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ARTICLE INFO ABSTRACT

Keywords: Dead-End (DND1) is an RNA-binding protein involved in translational regulation. Defects in DNDI gene causes
DNDI‘ germ cell tumors and sterility in rodents. Experimental studies with human somatic cancer cells indicate that
Somatic cancers DND1 has anti-proliferative and pro-apoptotic function in some while oncogenic function in other cells. We
TCGA . . . . . .

Co-expression examined The Cancer Genome Atlas data for gene alterations and gene expression changes in DNDI in a variety
IPA P of human cancers. We found that DND1 is amplified, deleted or mutated in multiple human cancers. In different

cancers, DND1 alteration correlates with increased diagnosis age of patients, shift in tumor spectrum or change of
tumor sites and in some cases is significantly associated with worse survival for cancer patients. For 15 cancers,
we retrieved expression data of thousands of genes that co-expressed with DND1. We found that these cancers
contain different percentage of genes that are positively or negatively co-expressed with DNDI1. Ingenuity
Pathway Analysis was performed to explore the biological implications of these genes. More than 10 canonical
pathways were identified and each cancer type exhibits unique pathway profiles. Comparison analysis across all
15 cancer types showed that some cancers exhibit strikingly similar profiles of DND1-correlated signaling
pathway activation or suppression. Our data reinforce the notion that the biological role of DND1 is cell-type
specific and suggest that DND1 may play opposing role by exerting anti-proliferative effects in some cancer
cells while being pro-proliferative in others. Our study provides valuable insights to direct experimental in-
vestigations of DND1 function in somatic cancers.

1. Introduction nanosl through promoting initiation [8] and modifying the activity of

target protein such as activator protein 1 [9].

The Dead-End 1 (DND1) is an RNA-binding protein containing two
RNA recognition motifs (RRMs) in tandem, followed by a double-
stranded RNA-binding motif at the carboxyl-terminus [1]. DND1 is a
multifunctional protein and has been found to exhibit diverse molecular
activities. Its role in translation regulation has been extensively studied
[2-5]. DND1 can bind specific mRNAs such as p27 [2], LATS2 [2],
geminin [6] and trim36 [7] etc. and block microRNA (miRNA) access
from the 3'-untranslated regions (3'-UTR) of target mRNAs and inhibit
miRNA-mediated mRNA degradation, thus up-regulating translation. In
contrast, DND1 has also been shown to function as a translation sup-
pressor by recruiting the CCR4-NOT deadenylase complex [5]. Other
functions of DND1 include activation of germline-specific translation of
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DND1 is essential for primordial germ cell (PGC) survival [10]. The
Dnd1Ter mutation, with an arginine residue at amino acid 190 con-
verted to a premature stop codon, causes PGC loss in all mouse genetic
backgrounds, leading to infertility in both genders [11]. In addition,
male Dnd1Ter mice on the 129 strain background also develop testicular
germ cell tumors (TGCTs) [10-15]. Furthermore, the WKY/Ztm rat
strain carrying homozygous mutation in Dnd1l was found to develop
congenital testicular and ovarian teratomas, and exhibit infertility with
complete penetrance in both genders [16].

Although DND1’s role in germ cell development and tumorigenesis
has been extensively studied, multiple research reports in recent years
suggest that DND1 may also be involved in somatic cancers. DND1 has
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been shown to exert tumor suppressive effects in breast cancer cells
[17], hepatocellular carcinoma cells [18], tongue squamous cell carci-
noma (TSCC), skin cancer and acute myeloid leukemia [19-21]. In
addition, Dnd1Ter was indicated to possess tumorigenic properties in
the intestine as it significantly increased polyp number and mass in the
ApctM™ mouse model of intestinal polyposis [22]. On the contrary,
silencing DND1 suppressed SW48 colorectal cancer cell proliferation
[23]. Hence DND1 is an anti-proliferative, pro-apoptotic tumor sup-
pressor in a variety of cancers, but may also exert oncogenic function in
others. In this study we examined DND1 status in human somatic cancers
by using megadata from the publicly accessible cBioPortal platform
(cbioportal.org, last accessed on 20 Nov 2021) [24,25]. We examined
DND1 gene alterations in a number of cancers and the association of
DND1 alterations with several clinical outcomes. In addition, we
analyzed genes significantly co-expressed with DNDI in 15 cancers
developed from breast, bladder, colon, brain, liver, lung, ovary,
pancreas, prostate, kidney, stomach, skin and testes. Our study provides
valuable insights for future experimental investigations of the role of
DND1 in somatic cancers.

