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Abstract

Objectives: Tumour cell proliferation requires high metabolism to meet the bioen-
ergetics and biosynthetic needs. Dauer in Caenorhabditis elegans is characterized by
lower metabolism, and we established an approach with C elegans to find potential
tumour therapy targets.

Materials and methods: RNAi screening was used to find dauer-related genes, and
these genes were further analysed in glp-1(-) mutants for tumour-suppressing test-
ing. The identified tumour-related genes were verified in clinical tumour tissues.
Results: The lifespan of glp-1(-) mutants was found to be extended by classical dauer
formation signalling. Then, 61 of 287 kinase-coding genes in Caenorhabditis elegans
were identified as dauer-related genes, of which 27 were found to be homologous to
human oncogenes. Furthermore, 12 dauer-related genes were randomly selected for
tumour-suppressing test, and six genes significantly extended the lifespan of glp-1(-)
mutants. Of these six genes, F47D12.9, W02B12.12 and gcy-21 were newly linked
to dauer formation. These three new dauer-related genes significantly suppressed
tumour cell proliferation and thus extended the lifespan of glp-1(-) mutants in a lon-
gevity- or dauer-independent manner. The mRNA expression profiles indicated that
these dauer-related genes trigged similar low metabolism pattern in glp-1(-) mutants.
Notably, the expression of homolog gene DCAF4L2/F47D12.9, TSSK6/W02B12.12
and NPR1/gcy-21 was found to be higher in glioma compared with adjacent normal
tissue. In addition, the high expression of TSSK6/W02B12.12 and NPR1/gcy-21 cor-
related with a worse survival in glioma patients.

Conclusions: Dauer gene screening in combination with tumour-suppressing test in
glp-1(-) mutants provided a useful approach to find potential targets for tumour ther-
apy via suppressing tumour cell proliferation and rewiring tumour cell metabolism.
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Proliferation
1 | INTRODUCTION

Cancer remains one of the leading causes of death due to the late
diagnosis, poor prognosis, metastasis and frequent occurrence of
drug resistance.! Usually, the treatment for tumour is surgery, che-
motherapy, radiotherapy, complemented with immunotherapy and
hormone therapy.?® These various treatments for cancer may have
not been able to fully meet the clinical needs, and they frequently
bring a variety of side effects to patients.*> Therefore, tumour still
needs new treatment strategy.

The most fundamental trait of tumour cells involves their ability
to sustain proliferation.6 In comparison with the normal tissues, high
proliferating tumour cells need large amount of energy and biosyn-
thetic precursors of macromolecules as building blocks for new cells.”
In clinical, patients who carry cancer cells with low proliferation can
survive for relative long periods—in some cases indefinitely—with-
out relapsing.2? In addition, many of us may have in situ tumours,
like breast, prostate and thyroid cancer, without recognizing jt1o1n
These findings suggest that these microscopic tumours are possi-
bly dormant and need other proliferation signals to become lethal
tumours. X

Evidence suggests that metabolism rewiring can suppress can-
cer incidence, delay tumour progression and inhibit metastasis.!?*3
As an example, calorie restriction impairs tumour cell proliferation,
alters expression of cell cycle proteins, modifies tumour suppressor
gene function and disrupts metabolic pathways.}* Therefore, tu-
mour cell metabolism may be a potential target for tumour therapy.
Dormancy is a special process with extremely low metabolism in
nature.’® But there is no suitable model for screening dormancy-re-
lated targets to suppress tumour cell proliferation.

By contrast to tumour cells, dauer, a dormancy in C elegans, which is
characterized by their slow growth, maintains extremely low metabolic
levels. The C elegans spontaneously enter dauer during the develop-
ment of L2/L3 in response to adverse environmental conditions, such
as high temperature, limiting amounts of food.*¢™*® Several signalling
cascades including insulin-like pathway, TGFp-like pathway, steroid
hormone pathway and guanylyl cyclase pathway are documented to
be critical in modulating nematode dauer formation.****2! In addition,
Celegans is a fine model to study tumour. In C elegans, GLP-1 signalling
promotes a proliferative germ cell state and prevents germ cells from
undergoing meiosis.?? Thus, loss of GLP-1 signalling results in a severe
proliferation defect and early meiotic entry, while constitutive activa-
tion yields a germ-line tumour with all germ cells maintaining the germ
cells in the stem cell state.?®?* The expanding germ-line tumour cells
eventually perforate the gonad, invade throughout the worm body and
lead to early animal death.?® Thus, tumour mutant in combination with
dauer in C elegans may present a valuable model to find the targets
suppressing tumour cell proliferation.

