis via JASPAR
identified a possible binding site for TCF7L1/TCF7L2 in the DDX21
promoter (Fig. 1K). Mutation of the TCF7L1/TCF7L2 binding motif
largely abolished the activation of the DDX21 luciferase reporter
by B-catenin overexpression (Fig. 1L). Taken together, these data
suggest that DDX21 is a direct transcriptional target gene of
B-catenin in CRC cells.

Correlation and clinical implications of the B-catenin/DDX21
axis in CRC

Then, we analyzed the publicly available TCGA CRC dataset and
found that the DDX21 mRNA level was positively correlated with
the mRNA levels of classical Wnt/B-catenin target genes (CD44,
AXIN2, MYC and CCND1), as well as with the mRNA level of
CTNNB1 (a gene encoding B-catenin) (Fig. 2A, B). Consistently,
according to analysis of the CCLE database, DDX21 mRNA
expression was upregulated in CTNNB1-mutant CRC cell lines
compared with CTNNB1-WT CRC cell lines (Fig. 2C). Next, we
confirmed the high mRNA levels of both DDX21 and CTNNBT1 in 40
paired CRC patient tissues (Fig. S1A, B). Similar results were
observed in the WB analysis of 24 paired CRC patient tissues (Fig.
2F and S1Q). Consistent with the observations in the TCGA dataset,
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DDX21 expression was positively correlated with CTNNB1 expres-
sion in these patients’ cancer tissues at both the mRNA and
protein levels (Fig. 2D, G). In addition, the relative increase in the
mMRNA level of DDX21 (mRNA level in tumors—mRNA level in
paired normal mucosa) was also positively correlated with that of
CTNNB1 in our cohort (Fig. 2E).

To further assess the clinical relevance of the (-catenin/DDX21
axis in CRC, we performed immunochemical staining of DDX21
and B-catenin in CRC tissue arrays consisting of 169 paired CRC
and normal tissues. Representative images of DDX21 and
B-catenin at different protein levels are shown in Fig. 3A, C.
Consistent with other reports, the protein levels of DDX21 were
increased in CRC tissues (Fig. 3B). Furthermore, DDX21 protein
levels were significantly correlated with B-catenin protein levels in
CRC tissues (Fig. 3D). Next, we evaluated the correlation between
DDX21 expression and clinical characteristics in CRC patients
(Supplemental Table 1). However, no significant association
between high DDX21 expression and T stage, liver metastasis,
serum ALB level, or hemoglobin level was found (Supplemental
Table 2). However, increased expression of DDX21 was signifi-
cantly correlated with tumor site (p = 0.003), N stage (p = 0.046),
histology (p<0.001) and increased serum carcinoembryonic
antigen (CEA) levels (p=0.032) (Supplemental Table 2). Both
univariate analysis and multivariate Cox regression hazard analysis
showed the high expression of DDX21 was associated with poor
prognosis (Supplement Table 3). Moreover, Kalan Meier analysis
revealed that high protein expression of DDX21 was associated
with shorter disease-free survival (DFS) and overall survival (OS) in
CRC patients, indicating that it is a marker of a poor prognosis in
CRC patients (Fig. 3E, F). In addition, we observed that 28.9% of
the CRC tissues exhibited high expression of both DDX21 and
B-catenin, and the patients classified as DDX21"9"/B-catenin™"
had the worst disease outcomes (Fig. 3G, H). These data suggest
that activation of the B-catenin/DDX21 axis might promote tumor
progression in CRC.

DDX21 mediates the protumorigenic function of B-catenin in
CRC

Consistent with previous studies, by using CCK-8 and colony
formation assays, we confirmed the oncogenic function of DDX21
in two CRC cell lines (HCT-116 and RKO) (Fig. 4A, B, S2A). Similar
results were observed in the Transwell and wound healing assays
in vitro and in the xenograft assay in vivo (Fig. 4C-F, S2B). We also
examined the effect of DDX21 knockdown on cell proliferation
and colony formation in two normal intestinal epithelial cell lines
(HIEC-6 and NCM460) which expressed less DDX21 compared with
HCT-116 cells (Figs. S2C, S2D and S2G). Interestingly, contrast to
the strong inhibitory effect on cell proliferation and colony
formation in HCT-116 cells, knockdown of DDX21 mildly
suppressed cell proliferation and colony formation in HIEC-6 cells
and NCM460 cells, probably due to the lower expression level of
DDX21 in the normal IECs (Fig. S2E, S2F, S2H, S2I).

