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Background: DExD-box helicase 21 (DDX21) is an essential member of the RNA
helicase family. DDX21 is involved in the carcinogenesis of various
malighancies, but there has been no comprehensive research on its
involvement in different types of cancer.

Method: This study used TCGA, CPTAC, GTEx, GEO, FANTOMS5, BioGRID,
TIMER2, GEPIA2, cBioPortal, STRING, and Metascape databases and Survival
ROC software to evaluate DDX21 gene expression, protein expression,
immunohistochemistry, gene mutation, immune infiltration, and protein
phosphorylation in 33 TCGA tumor types, as well as the prognostic
relationship between DDX21 and different tumors, by survival analysis and
similar gene enrichment analysis. Furthermore, Cell Counting Kit-8 (CCK-8)
and Transwell studies were employed to assess the effect of DDX21 expression
on lung adenocarcinoma (LUAD) cell proliferation and migration.

Result: The DDX21 gene was highly expressed in most cancers, and
overexpression was associated with poor overall survival (OS) and disease-
free survival (DFS). DDX21 mutations were most common in uterine corpus
endometrial carcinoma (UCEC; >5%), and DDX21 expression was positively
correlated with the degree of infiltration of CAF and CD8" cells in several tumor
types. Numerous genes were co-expressed with DDX21. Gene enrichment
analysis revealed close links between DDX21, RNA metabolism, and ribosomal
protein production. In vitro analysis of LUAD cells showed that DDX21
expression was positively correlated with cell proliferation and migration
capacity, consistent with prior bioinformatics studies.

Conclusions: DDX21 is overexpressed in a variety of cancers, and
overexpression in some cancers is associated with poor prognosis. Immune
infiltration and DDX21-related gene enrichment analyses indicated that DDX21
may affect cancer development through mechanisms that regulate tumor
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immunity, RNA metabolism, and ribosomal protein synthesis. This pan-cancer
study revealed the prognostic value and the oncogenic role of DDX21.
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Introduction

Given the complexities of tumorigenesis, it is critical to
perform a pan-cancer expression study of any gene of interest,
analyze its relationship to clinical prognosis, and explore
possible molecular mechanisms. Various publicly funded
databases, including The Cancer Genome Atlas (TCGA),
Clinical Proteomic Tumor Analysis Consortium (CPTAC),
Genotype-Tissue Expression (GTEx), Gene Expression
Omnibus (GEO), Human Protein Atlas (HPA), FANTOMS5
(Function ANnoTation Of the Mammalian genome), and the
Biological General Repository for Interaction Datasets
(BioGRID), contain functional genomics datasets for different
tumor types (1-3), which facilitates pan-cancer analyses.

DExD-box helicase 21 (DDX21) proteins, characterized by
the conserved Asp-Glu-Ala-Asp (DEAD) motif, are predicted
RNA helicases involved in a variety of cellular processes
including RNA secondary structure alterations, translation
initiation, nuclear and mitochondrial splicing, and ribosome
and spliceosome assembly (4, 5). Numerous members of this
group are thought to play a role in embryogenesis,
spermatogenesis, and cellular development and division, based
on their distribution patterns. In individuals with watermelon
stomach illness, autoimmune antibodies recognize the DEAD
box pattern as an antigen. DDX21 untangles double-stranded
RNA and folds single-stranded RNA. It may also be involved in
ribosomal RNA synthesis, RNA editing, RNA transport, and
general transcription (6, 7). Nevertheless, research into the role
of DDX21 in tumors has largely been restricted to specificcancer
types, such as breast cancer and ACC (adrenocortical
carcinoma) (8-10), and no pan-cancer analysis of the link
between DDX21 and other cancers has been performed.

Herein, we conducted a pan-cancer investigation of DDX21
using TCGA, GEO, GTEx, CPTAC, HPA, FANTOMS5, and
BioGRID datasets. To study the probable molecular pathways
of DDX21 in the etiology and clinical prognosis of various
malignancies, we also incorporated gene expression, genetic
alteration, immunohistochemistry staining, survival status,
immune infiltration, and gene set enrichment analysis data.
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Materials and methods
Gene expression analysis

We loaded DDX21 into the “Gene DE” module of the tumor
immune estimation resource, version 2 (TIMER2; http://timer.
cistrome.org/), and compared the DDX21 expression between
tumor and nearby normal tissues in TCGA for different tumors
and particular tumor subtypes (workflow diagram,
Supplementary Figure SI). For certain tumors without normal
tissues or with limited normal tissues (e.g., TCGA-ACC for
adrenocortical carcinoma and TCGA-OV for ovarian serous
cystadenocarcinoma), the “Expression analysis-Expression DIY-
Box Plots” module of the gene expression profiling interactive
analysis version 2 (GEPIA2) web server (http://gepia2.cancer-
pku.cn/#analysis) (11) was used to generate box plots of
expression differences between these tumor tissues and
corresponding normal tissues in the GTEx database, with p-
value cutoff = 0.01, log2 fold change cutoff = 1, and “Match
TCGA normal and GTEx data” selected (workflow diagram,
Supplementary Figure S1).

Protein expression analysis

The UALCAN portal (http://ualcan.path.uab.edu/analysis-
prothtml), an interactive web resource for analyzing cancer
Omics data, allowed us to conduct protein expression analysis of
the CPTAC dataset (12). Herein, we explored the abundance of
the DDX21 protein (NP_004719.2) in primary tumors and
normal tissues by selecting “DDX21.” Available datasets for six
tumors were selected, including lung adenocarcinoma (LUAD),
ovarian cancer, uterine corpus endometrial carcinoma (UCEC),
colon cancer, breast cancer, and clear cell renal cell carcinoma
(RCC) (workflow diagram, Supplementary Figure S1).

Immunohistochemistry (IHC) staining data from the
evaluation of differences in DDX21 expression at the protein
level and THC images of DDX21 protein levels in seven tumor
tissues and normal tissues, including ovarian serous
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cystadenocarcinoma (OV), lung squamous cell carcinoma
(LUSC), rectum adenocarcinoma (READ), cervical squamous
cell carcinoma and endocervical adenocarcinoma (CESC),
LUAD, colon adenocarcinoma (COAD), breast invasive
carcinoma (BRCA), head and neck squamous cell carcinoma
(HNSC), and liver hepatocellular carcinoma (LIHC), were
downloaded from the “PROTEIN EXPRESSION” part of the
“PATHOLOGY” module in the HPA (http://www.proteinatlas.
org/) and analyzed (workflow diagram, Supplementary
Figure S2).

Using the HPA database (version 20.1; https://www.
proteinatlas.org/), we also created a DDX21 protein and RNA
expression graph in the “TISSUE” module after entering
“DDX21.” (13). At the same time, we also made a single-cell-
type expression map of DDX21 in the “SINGLE CELL” part
(workflow diagram, Supplementary Figure S2).