2. Methods
2.1. cBioPortal database and Ingenuity Pathway Analysis

The analysis of DND1 gene status and its association with clinical
outcomes in human cancers was performed on cBioPortal platform
(www.cbioportal.org; last accessed on Nov 20th, 2021)[24,25]. Gene
co-expression data were retrieved from cBioPortal, which contains gene
name, cytoband, spearman’s correlation, p-value and q-value (the p
value adjusted for the False Discovery Rate) for each gene that is
correlated with DND1 in mRNA expression. The data for genes that have
a g-value less than 0.01 were uploaded into Qiagen’s IPA system (www.
ingenuity.com) for core analysis to determine canonical pathways in
each cancer. For statistical and performance reasons, the number of
analyzed genes were limited to 2000 when there are more than 2000
significant genes using q < 0.01 as a cutoff. Comparison analysis was
also performed and unsupervised hierarchical clustering heatmap was
used to demonstrate the patterns of the pathways impacted by DND1 in
different cancers.

2.2. Venn diagram

The Venn diagrams were generated through the website www.int
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eractivenn.net [26].

2.3. Statistics

Wilcoxon Test was used for mutation count and diagnosis age com-
parisons; Chi-squared Test was used for tumor sites and tumor subtype
comparisons. The p value has been adjusted for the False Discovery Rate.

3. Results
3.1. DND1 is altered in multiple human cancers

Emerging in vitro evidence suggests that DND1 may play a role in
somatic cancers apart from its well-known function in mouse testicular
germ cell tumor formation. The Cancer Genome Atlas (TCGA) database
serves as a repository recording the mutational and gene expression
changes in a large cohort of patients’ tumor samples. We first investi-
gated whether DNDI gene is altered in human cancers by querying
DND1 in 32 TCGA PanCancer Atlas Studies on cBioPortal platform [24,
25](Suppl. Table 1). DND1 shows various alteration frequency across
different cancer types, with kidney renal clear cell carcinoma (RCCC)
containing the highest rate of DND1 alteration (6.07%), followed by
cholangiocarcinoma (ChCa) and sarcoma (Fig. 1, Suppl. Table 1). In
studies other than TCGA, DND1 alteration has also been identified in
human cancers with various frequencies (Suppl. Figure 1).

Interestingly, DND1 exhibits different patterns of alteration across
cancers. Based on TCGA PanCancer Atlas studies, DND1 amplification
prevails in RCCC, ChCa, sarcoma and uterine carcinosarcoma (UCS) etc.
In contrast, mutation of DND1 is the major alteration in uterine corpus
endometrial carcinoma (UCEC), colorectal adenocarcinoma (CA) and
TGCT. DND1 deletion has been identified in sarcoma, uveal melanoma
(UM), mesothelioma (MSTO), ovarian serous cystadenocarcinoma
(0SQC), prostate adenocarcinoma (ProA), lung squamous cell carcinoma
(LSCC) and lung adenocarcinoma (LA) etc (Fig. 1, Suppl. Table 1).

3.2. DND1 alternation in cancers is associated with several clinical
outcomes

We next examined whether the above DND1 alterations in cancers
correlates with any clinical outcomes. We found that enhanced mutation
count was identified in colorectal cancers with DNDI alteration
(Fig. 2A). In addition, DND1 alteration correlates with increased diag-
nosis age of prostate cancer patients (Fig. 2B), shift in tumor spectrum of

Fig. 1. The alteration of DND1 gene in human can-
cers as identified by 32 TCGA PanCancer Atlas
studies. RCCC, Kidney Renal Clear Cell Carcinoma;
ChCa, Cholangiocarcinoma; UCS, Uterine Carcino-
sarcoma; UCEC, Uterine Corpus Endometrial Carci-
noma; PanC, Pancreatic Adenocarcinoma; UM, Uveal
Melanoma; MSTO, Mesothelioma; SA, Stomach
Adenocarcinoma; ACC, Adrenocortical Carcinoma;
OSC, Ovarian Serous Cystadenocarcinoma; ProA,
Prostate Adenocarcinoma; CA, Colorectal Adenocar-
cinoma; LSCC, Lung Squamous Cell Carcinoma; LA,
Lung Adenocarcinoma; TGCT, Testicular Germ Cell
Tumors; EA, Esophageal Adenocarcinoma; BIC, Breast
Invasive Carcinoma; SCM, Skin Cutaneous Melanoma;
HNSCC, Head and Neck Squamous Cell Carcinoma;
LHCC, Liver Hepatocellular Carcinoma; BUC, Bladder
Urothelial Carcinoma; TC, Thyroid Carcinoma; BLGG,
Brain Lower Grade Glioma; GBM, Glioblastoma Mul-