To explore whether DDX21 mediates the protumorigenic
function of B-catenin in CRC cells, we established HCT-116 cells
with stable expression of 3-catenin and knockdown of DDX21 (Fig.
S3A). We observed that overexpression of [-catenin led to
upregulated expression of DDX21 and enhanced cell proliferation,
colony formation and cell migration, while knockdown of DDX21
in B-catenin-overexpression cells largely attenuated the enhanced
cell proliferation, colony formation and migration induced by
overexpression of 3-catenin (Fig. 4G-l). Both -catenin and DDX21
are known to play a vital role in promoting ribosome biogenesis.
In consistent to the above observations, we observed that the
direct target genes of DDX21, such as RPL7A, RPS24, scaRNA10
and snoRNA62, were upregulated by B-catenin overexpression
while downregulated by knockdown of CTNNB1 (Figs. S3B, S3Q).
More importantly, the upregulated ribosome biogenesis related
genes by B-catenin overexpression were abrogated by DDX21
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knockdown (S3D). Of note, we found the high mRNA levels of
both RPL7A and RPS24 in 40 paired CRC patient tissues, which was
positively correlated with the mRNA level of DDX21 (Fig. S3E, S3F).
Furthermore, we also established HCT-116 cells with stable
expression of shRNA targeting CTNNB1 (Fig. S3G). We observed
that downregulation of B-catenin led to reduced expression of
DDX21 and attenuated cell proliferation, colony formation and cell
migration, while re-expression of DDX21 in CTNNB1 knockdown
cells partially attenuated the suppression of cell proliferation,
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colony formation and migration (Fig. S3H-J). Dependency maps
have recently been widely used to identify functionally interacting
genes on the basis that a panel of cancer cells whose proliferation
is dependent on B-catenin should also be vulnerable to knock-
down of DDX21. To this end, we analyzed the Cancer Dependency
Map (DepMap) database and found that knockdown of both
DDX21 and CTNNB1 suppressed cell proliferation in 46 CRC cell
lines (gene effect score<0) (Fig. S3K). In addition, the DDX21
dependency score was positively correlated with the CTNNB1
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Fig. 1 B-Catenin transcriptionally activates DDX21 in CRC. A Ddx21 is transcriptionally upregulated in the intestinal epithelium in mice with
Apc deficiency and p-catenin activation. CTNNB1°**/*3; CTNNB1 exon 3 mutation produces a constitutively active mutant of p-catenin. The
data were obtained from the Expression Atlas database (www.ebi.ac.uk/ngxa). B, C Western blot analysis (B) and representative images of IHC
staining (C) of DDX21 and p-catenin in colon tissues harvested from Apc™™* mice and their WT littermates. D, E qPCR (D) and western blot (E)
analysis of DDX21 and p-catenin in the f-catenin-active CRC cell lines HCT-116 and SW480 with CTNNB1 knockdown. F, G qPCR (F) and
western blot (G) analysis of DDX21 and p-catenin in HIEC-6 and HEK-293T cells overexpressing FLAG-B-catenin. H Representative sequencing
tracks of the TCF7L1/L2 ChIP-seq data at the DDX21 genomic locus. The data were extracted from the Cistrome database (www.cistrome.org/
db/). I ChIP analysis of p-catenin binding to the DDX21 promoter in HCT-116 cells. J Overexpression of -catenin increased the activity of the
DDX21 luciferase reporter. The DDX21 luciferase reporter and control pGL3-vector were cotransfected with increasing amounts of FLAG-
B-catenin plasmid (0/50/100/150 ng per well). K Schematic depiction of the DDX21 gene locus showing the potential TCF7L1/L2 binding sites
and the corresponding DNA sequence of the mutant DDX21 luciferase reporter. BS: binding site; TSS: transcription start site. L The increase in
DDX21 luciferase activity induced by p-catenin was attenuated by mutation of the TCF7L1/L2 binding site. One-way ANOVA with Dunnett’s
multiple comparison test and two-tailed Welch’s t test were performed to assess statistical significance for the experiments with >2 groups
and 2 groups, respectively, in this figure. One-way ANOVA with Tukey’s multiple comparisons test was used to assess statistical significance in
(I). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig.2 Correlation and clinical implications of the B-catenin/DDX21 axis in CRC. A, B Positive correlations between the mRNA level of DDX21
and the expression levels of canonical WNT/B-catenin downstream target genes (CD44/AXIN2/MYC/CCND1) (A) and CTNNBT (B) in CRC. The data
originated from the TCGA CRC datasets and were analyzed via the GEPIA database (gepia.cancer-pku.cn). The Pearson correlation coefficient
was used to assess correlations. C Comparison of the relationship between CTNNBT hotspot mutations and DDX27 mRNA levels in 71 CRC cell
lines. The data were extracted from the DepMap database (depmap.org). Two-tailed Welch's t test was performed to assess statistical
significance. D The mRNA expression levels of CTNNBT and DDX21 in 40 pairs of CRC and adjacent normal tissues were determined by RT-
qPCR analysis. Pearson’s correlation test was used to evaluate correlations. Dotted lines represent 95% Cls (confidence intervals). E The
correlation between increased mRNA levels (mMRNA level in tumors—mRNA level in paired normal mucosa) of DDX21 and CTNNBT in tumors.
Pearson’s correlation test was used to examine correlations. F Western blot analysis of p-catenin and DDX21 protein levels in 24 pairs of CRC
and paired adjacent normal tissues. G Pearson’s correlation test was used to evaluate the correlation between the protein levels of f-catenin
and DDX21 in 24 pairs of CRC tissues and paired adjacent normal tissues.
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Fig. 3 High expression of DDX21 and B-catenin is associated with a poor prognosis in CRC patients. A Representative images of IHC
staining of DDX21 protein in 169 pairs of normal and CRC tissues. B Quantitative analysis of 169 pairs of normal and CRC tissues based on the
DDX21 IHC score. The Wilcoxon signed-rank test was used to assess statistical significance. C Representative images of IHC staining of
B-catenin in 169 pairs of normal and CRC tissues. D There was a positive correlation between the protein levels of p-catenin and DDX21 in 169
pairs of normal and CRC tissues. Spearman correlation test was used to evaluate the association. E, F Kaplan-Meier plots of the disease-free
survival (DFS) (E) and overall survival (OS) (F) of CRC patients stratified by the DDX21 protein level. Statistical significance was assessed by a
two-sided log-rank test. G, H Kaplan-Meier plots of the DFS (G) and OS (H) of CRC patients stratified by the protein levels of DDX21 and
B-catenin according to two-sided log-rank tests. According to the protein expression levels of the patients, the 169 paired patients were
divided into three groups: the group with low expression of both DDX21 and f-catenin (green), the group with high expression of both
DDX21 and B-catenin (red) and the group with other samples (yellow).
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comparison test was used for statistical analysis in H, I. Data were analyzed by two-way ANOVA with Dunnett’s multiple comparison test