Survival prognosis analysis

We determined overall survival (OS) and disease-free
survival (DFS) image data for DDX21 throughout all TCGA
tumors using the GEPIA2 Survival Map module (11). To
distinguish high- and low-expression cohorts, cutoff-high
(50%) and cutoft-low (50%) values were used as expression
criteria. Log-rank analysis was applied in the hypothesis test,
and survival maps were created using the GEPIA2 Survival
Analysis module (Workflow diagram, Supplementary
Figure S1).

TCGA and GTEx data were then retrieved, and a receiver
operating characteristics (ROC) curve was generated using the
“Survival ROC” software tool. The abscissa and vertical axes of
the ROC curve graph represent false-positive and true-positive
ratios, respectively. Better prognosis accuracy is shown by a
bigger area under the ROC curve (AUC) (Supplementary
Table S1).

Genetic alteration analysis

After inputting into the cBioPortal site (https://www.
cbioportal.org/) (14, 15), we selected the “TCGA Pan Cancer
Atlas Studies” part in the “Quick Select” area and typed in
“DDX21” in the “Query By Gene” module for questions about
the genetic alteration features of DDX21. The “Cancer Types
Summary” module displayed the results for alteration frequency,
mutation type, and copy number alteration (CAN) across all
TCGA tumors. The “Plots” module displayed the findings of
mRNA expression and RSEM (batch normalized from Illumina
HiSeq RNASeqV2) throughout all TCGA tumors. Mutated site
information for DDX21 may be presented in a protein structure
schematic diagram using the “Mutations” module (workflow
diagram, Supplementary Figure S2).
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Immune infiltration analysis

We used the TIMER2 web server’s “Immune-Gene” module
to investigate the relationship between DDX21 expression and
immune infiltration in all TCGA tumors. In terms of immune
cells, CD8" T-cells and cancer-associated fibroblasts were
chosen. Immune infiltration was estimated using the TIMER,
CIBERSORT, CIBERSORT-ABS, QUANTISEQ, XCELL,
MCPCOUNTER, and EPIC algorithms. The purity-adjusted
Spearman’s rank correlation test was applied to calculate the
p-values and partial correlation (cor) values. A heatmap and a
scatter plot were used to visualize the data (workflow diagram,
Supplementary Figure S1).

DDX21-related gene enrichment analysis

The STRING program (version 11.0b; https://string-db.org/)
was used to generate a Homo sapiens DDX21 co-expression
network with the following primary parameters: (1) co-
expression = active interaction sources; (2) network edge
meaning = evidence; (3) maximum number of interactors =
50; and (4) minimum necessary interaction score = low
confidence (0.150). Then, the “Exports” module was used to
export the image (workflow diagram, Supplementary Figure S2).

The GEPIA2 “Similar Gene Detection” module was used to
extract 100 DDX21-correlated genes from the most similar
transcription factors to DDX21 from TCGA datasets
(workflow diagram, Supplementary Figure S1). In Metascape
(http://metascape.org), the gene characteristics of these 100
genes were used as input gene symbols for a Gene Ontology
(GO) pathway enrichment study. Furthermore, pairwise gene
regression analysis was performed using the GEPIA2
“Correlation Analysis” module (workflow diagram,
Supplementary Figure S2).

DDX21-protein interaction analysis

BioGRID’s “Network” module (version: 4.3; https://
thebiogrid.org/) was used to generate a DDX21-protein
interaction network, with the layout set to “Concentric
Circles” (workflow diagram, Supplementary Figure S2).

Cell culture

The A549 and H1299 LUAD cell line was obtained from the
cell bank of Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences. Cells were cultured in a DMEM high-
glucose medium (KeyGEN, China) with 10% fetal bovine serum
(FBS; WISENT, Canada) at 37°C with 5% CO, (Thermo
Scientific, USA). The DDX21 gene was amplified by PCR and
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subcloned into the pCDH513B lentiviral vector to construct a
DDX21 overexpression plasmid. The virus was packaged in
293T cells, and after 48 h, a virus solution was used to infect
A549 and H1299 cells. To suppress the expression of DDX21
using small interfering RNA (siRNA), cells were grown to 30%-
50% confluency and transfected with siRNA targeting DDX21 or
a non-specific control (NC) for 48 h. All transfections were
performed using siLentFect according to the manufacturer’s
instructions. siRNAs were synthesized in Genepharm, the
sequences of which are listed in Supplementary Table S2A.

Western blot

Cells were lysed in buffer containing NP-40. Equal amounts
of protein were separated by SDS-PAGE. After incubation with
the indicated antibodies, the immune complexes on the
membrane were detected by an ECL kit (Proteintech, #
PK10002). The following antibodies were acquired from
commercial sources: mouse anti-DDX21 (Proteintech, #10528-
1-AP) and mouse anti-Beta Actin (Proteintech, #66009-1-Ig).

Immunofluorescence staining

Cells grown on coverslips in 24-well plates were fixed with
4% paraformaldehyde for 20 min and treated with 0.2% Triton
X-100 solution for 20 min. Samples were blocked with 2%
bovine serum albumin (BSA) for 1 h, followed by antibody
incubation overnight at 4°C. Cells were washed three times for
5 min each time in phosphate-buffered saline (PBS) and
incubated with a fluorescent-labeled secondary antibody for
90 min. After three more washes for 5 min each time in PBS,
DAPI was used to stain nuclei for 15 min. A fluorescence
quencher was added dropwise, coverslips were placed on
slides, and edges were sealed with transparent nail polish.
Images were captured by an Axio Observer confocal microscope.

Cell proliferation assays

A549 and H1299 cells were infected with 513B-DDX21 virus
or transfected with siRNA targeting DDX21 for 24 h, and then
cells were seeded in 96-well plates (5 x 10° cells/well) and
cultured in an incubator for 0, 24, 48, or 72 h. After
discarding the medium, 100 pl medium and 10 ul CCK-8
(VICMED, VC5001L-2500) were mixed in a 1.5 ml EP tube,
and the prepared CCK-8 solution was added to the culture plate.
After incubation at 37°C for 1 h, the optical density at 450 nm
(ODys50) was measured by a multi-plate reader (BioTek, USA).
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Transwell migration assays

Cells (4 x 10") were cultured in a serum-free medium in the
upper 24-well Transwell chamber, and an 800 pl culture medium
(20% FBS) was added to the lower chamber. The plate was
incubated at 37°C for 24 or 48 h. Finally, cells on the lower
surface of the membrane were dyed to analyze cell migration.
Five fields of view were randomly selected under the microscope,
and images were captured and assessed using Image].

Statistical analysis

We used Prism version 8.0 (GraphPad Software, Inc.) to
analyze all data in this study. Unpaired t-tests were used to
compare two groups, one-way analysis of variance (ANOVA)
was used to compare multiple groups, and p < 0.05 was
considered statistically significant. All experiments were
repeated at least three times.