WV © v © O R
VQQOQOJ:QOQ

o@'b tiforme; AML, Acute Myeloid Leukemia; CSCC, Cer-
&.@f\ vical Squamous Cell Carcinoma; DLBCL, Diffuse Large

B-Cell Lymphoma; KC, Kidney Chromophobe; RPCC,
Kidney Renal Papillary Cell Carcinoma; PP, Pheo-

chromocytoma and Paraganglioma.
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Fig. 2. DNDI alteration is associated with clinical features of a variety of human cancers. (A) The comparison of mutation counts in colorectal cancers between DND1
altered and unaltered groups. ¢ = 1.126e-5; (B) The comparison of the age at the diagnosis of prostate cancer between DND1 altered and unaltered groups. ¢ =
4.521e-6; (C) The comparison of breast (Left; ¢ = 1.663e-4) and colorectal cancer spectrum (Right; ¢ = 1.838e-5) between DND1 altered and unaltered groups. (D)
The comparison of colorectal tumor sites between DND1 altered and unaltered groups, ¢ = 6.792e-3. (E) The comparison of overall (Left, Logrank test p-value:
2.711e-3) and progress free survivals (Right, Logrank test p-value: 1.341e-4) of prostate cancer patients between DNDI altered and unaltered groups. (F) The
comparison of overall survivals of melanoma patients between DND1 altered and unaltered groups (Logrank test p-value: 4.410e-3).

breast (Fig. 2C, Left) and colon cancers (Fig. 2C, Right) and change of
tumor sites for colon cancer (Fig. 2D). Furthermore, prostate cancer
patients with DND1 gene alteration exhibit significantly poorer prog-
nosis in terms of overall and progress free survivals compared to patients
with normal DND1 (Fig. 2E). Similarly, DNDI1 gene alteration is also
significantly associated with a worse overall survival for melanoma
patients (Fig. 2F). Interestingly, although DND1 alterations occur with
the highest frequency in RCCC among all cancers (Fig. 1), it is not
significantly associated with any clinical outcomes of RCCC (data not
shown), which could be due to either the sample size not being large
enough to detect the impact of DND1I alteration on RCCC clinical out-
comes, or the non-significant role of DND1 in determining RCCC clinical
outcomes.

3.3. DND1 is co-expressed with a large number of genes across different
cancer types

Furthermore, we examined the potential molecular impact of DND1
on malignant somatic cells. Since DND1 regulates translation via
increasing or decreasing target mRNA stability [1], we queried genes
that are co-expressed with DNDI in 14 somatic cancer types: breast
invasive carcinoma (BIC), bladder urothelial carcinoma (BUC), colo-
rectal adenocarcinoma (CA), glioblastoma multiforme (GBM), liver he-
patocellular carcinoma (HCC), lung adenocarcinoma (LA), lung
squamous cell carcinoma (LSCC), ovarian serous cystadenocarcinoma
(0SC), pancreatic adenocarcinoma (PanA), prostate adenocarcinoma
(ProA), kidney renal clear cell carcinoma (RCCC), kidney renal papillary
cell carcinoma (RPCC), stomach adenocarcinoma (SA), and skin cuta-
neous melanoma (SCM). In addition, as DND1 plays an important role in

TGCT formation in 129 mouse strain [10,15], we also queried its
co-expressed genes in human TGCT. The TCGA studies of these cancer
types contain large sample numbers incorporating data from tissues of
149-1084 patients (Suppl. Table 1), which ensures accuracy and pre-
cision in detecting correlations.

All 15 cancer types contained genes that are significantly co-
expressed with DND1 (adjusted p < 0.01, Suppl. Data 1). The top ten
positively and negatively co-expressed genes for each cancer type are
listed in Suppl. Table 2. Of note, except for the genes that are located
near DND1 on chromosome 5 (e.g., WDR55, TRIM41, FAM193B, HARS2,
APBB3 and FCHSDI etc.), none of those top co-expressed genes are
shared by more than three cancer types, indicating that the gene sets
that are strongly impacted by DND1 may be cancer type-specific.