Here, we established an approach with C elegans for screening
novel targets that rewire tumour cell metabolism and suppress pro-
liferation. We uncovered dauer formation signals could rewire me-
tabolism and extend the lifespan of glp-1(-) mutants in a longevity- or

dauer-independent manner.

2 | RESULTS

2.1 | Classical dauer formation signals significantly
extended the lifespan of glp-1(-) mutants

It was reported that in glp-1(-) mutants, the germ cells in the early
stage of oogenesis could re-enter into the mitotic cell cycle and
overproliferate, making them resemble the overproliferation of tu-
mour cell and shortening the lifespan of patients.??2% In this study,
we tested whether the short lifespan in glp-1(-)mutants could be ex-
tended by the classical dauer formation signals, which inhibit insulin-
like pathway,?! guanylyl cyclase pathway,262 TGFp-like pathway?’
and steroid hormone pathway, respectively.30 As shown in Figure 1A,
we found glp-1(-) mutants suffered a shorter lifespan compared with
N2 (glp-1(+)) worms. Next, we knock down daf-2, daf-1, daf-14, daf-11
and tax-2 by RNAI, respectively, which led to the activation of dauer
formation pathway. Compared to L4440 RNAI in glp-1(-) mutants,
these dauer formation signals extended the mean survival rate of
glp-1(-) mutants by 114.28%, 28.57%, 28.57%, 42.86% and 42.86%,
respectively, for daf-2, daf-1, daf-14, daf-11 and tax-2 (Figure 1B-F,
Table S1), and all the P values for each dauer formation signal in three
independent trials were <.001 (Table S1), indicating a solid contribu-
tion of dauer formation signals to the lifespan extension in glp-1(-)

mutants.

2.2 | Classical dauer formation signals suppressed
germ cell proliferation

Next, we asked whether these classical dauer formation signals
extend the lifespan via suppressing the germ cell excessive prolif-
eration in glp-1(-) mutants. We knocked down these dauer forma-
tion signals in these worms, then dissected the entire gonads at
day 4 of adulthood and detected the germ cell number with DNA-
intercalating dye DAPI. Our results showed that glp-1(-) mutants had
more undifferentiated germ cells than glp-1(+) worms (Figure 2A,B).
Furthermore, knockdown of daf-2, daf-1, daf-14, daf-11 and tax-2
resulted in reduced undifferentiated germ cells compared with the
counterparts feeding with L4440 in glp-1(-) mutants (Figure 2A,B,
Table S2), and all the P values were less than .001. Collectively, these
data suggested that activation of classical dauer formation signals

suppressed tumour cell proliferation.

2.3 | Three novel dauer-related genes extended the
lifespan of glp-1(-) mutants

Most of the homologous of classic dauer signals in human had an-
titumour effect, as shown in Table 1. Hence, we used the glp-1(-)
mutants to screen novel genes capable of suppressing tumour cell
proliferation. Protein kinases play an indispensable role in regulating
cell proliferation and function, which makes them perfect targets for

screening tumour-related genes.3133
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Worms encode about 438 kinase-coding genes.>*3> To screen
these genes, an RNAI library contains 287 kinase-coding genes
were established (Figure 3A). We optimized conditions for RNAI
library screening and performed the screening (see Figure S1).
Sixty-one genes were identified to promote dauer formation after
RNA: (Figures 3B, 4A), of which 27 human homologs genes were
well-studied oncogenes (Table 2), demonstrating the potential
value of this screening approach. Then, we randomly selected 12
genes for further evaluation. As a result, knockdown of cam-1, par-1,
cdk-5, W07G4.3, Y38H6C.20 and sel-5 showed no effect on lifespan
extension in glp-1(-) mutants (Figures 3B, 4B), while knockdown
of genes including aak-2, akt-2, let-23, F47D12.9, W02B12.12 and
gcy-21 extended the lifespan of glp-1(-) mutants (Figures 3B, 4C).
Interestingly, F47D12.9, W02B12.12 and gcy-21 were first identi-
fied to be involved in dauer formation. To confirm our finding, we
knock down these three genes, respectively, as a consequence, the
survival of glp-1(-) mutants was significantly increased, and all the
P values were <.001(Figure 5A-C, Table S3). Furthermore, at day
4 of adulthood, these worms had less germ cell than glp-1(-) mu-
tants feeding with L4440, (Figure 5D, Table S4), this was associated
with the decreased cell proliferation (Figure 5E), and all the P values
were <.001.