Results
Gene expression analysis

The TIMER?2 tool was used to examine the DDX21 expression
status across diverse cancer types in TCGA database. As shown in
Figure 1A, DDX21 expression levels in the tumor tissues of CHOL
(cholangiocarcinoma), COAD (colon adenocarcinoma), LUSC
(lung squamous cell carcinoma), ESCA (esophageal carcinoma),
STAD (stomach adenocarcinoma), HNSC (head and neck
squamous cell carcinoma), READ (rectum adenocarcinoma), and
LUAD (lung adenocarcinoma) were higher than the corresponding
control tissues. However, DDX21 expression was dramatically
reduced in KICH (kidney chromophobe), KIRP (kidney renal
papillary cell carcinoma), and KIRC (kidney renal clear
cell carcinoma).

Using normal tissues from the GTEx dataset as controls, we
further investigated expression differences in DDX21 between
normal and tumor tissues for THYM (thymoma), LAML (acute
myeloid leukemia), DLBC (lymphoid neoplasm diffuse large B-cell
lymphoma), and LGG (brain lower grade glioma; all p < 0.05;
Figure 1B). Other tumors such as ACC, BRAC (breast-invasive
carcinoma), OV (ovarian serous cystadenocarcinoma), SARC
(sarcoma), TGCT (testicular germ cell tumors), and UCS (uterine
carcinosarcoma; Supplementary Figure S3) did not show a
significant difference. GEPIA2 was also used to study the
relationship between DDX21 expression and tumor pathological
stages. High expression of DDX21 was shown to be substantially
associated with the advanced stages of ACC and LUAD (Figure 1C).
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Expression levels of the DDX21 gene in different tumors and pathological stages. (A) Expression status of the DDX21 gene in different cancers or
specific cancer subtypes analyzed by TIMER2 (*p < 0.05; **p < 0.01; ***p <0.001). (B) For DLBC, LAML, LGG, and THYM in TCGA, the
corresponding normal tissues in the GTEx database were included as controls. Boxplot data were supplied (*p <0.01). (C) Based on TCGA data,
expression levels of the DDX21 gene were analyzed based on the main pathological stages (I, I, lll, and 1IV) of ACC and LUAD. Log2 (TPM + 1)

was applied for log scaling.

Protein expression analysis

Based on the datasets of HPA, GTEx, and FANTOMS5
(Function ANnoTation Of the Mammalian genome), we found
that DDX21 was highly expressed in the lymphoid tissue, such as
the appendix and bone, and enriched in the urinary bladder, the
adipose tissue, and the skeletal muscle (Figure 2A;
Supplementary Figures S4A-C). We then examined the
DDX21 protein expression and found it widely expressed and
at high levels in various normal tissues (Figure 2B). Moreover,
based on single-cell RNA-seq, high expression of DDX21 was
also observed in basal keratinocytes and suprabasal
keratinocytes (Supplementary Figure S4D). Moreover, an
overview of all tissues with a single-cell-type expression has
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been analyzed (Supplementary Figure S5). According to these
findings, DDX21 expression has a low tissue specificity.

To evaluate DDX21 expression at the protein level, we
analyzed THC results from the HPA database and compared
them with DDX21 gene expression data from TCGA. As can be
seen in Figures 2C-H, data from the two databases were
consistent. DDX21 ITHC staining was mild in normal lung and
endometrium tissues but high in tumor tissues. DDX21 staining
was mild in normal colon and breast tissue samples but robust in
tumor tissues. Normal ovary tissues had no DDX21 staining,
whereas OV had moderate DDX21 staining. The CPTAC data
showed higher DDX21 protein levels in primary breast cancer,
ovarian cancer, colon cancer, clear cell RCC, UCEC, and LUAD
tissues (Figure 21, p < 0.001) than in normal tissues.
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DDX21 expression profiles in human normal and cancer tissues. (A) Consensus DDX21 tissue expression based on datasets of HPA (Human
Protein Atlas), GTEx, and FANTOM5 (Function ANnoTation Of the Mammalian genome). (B) Abundance of the DDX21 protein in human normal
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(F) Colon. (G) Breast. (H) Ovary. (l) Based on the CPTAC dataset, we also analyzed the abundance of DDX21 protein between normal tissues and
primary breast cancer, ovarian cancer, colon cancer, clear cell RCC, UCEC, and LUAD tissues (***p < 0.001).
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Prognostic value of DDX21
across cancers

We separated cancer cases into high-expression and low-
expression categories based on DDX21 expression levels and
evaluated the relationship between DDX21 expression and
prognosis in patients with various tumors, primarily utilizing
TCGA and GEO databases. As shown in Figure 3A, high
expression of DDX21 was linked to poor prognosis in terms of
OS for ACC (Figure 3B, log-rank p = 0.00017), CESC (Figure 3C,
log-rank p = 0.017), KIRP (Figure 3E, log-rank p = 0.037),
MESO (Figure 3F, log-rank p = 0.001), and PAAD (Figure 3G,
log-rank p = 0.0089) cancers based on TCGA data. DFS analysis
data (Figure 4A) showed a correlation between high DDX21
expression and poor prognosis for TCGA cases of ACC
(Figure 4B, log-rank p = 3.6e - 05) and BLAC (Figure 4C, log-
rank p = 0.038). Furthermore, low DDX21 gene expression was
associated with a poor OS prognosis for KIRC (Figure 3D, log-
rank p = 0.0034) and a poor DFS prognosis for ESCA
(Figure 4D, log-rank p = 0.028) and KIRC (Figure 4E, log-
rank p = 0.046).

10.3389/fonc.2022.947054

Figures 5A-M show that the AUC values for DLBC (AUC =
0.711), ACC (AUC = 0.723), KICH (AUC = 0.729), TGCT
(AUC = 0.742), PAAD (AUC = 0.842), GBM (AUC = 0.898),
STAD (AUC = 0.908), CHOL (AUC = 0.920), READ (AUC =
0.925), ESCA (AUC = 0.931), LGG (AUC = 0.945), COAD
(AUC = 0.946), and LAML (AUC = 0.984) all exceeded 0.7,
suggesting that DDX21 is a highly reliable predictor.

Landscape of DDX21 mutation profiles in
different tissues

We next used cBioPortal to investigate the DDX21 mutation
frequency in TCGA database (10,967 samples in 32 studies) and
discovered that UCEC shared a significantly high mutation level,
with the DDX21 alteration frequency >5% (Figures 6A, B). Most
of the genetic changes that occurred in UCEC tumor samples
were copy number mutations (Supplementary Table S2B), which
were the most common form of genetic alteration in all TCGA
tumor samples. A total of 111 DDX21 mutations were identified,
including 92 missense mutations, 12 truncating mutations, six
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FIGURE 3

Correlation between DDX21 expression and overall survival (OS) in patients with different TCGA tumor types. GEPIA2 was used to build a survival
map (A) and conduct overall survival analyses (B—G). The survival map and Kaplan—Meier plots with significant results are displayed. The 95%
confidence intervals of OS are indicated by red and blue dotted lines for high and low DDX21 expression groups, respectively.
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splice mutations, and one sv/fusion mutation (Supplementary
Table S2C; Figure 6C). Among them, X412_splice/E412* were
the most frequent mutation sites.