Genes significantly co-expressed with DND1 are present with
different percentages in different cancer type (Fig. 3). HCC, OSC, RPCC
and SCM have lower percentage of DNDI-co-expressed genes (7.32%,
9.07%, 10.79% and 6.28%) compared to others, while close to or over
half of BIC, CA, ProA, RCCC and TCGT genes are significantly co-
expressed with DND1 (56.9%, 50.54%, 49.27%, 48.98 and 56.42%;
Fig. 3A and B). Interestingly, the ratio between positively and negatively
co-expressed genes also varies greatly. In BIC, BUC, ProA and SA, there is
nearly equal amount of positively and negatively co-expressed genes
(Fig. 3A and B). However, in HCC, RPCC and SCM, the positively co-
expressed genes evidently outnumber those that are negatively co-
expressed with DND1 (2.85:1, 2.75:1 and 6.48:1, respectively; Fig. 3A
and B). In contrast, in CA and PanA, there are much less genes positively
co-expressed with DND1 (Fig. 3A and B).

It is interesting to note that even in different cancer types originating
from the same organ, DND1 appears to function differently. For
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Fig. 3. DNDI is significantly co-expressed with other
genes in a variety of human cancers. (A) The per-
centage of genes that are positively (orange bars) or
negatively (blue bars) co-expressed with DNDI in a
variety of human cancers with g value less than 0.01.
(B) Summary of the number of total genes that are
expressed in a variety of human cancers, the number
and percentage of genes that are significantly posi-
tively or negatively co-expressed with DND1, as well
as the ratio between them (Pos/Neg). BIC, breast
invasive carcinoma; BUC, bladder urothelial carci-
noma; CA, colorectal adenocarcinoma; GBM, glio-
blastoma; HCC, hepatocellular carcinoma; LA, lung
adenocarcinoma; LSCC, lung squamous cell carci-
noma; OSC, ovarian serous cystadenocarcinoma;
PanA, pancreatic adenocarcinoma; ProA, prostate
adenocarcinoma; RCCC, renal clear cell carcinoma;
RPCC, renal papillary cell carcinoma; SA, stomach
adenocarcinoma; SCM, skin cutaneous melanoma;
TGCT, testicular germ cell tumor. SCEG, significantly
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Fig. 4. DND1 expression is significantly associated with signaling activation or suppression in a variety of human cancers. (A) The top ten signaling pathways in four
cancer types, of which the activation or suppression are significantly associated with DND1 expression. (B) Unsupervised clustering heatmap of signaling pathways
across fifteen human cancers, whose activation or suppression are associated with DND1 expression. BIC, breast invasive carcinoma; BUC, bladder urothelial car-
cinoma; CA, colorectal adenocarcinoma; GBM, glioblastoma; HCC, hepatocellular carcinoma; LA, lung adenocarcinoma; LSCC, lung squamous cell carcinoma; OSC,
ovarian serous cystadenocarcinoma; PanA, pancreatic adenocarcinoma; ProA, prostate adenocarcinoma; RCCC, renal clear cell carcinoma; RPCC, renal papillary cell

carcinoma; SA, stomach adenocarcinoma; SCM, skin cutaneous melanoma; TGCT, testicular germ cell tumor.
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example, as mentioned above, in RCCC, 48.98% genes are significantly
co-expressed with DND1, while in RPCC, another kidney cancer subtype,
this number reduces to 10.79% (Fig. 3A and B). These data, together
with various gene co-expression patterns in different cancers, as
described above, indicate that the biological role of DND1 in somatic
cells may be highly cell type-specific.

3.4. DNDI1 correlates with activation or suppression of canonical
biological pathways

To explore the biological implication of genes that significantly co-
express with DND1, we next performed Ingenuity Pathway Analysis.
In each cancer type, more than 10 canonical pathways were identified
and the top ten are shown in Fig. 4A and Suppl. Figure 1. Interestingly,
each cancer type exhibits unique pathway profiles. In PanA, LA, BIC,
BUC, CA and ProA, DND1 expression is mostly associated with pathway
suppression, that is, DND1 expression conversely correlates with the
expression of genes in the according pathways. In contrast, in HCC,
LSCC, and RPCC etc., DND1 expression largely correlates with activation
of pathways (Fig. 4A and Suppl. Figure 2).

Furthermore, comparison analysis was performed across all 15 can-
cer types and unsupervised hierarchical clustering heatmap was gener-
ated (Fig. 4B). Strikingly, PanA, CA, LA, BIC, BUC and ProA exhibit
similar profiles of DNDI-correlated signaling pathway activation and
suppression (Fig. 4B). Furthermore, it is noteworthy that DNDI
expression is associated with activation of a variety of well-known anti-
cancerous pathways such as PPAR signaling [27], PPARa/RXRa acti-
vation [27], apoptosis and PTEN signalings [28] and with deactivation
of pro-cancer pathways such as G-protein coupled receptor pathway
[29], TREM1 signaling [30,31], and the tumor microenvironment
signaling [32-35] (Fig. 4A and B and Suppl. Figure 2). These results are
consistent with the previously reported anti-proliferative and
pro-apoptotic roles of DND1. On the other hand, it is intriguing that
DND1 is also associated with the activation of pro-tumorigenesis path-
ways such as oxidative phosphorylation [36] and RHOGDI signaling
[37], as well as the suppression of phagosome formation etc (Fig. 4B).