Time(days of adulthood)

2.4 | The lifespan extension of dauer-related genes
in glp-1(-) mutants was independent of longevity and
dauer period

Most of classical dauer formation signals were reported to extend the
lifespan of glp-1(+) worms; Kenyon et al® had demonstrated that lon-
gevity signals could inhibit tumour growth. The glp-1(-) mutants in our
study were in the background of N2 (glp-1(+)) worms. To test whether
these three dauer-related genes have inherent longevity effect, we
knockdown these genes in glp-1(+) worms, respectively, and no longev-
ity effect was observed (Figure 6A-F, Table S5), which suggested the
lifespan extension in glp-1(-) mutants was independent of longevity.
The dauer occurs in the L2/L3 larval stage.*”*’ To determine
whether the dauer period contributes to lifespan extension in glp-1(-)
mutants, we knock down daf-2, gcy-21, F47D12.9 and W02B12.12 in
glp-1(-) mutants at different development stages including L1, L2,
L3, L4, day 1 and day 4 of adulthood (Figure 7), We found the knock-
down of these genes extended the lifespan of glp-1(-) mutants at all
developmental stages, and all the P values for each dauer-related
gene were <.001 (Figure 7A-E, Table Sé). These data showed that
these dauer-related genes extend the lifespan of glp-1(-) mutants in-

dependent of dauer stage.
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Dauer genes Homologous genes Clinical application

TABLE 1 The homolog genes of dauer
formation genes in clinical

Chronic lymphocytic leukaemia,”* metastatic
Ewing family tumours,”® pancreatic cancer’®

Multiple myeloma, gastric cancer, ovarian’®
79

daf-2 IGF-1

daf-1 ACVRIC Retinoblastoma’”

akt-2 AKT

tax-2 CNGB3 Peritoneal endometriosis

let-23 EGFR Colorectal cancer®28°

aak-1 PRKAA1 Chronic myelomonocytic leukaemia

2.5 | Dauer-related genes rewired metabolism
pathways in the glp-1(-) mutants

To investigate the molecular mechanisms underlying the antitumour
effect of dauer-related genes, we compared their transcriptome pro-
files in worms. As shown in Figure S2A, compared to glp-1(+) worms,

the glp-1(-) mutants had 5364 differentially expressed genes, of

81

which 2514 genes were downregulated and 2850 genes were upreg-
ulated. In the glp-1(-) mutants, 86, 32, 102, 38 downregulated genes
and 1022, 36, 102, 84 upregulated genes were identified after the
knockdown of daf-2, gcy-21, F47D12.9 and W02B12.12, respectively
(Figure S2B-E).

Next, we analysed the differentially expressed genes. RNA-

related metabolism and processing were found to be significantly
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which can spontaneously enter the stage of dauer larva under certain temperature. Various colours represent different RNAi clones from
the single-gene knockout RNAi library. B, The working flow of screens and subsequent retests

increased glp-1(-) mutants when compared to glp-1(+) worms evi-
denced by Gene Ontology analysis, while this increment was reduced
in daf-2 RNAI groups (Figures S3 and S4). As shown in Figures S3
and S5, oxidoreductase activity was upregulated in glp-1(-) mutants
and it was reduced in gcy-21 RNAI group. Glp-1(-) mutants increased
the structural molecule activity and transferase activity, while the
knockdown of F47D12.9 or W02B12.12 reversed them (Figures S3,
S6 and S7).

Furthermore, to better understand how dauer-related genes affect
tumour, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis was performed. As shown in Figure 8, compared
to glp-1(+) worms, glp-1(-) mutants upregulated glycolysis, amino acid
metabolism, fat acid elongation, RNA polymerase, ribosome biogen-
esis, peroxisome and lysosome. However, these upregulated cellular
metabolisms were reversed by the RNAI of daf-2, gcy-21, F47D12.9
or W02B12.12. In addition, glp-1(-) mutants downregulated fatty acid
degradation, drug metabolism, autophagy, mitophagy, longevity reg-
ulating pathway, phagosome, which were also reversed by the RNAI
daf-2, gcy-21, F47D12.9 or W02B12.12. Generally, our data indicated
that these dauer-related genes rewired similar metabolism pattern in

glp-1(-) mutants.