Immune infiltration analysis

Tumor-infiltrating immune cells, as critical parts of the tumor
microenvironment, are closely related to cancer initiation,
progression, and metastasis (16, 17). Cancer-associated
fibroblasts in the stroma of the tumor microenvironment are
thought to play a role in influencing the actions of various tumor-
infiltrating immune cells (18, 19). In the present study, we
employed the TIMER, CIBERSORT, CIBERSORT-ABS,
QUANTISEQ, XCELL, MCPCOUNTER, and EPIC algorithms
to explore the possible link between the infiltration level of
different immune cells and DDX21 gene expression in various
cancer types according to TCGA database. Based on most or all
algorithms, we observed a statistically significant negative
correlation between the immune infiltration of CD8" T cells
and DDX21 expression in BRCA-Her2, HNSC (human
papillomavirus [HPV]*/"), THYM, and UCEC tumors
(Supplementary Figure S6). Furthermore, we found a
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statistically significant positive correlation between DDX21
expression and the approximated infiltration value of cancer-
associated fibroblasts for TCGA tumors ACC, BRCA-LumaA,
CESC, COAD, GBM, HNSC (HPV*"), KIRP, LIHC, LUAD,
LUSC, MESO, OV, PAAD, and THYM but noted a negative
correlation for STAD (Figure 7A). Figure 7B and Supplementary
Figure S6 show scatterplot data for the aforementioned tumors
generated by a single algorithm. According to the TIDE algorithm,
the degree of DDX21 expression in STAD is negatively correlated
with the level of infiltration of cancer-associated fibroblasts
(Figure 7B, cor = -0.178, p = 4.86e-04).

DDX21-related gene enrichment

To investigate the functional mechanism of DDX21 in the
occurrence of cancer, we used GEPIA2 to identify the top 100
genes in TCGA dataset with expression patterns comparable
with DDX21 (Supplementary Table S2D). Functional studies of
these genes through the Metascape website showed that these
genes are closely related to RNA metabolism or ribosomal
protein synthesis (ribosomal biogenesis; Figure 8A).

Subsequently, 50 proteins co-expressed with DDX21 were

og10(R)
=uR

QL O N L O LELEL AT NO DN H
¥y e @ O <Q CROPANIE IR NS 2RI
FFE FSELEX L FELELEES
C BLAC Disease Free Survival
< — Low ddx21 Group
— High ddx21 Group
Logrank p=0.038
| n(high)=201
s n(low)=201
E
Ze
£s
z
5
£
£
&
B
=
< T T T
0 100 150
Months
E

KIRC Disease Free Survival

— Low ddx21 Group
— High ddx21 Group

Logrank p=0.046
n(high)=258
n(low)=258

Percent survival

T T T T T T
0 20 40 60 80 100 120 140
Months
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survival map (A) and conduct DFS (B—E) analyses. The survival map and Kaplan—Meier plots with significant results are displayed. The 95%
confidence intervals of DFS are indicated by red and blue dotted lines for high and low DDX21 expression groups, respectively.
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Analysis of receiver operating characteristics (ROC) curves between DDX21 and tumor prognosis based on data from TCGA and GTEx databases
(A—M) The area under the ROC curve (AUC) for lymphoid neoplasm diffuse large B-cell lymphoma (DLBC), adrenocortical carcinoma (ACC),
kidney chromophobe (KICH), testicular germ cell tumors (TGCT), pancreatic adenocarcinoma (PAAD), glioblastoma multiforme (GBM), stomach
adenocarcinoma (STAD), cholangiocarcinoma (CHOL), rectum adenocarcinoma (READ), esophageal carcinoma (ESCA), brain lower-grade
glioma (LGG), colon adenocarcinoma (COAD), and acute myeloid leukemia (LAML) was 0.711, 0.723, 0.729, 0.742, 0.842, 0.898, 0.908, 0.920,
0.925, 0.931, 0.945, 0.946, and 0.984, respectively, indicating a high predictive value for tumor prognosis.
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different cancer types across protein domains

acquired using the STRING tool to verify the results of gene
enrichment analysis. As shown in Figure 8B, correlations for
these 50 genes are very strong; in addition, these genes are also
implicated in regulatory pathways related to ribosome synthesis
(Supplementary Table S2E). These findings compelled us to
explore whether DDX21 participates in these biological
processes by interacting with critical proteins involved in RNA
metabolism and ribosomal protein synthesis. According to the
BioGRID 4.3 database, DDX21 physically interacts with RPLS5,
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RPL31, RPL30, RPL14, RPS6, ZC3H18, NCL, FTSJ3,
HIST1H4A, and STAU1 (Figure 8C). These proteins function
in RNA metabolism, protein synthesis, and tumorigenesis
(Supplementary Table S2F-2H) (20-29). In addition, the
expression of DDX21 is tightly connected to the expression
levels of NCL, ZC3H18, RPL30, STAUI1, FTSJ3, and RPL5
(Figures 8D-I). Based on these findings, we hypothesize that
DDX21 may exert a tumor-promoting effect in cancer by driving
RNA metabolism and promoting ribosomal protein synthesis.
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used to calculate the correlation between DDX21 expression and cancer-associated fibroblast immune infiltration in all tumor types in TCGA.

DDX21 promotes LUAD cell proliferation

and metastasis in vitro

To clarify the effect of DDX21 on the proliferation and
migration of LUAD cells, we generated DDX21-overexpressing
(513B-DDX21) and knockdown (siRNA-1052 and siRNA-1185)
A549 and H1299 cells. DDX21 was mainly located in the
nucleolus (Figure 9A), consistent with previous studies (30).

DDX21 was overexpressed after lentivirus infection, and cell

proliferation was dramatically boosted (Figures 9B, C).

Meanwhile, cell migration was improved (Figure 9D). On the

contrary, the siRNA significantly suppressed DDX21 expression
in A549 and H1299 cells and markedly inhibited cell
proliferation and migration (Figures 9E-G). These results
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demonstrated that DDX21 has the potential to enhance the
growth and metastasis of LUAD cells, consistent with previous

bioinformatics results.

Discussion

DDX21, also known as nucleolar RNA helicase 2, is an
autoantigen with autoantibodies detected in patients suffering

from connective tissue diseases and gastric antral vascular

ectasia (watermelon stomach disease) (31-33). DDX21

performs a variety of functions in ribosome biogenesis,

including transcription and ribosomal RNA processing (34—
37). DDX21 can effectively unwind R-loops (three-stranded
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DDX21-related gene enrichment analysis. (A) Gene Ontology (GO) analysis of the top 100 genes co-expressed with DDX21 obtained by GEPIA2.