Because the DND1-assoicated pathway profiles of PanA, CA, LA, BIC,
and BUC are closely clustered together (Fig. 4B), we next examined
DND1-co-expressed genes that are shared among these five cancer types.
Although among the aforementioned 15 cancers, the top ten genes that
are positively or negatively associated with DNDI in mRNA expression
in each cancer are highly cancer type-specific (Suppl. Table 2), by
examining a larger gene list, we found 787 genes shared by PanA, CA,
LA, BIC, and BUC, which are positively co-expressed with DND1 while
there are 521 common genes that are conversely co-expressed with
DND1 in these five cancer types (q < 0.01; Suppl. Figure 3).

4. Discussion

In this study, by taking advantage of the megadata available on
cBioPortal, we examined the DND1 status in a variety of human cancers,
its association with cancer clinical outcomes and genes significantly co-
expressed with DND1. We also performed integrated analysis of genes
that are significantly co-expressed with DND1 and identified biological
pathways that are potentially impacted by DND1 in human cancer cells.
To our best knowledge, this is the first study that systematically analyzes
DND1 in a large number of human cancer patients across different
cancer types. However, the association between DNDI alteration and
clinical outcomes (Fig. 2) have to be interpreted with caution, as they
can be confounded by many different variables that are not controlled
for in the analyses. Nonetheless, overall, our results indicate that DND1
likely plays a part in human somatic cancer. This study will serve as a
prelude for future experimental investigation of DND1 function in
cancers.

Since DND1 can function in translational regulation by either sta-
bilizing or degrading mRNA [1], identification of a large number of
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genes that significantly co-express with DND1 in human cancers (Fig. 3)
is expected. However, the percentage of significantly co-expressed genes
(SCEQG) varies greatly among different cancer types, from 6.28% in SCM
to 56.9% in BIC, and even between cancer subtypes that originate from
the same organ (e.g, 48.98% in RCCC and 10.79% in RPCC). In addition,
in many of the cancers we examined, the expression of DND1 seems to
predominantly either positively or conversely related with others.
Similarly, the IPA of these co-expressed genes also revealed that DND1 is
mainly associated with pathway activation in some cancers such as HCC,
LSCC and RPCC etc., but deactivation in others such as PanA, LA, BUC
and CA etc. All these data indicate the context-dependence of DND1
function, which may result from the complexity of DND1 regulators and
co-factors.

Further more, our IPA results showed that DND1 is associated with
activation of a variety of well-known anti-cancerous pathways such as
apoptosis and PTEN signaling, and with deactivation of pro-cancer
pathways such as G-protein coupled receptor pathway, TREM1
signaling and the tumor microenvironment pathway (Fig. 4). These re-
sults are consistent with the previously reported anti-proliferative and
pro-apoptotic roles of DND1. However, DND1 seems to also exhibit pro-
cancerous features as it also associates with the activation of oxidative
phosphorylation and RHOGDI signaling. These seemingly contradictory
data suggest DND1 may play dual and opposing roles by exerting anti-
and pro-proliferative effects in cancer cells. Of note, DND1 expression is
associated with tRNA charging and phagosome formation signaling in
multiple cancers (Fig. 4), which also supports the dual role of DND1, as
both these signaling pathways have been indicated to possess both anti-
and pro-tumorigenesis functions [38-40]. Furthermore, although
several in vitro experiments have indicated the tumor suppressive
function of DND1 in cell lines of breast cancer, liver cancer and TSCC
etc., in SW48 colorectal cancer cells, silencing DND1 suppressed cell
proliferation and DND1 overexpression reversed the tumor-suppressive
roles of miR-24, indicating a tumor-promoting role of DND1 [23]. High
DND1 level also indicates a poor prognosis in prostate cancer [41].
Further investigation will be needed to experimentally verify the effects
of DND1 on the signaling pathways identified by the IPA. If the above
proposed dual roles of DND1 indeed exist, it will be important to explore
the molecular mechanisms that decide the alternate roles of DND1. In-
formation from our analysis presented here is one step that could
improve cancer diagnosis and treatment in the future.
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