2.6 | NPR1/gcy-21 and TSSK6/W02B12.12 were
unfavourable prognostic indicators in glioma patients

Gey-21, F47D12.9 and WO02B12.12 are homologous to NPR1,
DCAF4L2 and TSSKé in human, respectively.40 To translate our find-
ings from C elegans models to human individuals, we first investigated
whether the antitumour effect of these three genes was parallel in
human. Using the TCGA data sets, we found that NPR1, DCAF4L2
and TSSKé were overexpressed in glioma samples compared with
adjacent normal tissues in human (Figure 9A). In Figure 9B, the clus-
ter analysis revealed that NPR1, DCAF4L2 and TSSKé were signifi-
cantly upregulated in classical and mesenchymal subtypes of glioma.
Next, we evaluated the prognostic values of NPR1, DCAF4L2 and
TSSK6 in human glioma patients by Kaplan-Meier analysis. Patients
with higher expression of NPR1 or TSSKé suffered shorter overall
survival (Figure 9C), while DCAF4L2 had no statistical significance
(Figure S8). Furthermore, we detected the NPR1 protein expres-
sion levels in glioma tissues. Consistent with the above results,
NPR1 was overexpressed in these patients and the expression level
was positive correlated with tumour grade (Figure 9D-F). Taken to-
gether, these results demonstrated that NPR1 and TSSKé may be
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FIGURE 4 Kinases promote dauer formation and extend the lifespan of glp-1(-) mutants by RNAI. A, A genomewide screen of the
Escherichia coli HT115 single-gene knockout library identified 61 genes that promote dauer formation by >20% (P < .05, log-rank test).
The dauer-promoting genes presented in daf-2(e1370) mutants at 22°C. Randomly selected 12 genes were knocked down (B, C) in glp-1(-)
mutants, and the survival per cent was detected. Six of these genes did not extend the lifespan of glp-1(-) mutants (B), while the remaining

six genes extended the lifespan of the glp-1(-) mutants (C)

unfavourable prognostic factors and therapeutic targets for glioma
patients.

3 | DISCUSSION

The primary characteristic of tumour cells is highly proliferation and
active energy metabolism.® Previous studies indicated that reduced
metabolism, such as calorie restriction, could inhibit tumorigenesis
and progression.*>!* Dormancy is a special process with extremely

low metabolism in nature. Based on these two opposite metabolism

states, we proposed that the activation of dormancy could sup-
press tumour progression. By using C elegans, we found that related
genes significantly extended the lifespan of glp-1(-) mutants via sup-
pressing the germ cell proliferation and their human homolog genes
had potential antitumour effect. This result suggested dauer gene
screening in combination with tumour-suppressing test in glp-1(-)
mutants provided a useful approach for antitumour target screening.

Given that protein kinases are a large family of enzymes and con-
trol many basic bioactivity including cell proliferation and cycling.**
Part of protein kinase has been considered to be oncogenic, as their

transforming activity can determine the survival and proliferation of
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TABLE 2 The homologous genes of dauer-related genes in
regulating tumour cell proliferation and metabolism

Dauer- Homologous
related genes  genes Related research in Tumour
akt-2 AKT2 PTEN-deficient tumours®?
CO6E8.3 PIM3 Pancreatic cancer®®
C01G6.8 ROR1 Chronic lymphocytic leukaemia 8
F38E9.5 TWF1 Lung adenocarcinoma
T05G5.3 CDK1 Melanoma %
C07G1.3 CDK16 Hepatocellular carcinoma &
F29C4.1 ACVR1C Retinoblastoma’”
M176.6 AXL Melanoma®
C44H4.6 GSK3B Pancreatic cancer®’
F22E5.3 NPR1 Breast cancer”®
T01C8.1/ PRKAA1 Gastric cancer”!