inA, G.

dependency score (Fig. S3K). Overall, the codependency of DDX21
and CTNNB1 further suggests that DDX21 is a key downstream
target gene of B-catenin and plays a vital role in 3-catenin-induced
tumorigenesis in CRC.

DDX21 promotes the oncogenic function of YAP in CRC
tumorigenesis

Previous studies have shown that, as an important component of
the 7SK snRNP, DDX21 modulates RNA secondary conformation
and ribosomal RNA (rRNA) synthesis and can promote transcrip-
tional elongation [25-27]. To explore the transcriptional effect of
DDX21 in CRC cells, RNA-seq analysis was performed on DDX21-
knockdown and control HCT-116 cells. Sixty-nine genes were
downregulated, while 118 genes were upregulated in the DDX21-
knockdown HCT-116 cells compared with the control cells

SPRINGER NATURE

(log2FC> 1, p<0.05) (Supplemental Table 4). Intriguingly, gene
set enrichment analysis (GSEA) revealed that the YAP target gene
signature was enriched among the differentially expressed genes
in DDX21-knockdown HCT-116 cells (Fig. 5A,B, S4A). gPCR analysis
further confirmed decreased mRNA levels of classical YAP target
genes, such as CTGF, CYR61, THBS1 and AXL, in DDX21-
knockdown HCT-116 and RKO cells (Fig. 5C-E). In contrast, stable
overexpression of DDX21 increased the expression of YAP target
genes (Fig. 5F). Consistent with the above results, western blot
analysis revealed increased levels of phosphorylated YAP-Ser127
in DDX21-knockdown cells (Fig. S4B). Similarly, we observed
diffuse YAP staining in the cytoplasm of DDX21-knockdown HCT-
116 cells, which reflected the cytoplasmic translocation of YAP
(Fig. 5G). Of note, we didn’t detect the interaction between DDX21
and YAP/TAZ/TEAD complex (data not shown). Thus, though YAP
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has been reported to control transcriptional elongation, DDX21
might not directly participate in transcriptional regulation of YAP/
TEAD target genes. Activation of YAP frequently occurs in various
cancers, including colorectal cancer [28-30]. Therefore, we
explored whether YAP mediates the protumorigenic effect of
DDX21 in CRC. To this end, we established DDX21-knockdown
HCT-116 cells overexpressing constitutively —active YAP**A
(Fig.S4C). As expected, the suppression of cell proliferation, colony
formation and cell migration induced by DDX21 knockdown was
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reversed by the overexpression of constitutively active YAP** in
HCT-116 cells (Fig. 5H-K, S4D). In addition, we established DDX21-
overexpressing HCT-116 and HIEC-6 cells with or without YAP
knockdown (Fig. S4E, S4J). As expected, knockdown of YAP
abolished the upregulated expression of YAP target genes
induced by DDX21 overexpression (Fig. S4F). Consistently, the
enhanced cell proliferation, colony formation and cell migration
induced by DDX21 overexpression was dramatically diminished by
knockdown of YAP in both HCT-116 and HIEC-6 cells (Fig. S4G-|,
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Fig. 5 DDX21 enhances YAP activity to promote tumorigenesis in CRC. A, B Blue pink O’'Gram of core enriched genes generated by GSEA
according to CORDENONSI_YAP_CONSERVED_SIGNATURE (A). GSEA enrichment plots showing that the upregulated genes in control siNC
HCT-116 cells were enriched in CORDENONSI_YAP_CONSERVED_SIGNATURE (B). C Quantitative gPCR analysis of canonical YAP target genes in
HCT-116 cells transfected with control siRNA or siRNA targeting DDX21. D, E qPCR analysis of CTGF, CYR61 and THBST mRNA levels in stable
DDX21-knockdown HCT-116 (D) and RKO (E) cell lines. F qPCR analysis was performed to determine the CTGF, CYR61, and THBST mRNA levels
in HCT-116 cells stably overexpressing DDX21. G Immunofluorescence analysis of DDX21 (green) and YAP (red) in HCT-116 cells. Nuclei were
stained with DAPI (blue). HCT-116 cells were transfected with NC siRNA or DDX21 siRNA for 48 hr before processing for immunofluorescence
staining. N, nucleus; C, cytoplasm. Scale bars, 10 um. H. I CCK-8 (H) and colony formation (I) analyses of the proliferation and colony formation
of DDX21-knockdown HCT-116 cells in the presence or absence of YAP®>* overexpression. J, K Transwell (J) and wound healing (K) assays
showing the migration of DDX21-knockdown HCT-116 cells in the presence or absence of YAP>** overexpression. Scale bars, 200 um. One-way
ANOVA with Dunnett’s multiple comparison test was performed to assess statistical significance in C-E, G. One-way ANOVA with Tukey’s
multiple comparison test was performed to assess statistical significance in I-K. Two-tailed Welch’s t test was performed to assess statistical