(B) Co-expression network of 50 genes co-expressed with DDX21 obta

ined by the STRING tool. (C) DDX21-protein interactions obtained by

BioGRID. (D-I) Correlation analysis between DDX21 and RPL5, RPL30, ZC3H18, NCL, FTSJ3, and STAU1 conducted by GEPIA2 across all tumor

samples in TCGA.

nucleic acid complexes composed of an RNA: DNA
heteroduplex) and prevent R-loop-mediated stalling of RNA
polymerases, whereas DDX21 deficiency causes cellular R-loops
to build up, resulting in DNA damage (5, 38). In the past decade,
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DDX21 has attracted attention due to its potential role in
tumorigenesis. One study (39) found that DDX21 promotes
the proliferation of gastric cancer by regulating the cell cycle.
Another recent study found that downregulation of long non-
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DDX10 promoted lung adenocarcinoma cancer cell growth and metastasis in vitro. (A) The localization of Flag-tagged DDX21 assayed by
indirect immunofluorescence in DDX21 overexpression A549 cells. (B—D) A549 and H1299 cells were infected with lentivirus. Western blot was
performed to detect the expression of DDX21; cell growth was detected by CCK-8 assays after 0, 24, 48, and 72 h (n = 3), and cell migration
was evaluated by Transwell migration assay. (E-G) A549 and H1299 cells were transfected with siRNA target to DDX21, and cell proliferation and
migration were evaluated by CCK-8 and Transwell migration assay, respectively. (*p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001)

coding RNA (IncRNA) HCP5 can limit the proliferation,
migration, and invasion of gastric cancer cells by regulating
the expression of DDX21 (40). Another study confirmed DDX21
as a prognostic marker for early colorectal cancer with
microsatellite instability (41), which might be a new precision
treatment strategy (42). Nevertheless, the role of DDX21 in
different tumor types has not been thoroughly investigated. To
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this end, we herein analyzed the characteristics of DDX21 gene
expression, protein expression, immunohistochemistry, gene
mutation, immune infiltration, and protein phosphorylation,
and the DDX21 genes of 33 TCGA tumor types were
systematically identified.

We found that the DDX21 gene is significantly expressed in
13 cancers, and THC analysis confirmed this trend at the protein
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level. Our results are consistent with previous reports that
DDX21 is upregulated at gene and protein levels in colorectal
cancer (41, 43, 44), breast cancer (8, 45), and lymphoma (46).
We explored the link between DDX21 overexpression and
clinical parameters or prognosis. Overexpression of DDX21
was related to poor OS and DFS in a survival study. In
different tumor types such as ACC, CESC, KIRP, MESO,
PAAD, and BLCA, high DDX21 expression is associated with
poor prognosis.

Accumulating evidence indicates that genomic mutations
are related to tumor progression and chemotherapy responses
(34, 35). For example, Yang et al. (34) found that BRCA1 and
BRCA2 mutations are strongly related to patient survival, which
may be due to a significant response to platinum-based
pharmacological treatment. A large-scale study discovered that
mutations in four genes (ESR1, CDHI1, RICTOR, and TP53)
frequently occur in particular metastatic regions, suggesting that
these genes might serve as biomarkers or therapeutic targets for
patients with metastatic breast cancer (35). In the present study,
we found that DDX21 mutations were the most common (>5%)
in UCEC, followed by SARC, SKCM, CHOL, BLCA, and STAD.
In summary, these findings suggest that DDX21 acts as an
oncogene in the progression of a number of cancers and is a
viable predictor of cancer prognosis in practical applications.

Immune cells are inextricably linked to cancer cells and have
a considerable influence on cancer migration and metastasis in a
variety of tumor forms (36). Recent studies reported that the
tumor immune microenvironment is related to the expression
levels of various genes (37, 47). In the present work, we found
that DDX21 expression was positively correlated with CAF and
CD8" filtering in several tumor types, such as ACC, BRCA-
LumA, CESC, COAD, GBM, HNSC (HPV*'"), KIRP, LIHC,
LUAD, LUSC, MESO, OV, PAAD, and THYM. CAF is an
important component of tumor cells and is reportedly
correlated with a worse prognosis for various cancers,
chemotherapy resistance, and disease recurrence (48-51). In
summary, our work clarified the potential role of DDX21 in
tumor immunity and its prognostic value for a variety of cancers.

Using STRING and GEPIA2, we discovered a plethora of genes
that are co-expressed with DDX21 in various tumors. Metascape
gene enrichment analysis showed that DDX21 is closely related to
RNA metabolism or ribosomal protein production, consistent with
previous studies (30). In addition, our results indicate that DDX21
physically interacts with RPL5, RPL31, RPL30, RPL14, RPS6,
ZC3H18, NCL, FTSJ3, HISTIH4A, and STAUI. The expression
of RPL5, RPL30, ZC3H18, NCL, FTS]J3, and STAUL is closely
related to the expression of DDX21. RPL5, RPL31, RPL30, RPL14,
RPS6, ZC3H18, NCL, FTS]J3, HIST1H4A, and STAU1 are well-
characterized genes encoding proteins involved in DNA repair and
cell-cycle regulation (20-29). These discoveries validate the results
of our gene enrichment study and open the path for further
research into the molecular functions of DDX21.
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In the previous gene and protein expression analysis, we
found that the expression of DDX21 in LUAD was higher than
that in normal tissues and associated with the advanced stages of
LUAD. We hypothesize that DDX21 might be an oncogene. We
verified the analysis results on the LUAD cell line through in
vitro experiments. According to the results, it can be found that
the expression of DDX21 in LUAD is proportional to the cell
proliferation and migration ability.

However, the current study has some limitations. Firstly, the
sample size for several rare tumor types was limited, which may
have led to batch effects or erroneous results. Secondly, this
research only presents early evidence associating DDX21 with
cancer progression in a variety of tumors. The prediction results
are not verified by experiments. Further research using methods
such as reverse transcription PCR (RT-PCR) and
immunocytochemistry should be performed to understand the
specific molecular functions of DDX21 in carcinogenesis.

In summary, DDX21 is commonly overexpressed in a
variety of cancers, and its gene expression is statistically linked
with some clinical outcomes in some patients. Furthermore,
immune infiltration and DDX21-related gene enrichment
analyses suggest a possible mechanism by which DDX21
regulates tumor immunity, RNA metabolism, or ribosomal
protein synthesis. Therefore, further experiments and clinical
trials are needed to investigate the practical applicability of
DDX21 in cancer treatment and prognosis prediction.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Author contributions
Investigation and writing the original draft, YW.
Methodology, JT, ZC and RC. Project administration, XH, YC,

AH and TL. Funding acquisition, QC. All authors contributed to
the article and approved the submitted version.

Funding

This work was supported by the National Natural Science
Foundation of China (Grant No. 32172827).