aak-1
T27E9.3 CDK-5 Glioma??
F46F2.2 CSNK1D Breast cancer”®
€05D10.2 MAPK15 Chronic myeloid leukaemia™
ZK370.5 PDK1 Breast cancer””
7C123.4 CDK14 Oesophageal cancer”
B0495.2 CDK11B Cholangiocarcinoma’’
H01G02.2 CDK20 Hepatocellular carcinoma’®
K09B11.1 Irak4 Chronic lymphocytic leukaemia®®
T06C10.3 FER Melanoma'®®
R90.1 TTBK2 Glioma'®*
ZC404.9 MAP4K3 Lung cancer'®?
F46F6.2 PKN3 Prostate cancer!®®
ZK1067.1/ ERBB4 Gastric cancer'®*

let-23
Y105E8A.8 WRAP53 Colorectal cancer %
F47D12.9 DCAF4L2 Colorectal cancer®
€04G6.1 MAPK?7 Osteosarcoma'®®

cancer cells.***3 Kinase-specific inhibitors had high selectivity, effi-
ciency and mild side effects than the cytotoxic drugs for chemother-
apy.*** Using this approach, the well-known oncogenes (Tables 1
and 2), such as akt-2 and let-23, could be recognized. Akt-2 encodes
a homolog of the serine/threonine kinase AKT/PKB, drugs that tar-
get the phosphoinositide 3-kinase (PI3K)/AKT pathway, which is
frequently mutated in both solid tumours and haematologic malig-
nancies.**%” Let-23, an ortholog of human EGFR (epidermal growth
factor receptor), is predicted to have epidermal growth factor-acti-
vated receptor activity and is involved in several processes includ-
ing determination of adult lifespan, male genitalia development and
nematode larval development.*®! EGFR is a verified therapeutic
target; antibody drugs such as cetuximab and panitumumab, which
target the transmembrane protein epidermal growth factor recep-
tor (EGFR), have made a major step forward in the treatment of

cancer. 52,53

Proliferation

Intriguingly, our approach screened out three novel dauer-re-
lated genes, namely F47D12.9, W02B12.12 and gcy-21, which could
significantly extend the lifespan of glp-1(-) mutants via suppressing
tumour cell proliferation. The functions of these three genes in C el-
egans were not yet clear and these genes were conserved in human
beings. We found that their homologous genes NPR1, DCAF4L2 and
TSSKé6 were highly expressed in glioma patients and patients with
high NPR1 and TSSKé predicted a short survival.

Studies reported that NPR1/gcy-21 is the receptor for the cardiac
hormone atrial natriuretic peptide, and it has been reported to be
highly expressed in cancer cells such as lung cancer, prostate cancer
and ovarian cancer.’* The high expression and signalling of NPR1 are
important for tumour growth; its deficiency protects C57BL/6 from
lung, skin and ovarian cancers.’® Nojiri et al*®> showed that atrial na-
triuretic peptide prevents cancer metastasis by suppressing the in-
flammatory reaction. DCAF4L2/F47D12.9 is a member of WD-repeat
proteins. Wang et al*® found elevated DCAF4L2 expression in col-
orectal cancer was significantly correlated with clinical stage and it
was an independent prognosis factor for survival. TSSK6/W02B12.12
is a member of the serine/threonine protein kinase family, and it has
been described as testis-specific due to effects on fertility.>” Li et al®
discovered TSSKé6 expression levels were positively correlated with
T-cell diversity in multiple cancers and TSSKé could be a putative vac-
cine target in multiple cancer types. Overall, these three new genes
are worth for further evaluation in tumour patients.

Current targets for tumour therapy could induce multiple side ef-
fects, indicating that targets with more safety are needed for treat-
ing cancers. There is no successful target therapy for glioma, and
chemotherapy or radiotherapy is still the major strategy for glioma
clinical treatment.”” P53 is a potential target to suppress tumour;
however, P53 caused progeria in mouse.’® Our results suggested
NPR1/gcy-21 and TSSK6/W02B12.12 might be potential targets for
glioma therapy via suppressing tumour cell proliferation (Figure 5).
As an example, NPR1 interacts with atrial natriuretic peptide, which
is an endogenous and physiological peptide, and atrial natriuretic
peptide has significant antitumour effect in multiple cancers such
as pancreatic cancer, breast cancer, small cell lung cancer, prostate
cancer and colorectal cancer.642