significance in f. Data were analyzed by two-way ANOVA with Dunnett’s multiple comparison test in H.

S4K and S4L). Taken together, these data indicate that DDX21
plays a protumorigenic role in CRC, likely by activating YAP, the
downstream effector of the Hippo pathway.

Chemical-induced ribosomal stress upregulates DDX21 and
activates YAP

DDX21 is a nucleolar RNA helicase that controls multiple steps
of ribosome biogenesis and is required for pre-rRNA proces-
sing [4, 26]. Impaired ribosome biogenesis has been shown to
induce ribosomal stress; thus, we sought to determine whether
there is a relationship between the hippo signaling pathway
and the ribosomal stress response. We used two DNA
intercalators (doxorubicin and actinomycin D) and two protein
translation inhibitors (cycloheximide and puromycin) to induce
ribosomal stress in CRC cells. These agents all lead to impaired
ribosome function through different mechanisms and are well
recognized as ribosomal stress inducers [18, 31-33]. By
immunofluorescence, we found that treatment with the four
ribosomal stress inducers led to the nuclear translocation of
YAP in a time-dependent manner in serum-starved HCT-116
and RKO cells (Fig. 6A, S5A). Consistently, qPCR analysis of the
well-known YAP target genes CTGF, CYR61 and THBS1 revealed
the upregulation of YAP target genes, which further indicated
enhanced YAP transcriptional activity upon treatment with
ribosomal stress inducers (Fig. 6B, S5B). To further assess the
dynamic modulation of YAP in response to ribosomal stress, we
performed western blot analysis of YAP and its upstream
kinase LATS1/2. As a positive control of ribosomal stress, we
observed that all four ribosomal stress inducers increased the
levels of p-JNK and p-p38 in a time-dependent manner (Fig.
6C). In addition, the level of p-YAP (Ser127) decreased, while
the levels of the upstream kinases LATS1/2 decreased in a
similar time-dependent manner (Fig. 6C). Actinomycin D can
cause translocation of DDX21 from the nucleolus to the
cytoplasm. Notably, upon treatment with actinomycin D,
doxorubicin, cycloheximide and puromycin, the protein level
of DDX21 was markedly increased, while the level of the
DDX21 mRNA decreased and the mRNA level of YAP was
steady (Fig. 6C, S6A and S6B). In contrast, serum stimulation
also led to increased p-JNK and decreased p-YAP levels but had
minimal effect on DDX21 protein levels (Fig. 6C). Next, we
explored whether upregulated DDX21 played a role in YAP
activation in response to chemical-induced ribosomal stress.
Consistent to the previous reports, treatment of the DNA
intercalators (doxorubicin and actinomycin D) but not the
protein translation inhibitors (cycloheximide and puromycin)
led to nucleoplasmic translocation of DDX21 from nucleoli (Fig.
S6C). Indeed, knockdown of DDX21 partially blocked the
nuclear translocation of YAP and transcriptional activation of
YAP target genes, which suggested that upregulation of DDX21
is involved in YAP activation during the chemical-induced
ribosomal stress (Fig. S6C, S6D). Taken together, these data
suggest that ribosomal stress increases the protein level of
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DDX21 and increases YAP activity, which might be a protective
cellular response to stress.