Acknowledgments

All the experiments in this article were completed in the
Laboratory Animal Center of Xuzhou Medical University. We

frontiersin.org


https://doi.org/10.3389/fonc.2022.947054
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Hu et al.

thank the teachers for their support and help during
the experiments.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fonc.2022.947054/full#supplementary-material

References

1. Blum A, Wang P, Zenklusen JC. SnapShot: TCGA-analyzed tumors. Cell
(2018) 173(2):530. doi: 10.1016/j.cell.2018.03.059

2. Tomczak K, Czerwinska P, Wiznerowicz M. The cancer genome atlas
(TCGA): an immeasurable source of knowledge. Contemp Oncol (2015) 19(1a):
A68-77. doi: 10.5114/w0.2014.47136

3. Clough E, Barrett T. The gene expression omnibus database. Methods Mol
Biol (2016) 1418:93. doi: 10.1007/978-1-4939-3578-9_5

4. Marcaida MJ, Kauzlaric A, Duperrex A, Siilzle ], Moncrieffe MC, Adebajo D,
et al. The human RNA helicase DDX21 presents a dimerization interface necessary
for helicase activity. iScience (2020) 23(12):101811. doi: 10.1016/j.is¢i.2020.101811

5. Xing YH, Yao RW, Zhang Y, Guo CJ, Jiang S, Xu G, et al. SLERT regulates
DDX21 rings associated with pol I transcription. Cell (2017) 169(4):664-678.e16.
doi: 10.1016/j.cell.2017.04.011

6. Zhang L, Li X. DEAD-box RNA helicases in cell cycle control and clinical
therapy. Cells (2021) 10(6):1540. doi: 10.3390/cells10061540

7. Kim DS, Camacho CV, Nagari A, Malladi VS, Challa S, Kraus WL. Activation
of PARP-1 by snoRNAs controls ribosome biogenesis and cell growth via the RNA
helicase DDX21. Mol Cell (2019) 75(6):1270-1285.e14. doi: 10.1016/
j.molcel.2019.06.020

8. Zhang H, Zhang Y, Chen C, Zhu X, Zhang C, Xia Y, et al. A double-negative
feedback loop between DEAD-box protein DDX21 and snail regulates epithelial-
mesenchymal transition and metastasis in breast cancer. Cancer Lett (2018)
437:67-78. doi: 10.1016/j.canlet.2018.08.021

9. Xu W, Anwaier A, Liu W, Tian X, Zhu W-K, Wang J, et al. Systematic
genome-wide profiles reveal alternative splicing landscape and implications of
splicing regulator DExD-box helicase 21 in aggressive progression of
adrenocortical carcinoma. Phenomics (2021) 1(6):243-56. doi: 10.1007/s43657-
021-00026-x

10. Putra V, Hulme AJ, Tee AE, Sun JQJ, Atmadibrata B, Ho N, et al. The RNA-
helicase DDX21 upregulates CEP55 expression and promotes neuroblastoma. Mol
Oncol (2021) 15(4):1162-79. doi: 10.1002/1878-0261.12906

Frontiers in Oncology

15

10.3389/fonc.2022.947054

SUPPLEMENTARY FIGURE 1

Workflow diagrams for the methodology in this study as well as the
workflow showing the steps including integration of datasets from
various sources.

SUPPLEMENTARY FIGURE 2

Workflow diagrams for the methodology in this study as well as the
workflow showing the steps including integration of datasets from
various sources

SUPPLEMENTARY FIGURE 3

Expression levels of the DDX21 gene in different tumors. (A-F) The
expression status of the DDX21 gene in ACC, BRAC, OV, SARC, TGCT
and UCS in TCGA were compared with corresponding normal tissues in
GTEx databases.

SUPPLEMENTARY FIGURE 4

DDX21 expression status in different normal tissues. (A—C) DDX21 tissue
expression based on human protein atlas (HPA), GTEx and function
annotation of the mammalian genome 5 (FANTOMS5) databases. (D)
DDX21 expression in various cell types.

SUPPLEMENTARY FIGURE 5

(A—-M) Single cell RNA levels of designated cell type clusters for each examined
tissue. The bar chart depicts the amounts of NTPM in each annotated cluster
of single cells. The UMAP plot depicts the RNA expression profile on the left.
Color coding is based on cell type groupings, which are made up of cell types
that share functional characteristics. Note that the same cell type may be
present in multiple clusters.

SUPPLEMENTARY FIGURE 6

(A, B) Correlation analysis between DDX21 expression and immune infiltration
of CD8" T-cells. Different algorithms were used to explore the potential
correlation between the expression level of the DDX21 gene and the
infiltration level of CD8* T-cells across all types of cancer in TCGA.

11. Tang Z, Kang B, Li C, Chen T, Zhang Z. GEPIA2: an enhanced web server
for large-scale expression profiling and interactive analysis. Nucleic Acids Res
(2019) 47(W1):W556-w560. doi: 10.1093/nar/gkz430

12. Chen F, Chandrashekar DS, Varambally S, Creighton CJ. Pan-cancer
molecular subtypes revealed by mass-spectrometry-based proteomic
characterization of more than 500 human cancers. Nat Commun (2019) 10
(1):5679. doi: 10.1038/s41467-019-13528-0

13. Chen J, Mai H, Chen H, Zhou B, Hou ], Jiang DK. Pan-cancer analysis
identified CIORF112 as a potential biomarker for multiple tumor types. Front Mol
Biosci (2021) 8:693651. doi: 10.3389/fmolb.2021.693651

14. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al.
Integrative analysis of complex cancer genomics and clinical profiles using the
cBioPortal. Sci Signaling (2013) 6(269):pl1. doi: 10.1126/scisignal.2004088

15. Cerami E, Gao J, Dogrusoz U, Gross BE, Schultz N. The cBio cancer genomics
portal: An open platform for exploring multidimensional cancer genomics data.
Cancer Discovery (2012) 2(5):401-4. doi: 10.1158/2159-8290.CD-12-0095

16. Fridman WH, Galon J, Dieu-Nosjean MC, Cremer I, Fisson S, Damotte D,
et al. Immune infiltration in human cancer: prognostic significance and disease
control. Curr Top Microbiol Immunol (2011) 344:1-24. doi: 10.1007/82_2010_46

17. Steven A, Seliger B. The role of immune escape and immune cell infiltration
in breast cancer. Breast Care (2018) 13(1):16-21. doi: 10.1159/000486585

18. Chen X, Song E. Turning foes to friends: targeting cancer-associated
fibroblasts. Nat Rev Drug Discovery (2019) 18(2):99-115. doi: 10.1038/s41573-
018-0004-1

19. Kwa MQ, Herum KM, Brakebusch C. Cancer-associated fibroblasts: how do
they contribute to metastasis? Clin Exp Metastasis (2019) 36(2):71-86. doi:
10.1007/s10585-019-09959-0

20. WanY, Zhang Q, Zhang Z, Song B, Wang X, Zhang Y, et al. Transcriptome
analysis reveals a ribosome constituents disorder involved in the RPL5
downregulated zebrafish model of diamond-blackfan anemia. BMC Med
Genomics (2016) 9:13. doi: 10.1186/s12920-016-0174-9