Chemical-induced ribosomal stress activates YAP via the
ZAKa-MKK4/7-JNK axis
The RSR is a MAP kinase cascade, and the upstream kinase, the
alpha isoform of ZAK (ZAKa), activates downstream stress-
activated protein (SAP) kinases, such as p38 and JNK, in response
to impaired ribosome biogenesis [34]. Next, we explored whether
ZAKa was involved in YAP activation by ribosomal stress and
observed that specific knockdown of ZAKa partially reversed the
nuclear translocation of YAP and gene transcription of YAP target
genes upon treatment with four ribosomal stress inducers (Figs.
7A, B and S7A). The MAP2K kinases MKK3/6 and MKK4/7 are
known to be directly activated by ZAKa in response to ribosomal
stress. Intriguingly, knockdown of MKK4/7 but not MKK3/6
partially attenuated the nuclear translocation of YAP and
increased the mRNA levels of YAP target genes induced by the
four ribosomal stress inducers used in this study (Figs. 7C, D and
S7B-E). Furthermore, knockdown of either ZAKa or MKK4/7
attenuated the decrease in the p-YAP level, the decrease in the
LATS1/2 protein level and the increase in the DDX21 protein level
(Fig. 7E). MKK4/7 primarily activate JNK but not p38 kinases. As
expected, a similar suppressive effect of the JNK inhibitor
SP600125 was observed on the YAP activation induced by
actinomycin D, doxorubicin, cycloheximide and puromycin (Fig.
S8A-E). The p38 inhibitor SB-203580 had a minimal effect on the
YAP activation induced by ribosomal stress (Fig. SBA-E).
Chemotherapies usually inhibit ribosome biogenesis, thus
inducing the RSR [18]. Our finding that ribosomal stress activates
YAP led us to hypothesize that the combined use of chemother-
apeutic agents that induce ribosomal stress and YAP-TEAD
inhibitors might lead to synergistic inhibition of cancer cell
survival. To test this hypothesis, we treated two CRC cell lines
with the clinically used chemotherapeutic agent doxorubicin in
combination with verteporfin, a compound that disrupts the YAP-
TEAD interaction. Interestingly, doxorubicin and verteporfin had
synergistic inhibitory effects on the proliferation of HCT-116 and
RKO cells, as indicated by the combination index (Cl) values (Cl < 1)
(Fig. S9A). Treatment with the combination of doxorubicin and
verteporfin resulted in more significant inhibition of cell prolifera-
tion than treatment with either single agent in both the CCK-8 and
colony formation assays (Fig. S9A, S9B). Additionally, we assessed
the inhibitory effect of combination treatment in the normal
intestinal epithelial cells. Intriguingly, both doxorubicin and
verteporfin showed reduced inhibitory effect on cell proliferation
and colony formation in HIEC-6 cells (Fig. S9C, S9D). Furthermore,
we didn't observe a synergistic inhibitory effect of combination
treatment in normal HIEC-6 cells (Fig. S9C, S9D). Taken together,
these results indicate that ribosomal stress can activate YAP
through the ZAKa-MKK4/7-JNK axis and that inhibiting YAP activity
can increase the antitumor effect of chemotherapeutic agents that
can induce a ribosomal stress response in CRC.
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Fig. 6 Chemical-induced ribosomal stress upregulates the expression of DDX21 and activates YAP. A Imnmunofluorescence analysis of YAP
(red) in HCT-116 cells. Nuclei were stained with DAPI (blue). HCT-116 cells were seeded for 24 h at a low cell density before overnight serum
starvation. Then, the cells were treated with doxorubicin (HY-15142, MCE, working concentration: 2 uM), actinomycin D (58964, Selleck, 20 nM),
cycloheximide (239764, Sigma-Aldrich, 75 pg/ml), and puromycin (A610593, Sangon Biotech, 2 ug/ml) for the indicated times. Scale bars, 10 pm.
One-way ANOVA was performed to assess the statistical significance. B Chemical-induced ribosomal stress triggers the upregulation of YAP target
genes in HCT-116 cells. The mRNA levels of CTGF, CYR61, and THBS1 were determined by qPCR in HCT-116 cells treated with the indicated
chemicals. One-way ANOVA with Dunnett’s multiple comparison test was performed to assess the statistical significance of the differences among
the groups. € Western blot analysis of the protein levels of DDX21 and core components of the Hippo pathway in chemically treated HCT-116 cells.