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2022.947054/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.947054/full#supplementary-material
https://doi.org/10.1016/j.cell.2018.03.059
https://doi.org/10.5114/wo.2014.47136
https://doi.org/10.1007/978-1-4939-3578-9_5
https://doi.org/10.1016/j.isci.2020.101811
https://doi.org/10.1016/j.cell.2017.04.011
https://doi.org/10.3390/cells10061540
https://doi.org/10.1016/j.molcel.2019.06.020
https://doi.org/10.1016/j.molcel.2019.06.020
https://doi.org/10.1016/j.canlet.2018.08.021
https://doi.org/10.1007/s43657-021-00026-x
https://doi.org/10.1007/s43657-021-00026-x
https://doi.org/10.1002/1878-0261.12906
https://doi.org/10.1093/nar/gkz430
https://doi.org/10.1038/s41467-019-13528-0
https://doi.org/10.3389/fmolb.2021.693651
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1007/82_2010_46
https://doi.org/10.1159/000486585
https://doi.org/10.1038/s41573-018-0004-1
https://doi.org/10.1038/s41573-018-0004-1
https://doi.org/10.1007/s10585-019-09959-0
https://doi.org/10.1186/s12920-016-0174-9
https://doi.org/10.3389/fonc.2022.947054
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Hu et al.

21. Peisker K, Braun D, Wélfle T, Hentschel J, Fiinfschilling U, Fischer G, et al.
Ribosome-associated complex binds to ribosomes in close proximity of Rpl31 at
the exit of the polypeptide tunnel in yeast. Mol Biol Cell (2008) 19(12):5279-88. doi:
10.1091/mbc.e08-06-0661

22. Bragulat M, Meyer M, Macias S, Camats M, Labrador M, Vilardell J. RPL30
regulation of splicing reveals distinct roles for Cbp80 in Ul and U2 snRNP
cotranscriptional recruitment. Rna (2010) 16(10):2033-41. doi: 10.1261/rna.2366310

23. Robledo S, Idol RA, Crimmins DL, Ladenson JH, Mason PJ, Bessler M. The
role of human ribosomal proteins in the maturation of rRNA and ribosome
production. Rna (2008) 14(9):1918-29. doi: 10.1261/rna.1132008

24. Meyuhas O. Ribosomal protein S6 phosphorylation: Four decades of
research. Int Rev Cell Mol Biol (2015) 320:41-73. doi: 10.1016/bs.ircmb.2015.07.006

25. Winczura K, Schmid M, Iasillo C, Molloy KR, Harder LM, Andersen JS,
et al. Characterizing ZC3H18, a multi-domain protein at the interface of RNA
production and destruction decisions. Cell Rep (2018) 22(1):44-58. doi: 10.1016/
j.celrep.2017.12.037

26. Jia W, Yao Z, Zhao ], Guan Q, Gao L. New perspectives of physiological and
pathological functions of nucleolin (NCL). Life Sci (2017) 186:1-10. doi: 10.1016/
j1fs.2017.07.025

27. Ringeard M, Marchand V, Decroly E, Motorin Y, Bennasser Y. FTSJ3 is an
RNA 2'-o-methyltransferase recruited by HIV to avoid innate immune sensing.
Nature (2019) 565(7740):500-4. doi: 10.1038/s41586-018-0841-4

28. Wu G, YuJ, Xu G, Gao H, Sun Y, Huang J, et al. Bioinformatic analysis of
the proteome in exosomes derived from plasma: Exosomes involved in cholesterol
metabolism process of patients with spinal cord injury in the acute phase. Front
Neuroin (2021) 15:662967. doi: 10.3389/fninf.2021.662967

29. Park E, Maquat LE. Staufen-mediated mRNA decay. Wiley Interdiscip Rev
RNA (2013) 4(4):423-35. doi: 10.1002/wrna.1168

30. Calo E, Flynn RA, Martin L, Spitale RC, Chang HY, Wysocka J. RNA
Helicase DDX21 coordinates transcription and ribosomal RNA processing. Nature
(2015) 518(7538):249-53. doi: 10.1038/nature13923

31. Arnett FC, Reveille JD, Valdez BC. Autoantibodies to a nucleolar RNA helicase
protein in patients with connective tissue diseases. Arthritis Rheurn (1997) 40(8):1487—
92. doi: doi: 10.1002/1529-0131(199708)40:8<1487::AID-ART18>3.0.CO;2-P

32. Garcia MC, Zhou J, Henning D, Arnett FC, Valdez BC. Unique epitopes in
RNA helicase II/Gu protein recognized by serum from a watermelon stomach
patient. Mol Immunol (2000) 37(7):351-9. doi: 10.1016/S0161-5890(00)00062-6

33. Valdez BC, Henning D, Busch RK, Woods K, Flores-Rozas H, Hurwitz J,
et al. A nucleolar RNA helicase recognized by autoimmune antibodies from a
patient with watermelon stomach disease. Nucleic Acids Res (1996) 24(7):1220-4.
doi: 10.1093/nar/24.7.1220

34. Yang D, Khan S, Sun Y, Hess K, Shmulevich I, Sood AK, et al. Association of
BRCA1 and BRCA2 mutations with survival, chemotherapy sensitivity, and gene
mutator phenotype in patients with ovarian cancer. Jama (2011) 306(14):1557-65.
doi: 10.1001/jama.2011.1456

35. Cha S, Lee E, Won HH. Comprehensive characterization of distinct genetic
alterations in metastatic breast cancer across various metastatic sites. NPJ Breast
Cancer (2021) 7(1):93. doi: 10.1038/541523-021-00303-y

36. Angelova M, Charoentong P, Hackl H, Fischer ML, Snajder R, Krogsdam
AM, et al. Characterization of the immunophenotypes and antigenomes of
colorectal cancers reveals distinct tumor escape mechanisms and novel targets
for immunotherapy. Genome Biol (2015) 16(1):64. doi: 10.1186/s13059-015-0620-6

Frontiers in Oncology

16

10.3389/fonc.2022.947054

37. JuQ, Li X, Zhang H, Yan S, Li Y, Zhao Y. NFE2L2 is a potential prognostic
biomarker and is correlated with immune infiltration in brain lower grade glioma:
A pan-cancer analysis. Oxid Med Cell Longev (2020) 2020:3580719. doi: 10.1155/
2020/3580719

38. Song C, Hotz-Wagenblatt A, Voit R, Grummt I. SIRT7 and the DEAD-box
helicase DDX21 cooperate to resolve genomic r loops and safeguard genome
stability. Genes Dev (2017) 31(13):1370-81. doi: 10.1101/gad.300624.117

39. CaoJ, WuN, Han Y, Hou Q, Zhao Y, Pan Y, et al. DDX21 promotes gastric
cancer proliferation by regulating cell cycle. Biochem Biophys Res Commun (2018)
505(4):1189-94. doi: 10.1016/j.bbrc.2018.10.060