DISCUSSION

Wnt signaling is vital for the maintenance and self-renewal of
intestinal stem cells [21]. Dysregulation of the Wnt pathway leads
to various serious cancers, including CRC. In tumor cells,

Oncogene (2024) 43:3227 -3239

hyperactivation of -catenin can activate TCF/LEF-mediated gene
transcription to promote cell proliferation and cell growth. Recent
findings have indicated that Wnt/B-catenin plays a vital role in
enhancing ribosome biogenesis to support tumor cell growth,
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mainly through its classic downstream target gene MYC, which
regulates ribosome biogenesis via ribosome-related RNA Pol I-I-1l]
gene transcription [35-37]. In this study, we identified DDX21 as a
new direct target gene of B-catenin that might also mediate the
role of PB-catenin in ribosome biogenesis during colorectal
tumorigenesis. In addition, copy number amplification has been
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shown to be involved in the upregulation of DDX21 in CRC [7]. Our
findings further demonstrated that activation of pB-catenin could
account for the increased mRNA level of DDX21 in CRC. Notably,
the decrease in the DDX21 protein level upon CTNNB1 knock-
down was more dramatic than the decrease in the DDX21 mRNA
level. Moreover, we found that ribosomal stress promoted DDX21
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Fig. 7 Chemical-induced ribosomal stress activates YAP via the ZAKa-MKK4/7-JNK axis. A, C Ribosomal stress-induced YAP nuclear
translocation was attenuated upon knockdown of ZAKa (A) and MKK4 + 7 (C). Immunofluorescence analysis of chemical-induced YAP (red)
nuclear translocation in HCT-116 cells. HCT-116 cells were transfected with the indicated siRNAs and seeded at a low cell density two days
later. The cells were serum-starved overnight and then treated with the indicated drugs for 3 hours before subsequent immunofluorescence
analysis. Scale bar, 10 pm. B, D Knockdown of ZAKa (C) and MKK4 + 7 (D) suppressed the upregulation of YAP target genes in HCT-116 cells
treated with the indicated drugs. Two-tailed Welch’s t tests were performed to assess the statistical significance of the differences among the
experiments. E Western blot analysis of the protein levels of DDX21 and core components of the Hippo pathway in chemically treated HCT-
116 cells with ZAKa and MKK4 + 7 knockdown. F A schematic representation of the findings in this study. Two-tailed Welch's t tests were
performed to assess statistical significance of the differences in this figure.

protein expression but not DDX21 mRNA expression. Thus, we
hypothesize that a posttranslational mechanism might also play a
crucial role in modulating DDX21 expression during CRC progres-
sion and the ribosomal stress response, which needs to be
explored in future studies.

In addition to playing a vital role in tumor cell growth by
controlling ribosome biogenesis, DDX21 can also promote cell
proliferation and tumor metastasis in CRC by transcriptionally
activating CDK1 and MCMS5, respectively [9, 38]. In addition,
DDX21 can directly interact with a cell cycle-related gene, cell
division cycle 5-like (CDC5L), to regulate cell cycle arrest and CRC
cell proliferation [39]. Our finding that DDX21 promotes YAP
nuclear translocation in CRC indicates that activation of YAP also
contributes to the protumorigenic function of DDX21 in CRC. In
the nucleoplasm, DDX21 can facilitate Pol Il-dependent gene
transcription as a canonical 7SK snRNP factor, and DDX21 is
known to be a transcriptional cofactor for c-JUN-activated
transcription [2, 4]. Notably, AP1 transcription factors (c-JUN,
JUND) cooperate with YAP/TEAD to activate gene transcription
[40]. Thus, it is likely that DDX21 also coordinates with c-JUN to
modulate YAP/TEAD transcriptional activity in CRC.

Actinomycin D is one of the best-studied rRNA synthesis
inhibitors and preferentially inhibits RNA Pol |I-dependent transcrip-
tion at low concentrations [33]. Although doxorubicin is known as a
DNA topoisomerase Il inhibitor, it can also inhibit rDNA transcrip-
tion and induce nucleolar disruption [32, 33]. Notably, recent
studies have reported that the activation of YAP is involved in
doxorubicin-induced cardiomyopathy during chemotherapy, but
the underlying biological relevance and mechanism have not been
revealed [41, 42]. In addition to perturbations in ribosome
biogenesis, protein translation inhibitors also result in ribosomal
stress. Both puromycin and cycloheximide, which are widely used
protein synthesis inhibitors, can abrogate the mRNA translation
process and lead to ribosome stalling and collision, which trigger a
series of stress responses, including the RSR [18, 31]. Although the
four compounds used in this study could have broad effects on
cells, here, we revealed that these agents promoted the nuclear
translocation of YAP and activated YAP, which suggests that YAP is
activated in response to ribosomal stress. Importantly, perturbation
of the RSR pathway and the ZAKa-MKK4/7-JNK axis suppressed the
nuclear translocation and activation of YAP induced by these four
ribosomal stress inducers, which further supports the role of
ribosomal stress in positively regulating YAP. Previous studies have
revealed that JNK can activate YAP by phosphorylating the AJUBA
family protein LIMD1 and promoting the binding of LIMD1 to
LATS1 [43, 44]. Furthermore, ribosomal stress induced by both
DDX21 knockdown or inhibitor treatment decreased the protein
levels of LATS1/2, which could also account for the decreased
expression of p-YAP and nuclear translocation of YAP upon
ribosomal stress. However, we observed increased p-YAP and
downregulation of LATS1/2 in DDX21 knockdown CRC cells. This
discrepancy could be due to the long-term ribosomal stress
induced by DDX21 knockdown or the possibility that DDX21 might
modulate YAP phosphorylation independent of LATS1/2. Notably,
ribosomal stress is known to promote DDX21 translocation from
the nucleolus to the nucleoplasm, and we noticed that ribosomal
stress also upregulated DDX21 expression in CRC cells [2, 45]. Thus,
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the upregulation of DDX21 might also anticipate YAP activation
during the ribosomal stress response. However, further studies are
needed to fully elucidate the mechanism by which DDX21
regulates YAP. Cancer cells increase ribosome biogenesis to
support sustained proliferation, so inhibition of ribosome biogen-
esis is considered a promising strategy for cancer treatment [46].
Various clinically approved chemotherapeutic agents have been
shown to interfere with ribosome biogenesis [18, 47]. Both p53-
dependent and p53-independent stress responses are involved in
ribosome biogenesis inhibition-induced cell cycle arrest and
apoptosis [18, 47]. However, a recent study indicated that the
Wnt/B-catenin pathway can be activated by ribosomal stress, which
is thought to be a compensatory mechanism to sustain ribosome
biogenesis [48]. Moreover, intestinal loss of Apc attenuates stem
cell loss in response to ribosome biogenesis defects in Nle-deficient
crypts [49]. Thus, ribosome stress not only induces antitumor
signaling but also activates prosurvival pathways, which could
reduce the efficacy of cancer drugs. In this regard, our current study
indicated that some chemotherapeutic agents can activate YAP/
TEAD via the ribosomal stress-induced ZAKa-MKK4/7-JNK axis. Our
discovery of the ribosomal stress-YAP axis is in agreement with the
activation of YAP during the administration of chemotherapy,
radiation therapy and targeted therapies for multiple cancers,
which leads to the failure of cancer treatments [29]. Thus, it is
rational to combine strategies targeting the nucleolus and those
targeting the Hippo pathway for therapeutic purposes.

METHODS

Patient samples and immunohistochemistry

All CRC samples were collected from August 2008 to August 2018 in the
Department of Colorectal Surgery, Xinhua Hospital, School of Medicine,
Shanghai Jiaotong University. Postoperative follow-up information was
updated through August 2020. The study was approved by the Ethics
Committee, and informed consent was obtained from all patients. Tissue
microarrays (TMAs) were prepared by Shanghai TOPGEN Company for
further immunohistochemical (IHC) analysis. The IHC score was calculated
by multiplying the score for the percentage of stained cells by the intensity
score. The detailed scoring method was described in our previous study
[50]. In this study, samples with a staining score < 4 were assigned to the
low DDX21/CTNNB1 expression group, and samples with a score >4 were
considered to have high expression.

Cell culture and transfection

NCM460 cell line was a gift from Dr. Lechi Ye, originally purchased from
INCELL Corporation (San Antonio, TX, USA). Other cell lines used in this
study were purchased from the American Type Culture Collection (ATCC,
Manassas, Virginia). HCT-116, RKO, SW480, NCM460 and HEK-293 cells were
cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM),
and HIEC-6 cells were cultured by using Roswell Park Memorial Institute
(RPMI) 1640 medium. All media were supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin (Gibco). The cultivation environment
was 37 degrees centigrade and 5% carbon dioxide.

Polyethylenimine (Polysciences) or Lipofectamine 2000 (Invitrogen) was
used for transient transfection. Lentivirus (pLKO.1) and retrovirus (pQCXIH)
were produced by transient transfection of 293 T cells with the appropriate
packaging vectors. After 48 hours, the viral supernatant was collected to
transduce the indicated cells, which were selected with puromycin and
hygromycin, respectively, before subsequent functional analysis.
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RNA sequencing, qPCR and ChIP-qPCR

HCT-116 cells were transfected with control siRNA or siRNA targeting
DDX21. After 48 h of transfection, the cells were plated in a 10 cm dish at a
low cell density (7.5 x 10° cells) and then harvested after 24 h of culture.
Total RNA was extracted, and RNA-seq analysis was performed by OE
Biotech Company (Shanghai). The raw data were deposited in the SRA
database (PRJNA1095449). GSEA and MSigDB were used for subsequent
data analysis (www.gsea-msigdb.org/gsea). The mRNA levels of the
canonical Hippo target genes were confirmed by using a g-PCR kit from
Takara. A Magna ChIP kit (Merck, 17-610) was used for chromatin
immunoprecipitation. Briefly, the cells were cross-linked, washed, lysed,
and fragmented by ultrasonication according to the manufacturer’s
protocol. Next, the processed samples were incubated with a (3-catenin
antibody (A19657, ABclonal) and a rabbit mAb IgG (3900, Cell Signaling
Technology) overnight at 4 °C. After the magnetic beads were washed and
cross-linked at 65 °C for 2 hours, the precipitated DNA was purified for
qPCR. The sequences of primers used are listed in Supplementary Table 5.