40. Wang K, Yu X, Tao B, Qu J. Downregulation of IncRNA HCP5 has
inhibitory effects on gastric cancer cells by regulating DDX21 expression.
Cytotechnology (2021) 73(1):1-11. doi: 10.1007/s10616-020-00429-0

41. Tanaka A, Wang JY, Shia J, Zhou Y, Ogawa M, Hendrickson RC, et al.
DEAD-box RNA helicase protein DDX21 as a prognosis marker for early stage
colorectal cancer with microsatellite instability. Sci Rep (2020) 10(1):22085. doi:
10.1038/s41598-020-79049-9

42. Xie J, Wen M, Zhang J, Wang Z, Wang M, Qiu Y, et al. The roles of RNA
helicases in DNA damage repair and tumorigenesis reveal precision therapeutic
strategies. Cancer Res (2022) 82(5):872-84. doi: 10.1158/0008-5472.CAN-21-2187

43. Jung Y, Lee S, Choi HS, Kim SN, Lee E, Shin Y, et al. Clinical validation of
colorectal cancer biomarkers identified from bioinformatics analysis of public
expression data. Clin Cancer Res (2011) 17(4):700-9. doi: 10.1158/1078-0432.CCR-
10-1300

44. Vasaikar S, Huang C, Wang X, Petyuk VA, Savage SR, Wen B, et al.
Proteogenomic analysis of human colon cancer reveals new therapeutic
opportunities. Cell (2019) 177(4):1035-1049.e19. doi: 10.1016/j.cell.2019.03.030

45. Zhang Y, Baysac KC, Yee LF, Saporita AJ, Weber JD. Elevated DDX21
regulates c-jun activity and rRNA processing in human breast cancers. Breast
Cancer Res (2014) 16(5):449. doi: 10.1186/s13058-014-0449-z

46. Bonzheim I, Irmler M, Klier-Richter M, Steinhilber ], Anastasov N, Schifer
S, et al. Identification of C/EBPP target genes in ALK+ anaplastic large cell
lymphoma (ALCL) by gene expression profiling and chromatin
immunoprecipitation. PloS One (2013) 8(5):e64544. doi: 10.1371/
journal.pone.0064544

47. Ju Q, Li XM, Zhang H, Zhao YJ. BRCAl-associated protein is a potential
prognostic biomarker and is correlated with immune infiltration in liver
hepatocellular carcinoma: A pan-cancer analysis. Front Mol Biosci (2020)
7:573619. doi: 10.3389/fmolb.2020.573619

48. Calon A, Lonardo E, Berenguer-Llergo A, Espinet E, Hernando-Momblona
X, Iglesias M, et al. Stromal gene expression defines poor-prognosis subtypes in
colorectal cancer. Nat Genet (2015) 47(4):320-9. doi: 10.1038/ng.3225

49. Ryner L, Guan Y, Firestein R, Xiao Y, Choi Y, Rabe C, et al. Upregulation of
periostin and reactive stroma is associated with primary chemoresistance and
predicts clinical outcomes in epithelial ovarian cancer. Clin Cancer Res (2015) 21
(13):2941-51. doi: 10.1158/1078-0432.CCR-14-3111

50. Liu L, Liu L, Yao HH, Zhu ZQ, Ning ZL, Huang Q. Stromal myofibroblasts
are associated with poor prognosis in solid cancers: A meta-analysis of published
studies. PloS One (2016) 11(7):e0159947. doi: 10.1371/journal.pone.0159947

51. Fiori ME, Di Franco S, Villanova L, Bianca P, Stassi G, De Maria R. Cancer-
associated fibroblasts as abettors of tumor progression at the crossroads of EMT
and therapy resistance. Mol Cancer (2019) 18(1):70. doi: 10.1186/s12943-019-
0994-2

frontiersin.org


https://doi.org/10.1091/mbc.e08-06-0661
https://doi.org/10.1261/rna.2366310
https://doi.org/10.1261/rna.1132008
https://doi.org/10.1016/bs.ircmb.2015.07.006
https://doi.org/10.1016/j.celrep.2017.12.037
https://doi.org/10.1016/j.celrep.2017.12.037
https://doi.org/10.1016/j.lfs.2017.07.025
https://doi.org/10.1016/j.lfs.2017.07.025
https://doi.org/10.1038/s41586-018-0841-4
https://doi.org/10.3389/fninf.2021.662967
https://doi.org/10.1002/wrna.1168
https://doi.org/10.1038/nature13923
https://doi.org/doi: 10.1002/1529-0131(199708)40:8%3C1487::AID-ART18%3E3.0.CO;2-P
https://doi.org/10.1016/S0161-5890(00)00062-6
https://doi.org/10.1093/nar/24.7.1220
https://doi.org/10.1001/jama.2011.1456
https://doi.org/10.1038/s41523-021-00303-y
https://doi.org/10.1186/s13059-015-0620-6
https://doi.org/10.1155/2020/3580719
https://doi.org/10.1155/2020/3580719
https://doi.org/10.1101/gad.300624.117
https://doi.org/10.1016/j.bbrc.2018.10.060
https://doi.org/10.1007/s10616-020-00429-0
https://doi.org/10.1038/s41598-020-79049-9
https://doi.org/10.1158/0008-5472.CAN-21-2187
https://doi.org/10.1158/1078-0432.CCR-10-1300
https://doi.org/10.1158/1078-0432.CCR-10-1300
https://doi.org/10.1016/j.cell.2019.03.030
https://doi.org/10.1186/s13058-014-0449-z
https://doi.org/10.1371/journal.pone.0064544
https://doi.org/10.1371/journal.pone.0064544
https://doi.org/10.3389/fmolb.2020.573619
https://doi.org/10.1038/ng.3225
https://doi.org/10.1158/1078-0432.CCR-14-3111
https://doi.org/10.1371/journal.pone.0159947
https://doi.org/10.1186/s12943-019-0994-2
https://doi.org/10.1186/s12943-019-0994-2
https://doi.org/10.3389/fonc.2022.947054
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Pan-cancer analysis reveals DDX21 as a potential biomarker for the prognosis of multiple tumor types
	Introduction
	Materials and methods
	Gene expression analysis
	Protein expression analysis
	Survival prognosis analysis
	Genetic alteration analysis
	Immune infiltration analysis
	DDX21-related gene enrichment analysis
	DDX21-protein interaction analysis
	Cell culture
	Western blot
	Immunofluorescence staining
	Cell proliferation assays
	Transwell migration assays
	Statistical analysis

	Results
	Gene expression analysis
	Protein expression analysis
	Prognostic value of DDX21 across cancers
	Landscape of DDX21 mutation profiles in different tissues
	Immune infiltration analysis
	DDX21-related gene enrichment
	DDX21 promotes LUAD cell proliferation and metastasis in vitro

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