Cell proliferation and colony formation assays

The cells were inoculated at a density of 1000 cells/100 pl in a 96-well plate
on Day 0. For the CCK-8 assay, 10 pl of CCK-8 reagent was added to each
well, the plates were incubated in a dark environment at 37 °C for 2 hours,
and then the absorbance was measured at 450 nm. For drug treatment,
cells were inoculated into 96-well plates at a density of 3000 cells per well.
After 36 hours, drugs were added, and the cells were cultured for another
48 hours before CCK-8 analysis. Drug synergy was analyzed according to
the Chou-Talalay combination index (Cl) method [51].

For the colony formation assay, 1000 cells were plated in each well of
6-well plates, fixed with 4% paraformaldehyde after 2 weeks of culture, and
then stained with crystal violet. After washing with phosphate-buffered
saline (PBS), the cell colonies were photographed and counted. For the
drug treatment assay, 3000 cells were plated into each well and cultured
for one week before drug treatment for another 3 days.

Wound healing and transwell assays

For the wound healing assay, cells were plated on six-well plates at high
cell density and scratched after the cells reached confluence. Then, the
cells were cultured in DMEM supplemented with 1% serum until analysis at
the indicated times.

For the transwell assay, cells were resuspended in DMEM supplemented
with 0.1% FBS, and 1.5 x 10° cells were plated in each transwell chamber.
After 48 h, 4% paraformaldehyde was added to the chambers for 30 min,
and then the cells were stained with crystal violet. The cells on the upper
side of the membrane were removed, and the cells that had passed
through the membrane were photographed and counted for statistical
analysis.

Luciferase reporter assay

293T cells were plated on a 24-well plate. Cells were transiently
transfected with the indicated plasmids (pGL3-DDX21 reporter (100 ng/
well), CMV-Renilla (5 ng/well), pRK7-Flag-CTNNB1 (300 ng/well) and pRK7-
vector (300 ng/well)) via PEI The day after transfection, luciferase activity
was measured by using a dual luciferase reporter gene assay (Promega) on
a microplate reader and normalized to Renilla luciferase activity.

Immunofluorescence assay

Cells were seeded at a low cell density (3.0 x 10*well) on a coverslip. For
immunofluorescence staining, cells were fixed with 4% paraformaldehyde,
permeabilized with 0.1% Triton X-100 for 15 min at room temperature, and
blocked with 5% BSA for 30 min. Then, the cells were coated with YAP and
DDX21 antibodies in 1% BSA and incubated overnight at 4°C. After
incubation with secondary antibodies (Beyotime, A0423, A0521) for one
hour, the cells were stained with DAPI (Invitrogen, P36962), and then the
cells were photographed with an inverted fluorescence microscope
(Olympus 1X81). To analyze the cytonuclear translocation of YAP, 100 cells
were counted for each coverslip, and the cells were divided into N=C,
N>C, and N<C groups based on the difference in intensity of YAP
fluorescence between the nucleus and cytoplasm.

Mouse Xenograft Tumor Model
The Animal Care and Welfare Committee of Xinhua Hospital approved all
animal experiments in this study. Male BALB/C nude mice were
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purchased from Shanghai Ji Hui Experimental Animal Company. Nude
mice aged 4-6 weeks were subcutaneously injected with 1 x 10° of the
indicated stable HCT-116 cells, randomly. Two weeks later, the mice were
euthanized to collect xenograft tumors, which were photographed,
weighed and sectioned for subsequent immunohistochemical staining
of DDX21 and Ki-67.

Statistical analysis

GraphPad Prism 9 Software and SPSS version 25.0 software were used for
data analysis in this study. The quantitative data are all presented as the
means + standard deviations (SDs). Paired Student’s t-test, one-way
ANOVA with Dunnett’s multiple comparison test, and one-way ANOVA
with Tukey's multiple comparison test were used to evaluate the statistical
significance of differences between two groups and among three or more
groups, respectively. Two-way ANOVA with Dunnett’s multiple comparison
test was used to analyze the statistical significance of the CCK-8 results.
The Wilcoxon signed-rank test was used for IHC analysis of the TMA.
Pearson correlation analysis was used to evaluate the statistical
significance of the difference between the mRNA levels from the TCGA
dataset, and Spearman correlation analysis was used for IHC analysis of
the TMA.

DATA AVAILABILITY

The raw data of the RNA-seq analysis were deposited in the SRA database
(PRINA1095449). The data in this study are available within the article and related
supplementary information files, or by inquiring the corresponding authors.
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