Notably, NPR1 and TSSKé were highly correlated with the unfa-
vourable prognosis of glioma patients and could be suitable prognostic
indicators in glioma; these need to be confirmed by large clinical sam-
ples detection. NPR1 protein expression was increased in gastric, lung,
skin, and ovarian tumours.>**® However, TCGA data sets showed that
the mRNA expression of NPR1 has no significant difference in mul-
tiple cancers versus normal tissues. Generally, the mRNA expression
level of genes was not always consistent with protein expression level,
this non-consistence of NPR1 expression at mRNA and protein level
suggested that the regulation of NPR1 is complicated and the protein
level modulations such as epigenetic regulation and post-translation
modifications possibly play important role in these tumours. In addi-
tion, the mRNA expression of TSSKé is increased consistently in mul-
tiple tumours; however, its protein level in tumour tissues is unknown.

Overall, few molecular biological works have been performed for the
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FIGURE 5 Dauer-related genes extend the lifespan of glp-1(-) mutants and reduce germ cell number in glp-1(-) mutants. (A-C) The
lifespan curves of gcy-21 RNAI (A), F47D12.9 RNAI (B), W02B12.12 RNA: in glp-1(-) mutants. Adult animals were stained with the DNA-
intercalating dye DAPI. Left panels, the whole gonad. Right panels, midpoints of the gonad arms. (D) glp-1(-) mutants lack oocytes and have
many undifferentiated germ cells in their gonads. Knockdown of gcy-21, F47D12.9 and W02B12.12, they have far fewer undifferentiated
germ cells and maintain the integrity of their gonads. Representative of n = 3 independent experiments. E, Knockdown of gcy-21, F47D12.9
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regulation of these two genes till now; the detailed mechanisms are
under investigation. These findings just provide clues for glioma target
therapy, which requires a lot of work to verify its function and reveal
its mechanisms in human glioma cell and mouse.

In this study, we found that dauer-related genes could extend
the lifespan of glp-1(-) mutants and this extension was independent
of dauer stage and longevity (Figures 6 and 7), which suggests that
these genes could directly suppress the tumour cell proliferation
and could be potential targets for tumour clinical therapy. The pro-
files of mMRNA expression showed that knockdown of daf-2, gcy-21,
F47D12.9 and W02B12.12 shared similar characters of low metabo-

lism in bioenergetics and biosynthetic needs compared to controls in

glp-1(-) mutants, and the rewired metabolism after the knockdown
of gcy-21/NPR1 and W02B12.12/TSSKé6 possibly contributes to their
antitumour effect. For example, we found knockdown of daf-2, gcy-
21, F47D12.9 and W02B12.12 increased the fatty acid degradation
in glp-1(-) mutants. It has been reported that in cancer patients in-
creased fatty acid degradation can suppress tumour development.64
Consistently, the level of fatty acid degradation was increased in low
metabolic states, such as dormancy or fasting.’>% These results
suggested that dauer-related genes in glp-1(-) mutants exert antitu-
mour effects by rewiring tumour cell metabolism.

The experimental strengths and the similarities between the cel-

lular and molecular processes present in C elegans and other animals
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across evolutionary time (metabolism, organelle structure and func- But no model organism can be used to answer all the research ques-
tion, gene regulation, protein biology, etc) have made C elegans an ex- tion, and working with C elegans has some limitations, for instance,
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cellent organism with which to study general metazoan biology. C elegans lacks many genes that regulate cascades.”® C elegans as a
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good model for research in vivo, however, there are no C elegans cell
lines exist. So our findings should be validated in higher eukaryotic
model organisms, such as mammalian tumour cell lines and mice.
Conclusively, we found that dauer-related gene extends the lifes-
pan of glp-1(-) mutants via suppressing the tumour cell proliferation
and rewiring tumour cell metabolism. This work indicated that dauer
gene screening in combination with tumour-suppressing test in glp-1(-)
mutants provided a useful approach for antitumour target screening.

4 | METHODS
4.1 | Nematode strains and culture

We used the following strains in this study: wild-type N2, CF1370
daf-2(e1370), CF1038 daf-16(mu86), GC833 glp-1(ar202) were
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Biosynthesis of amino acids

Sphingolipid metabolism

Ribosome biogenesis in eukaryotes

ErbB signaling pathway

FoxO signaling pathway

MAPK signaling pathway

mTOR signaling pathway

Autophagy - animalAutophagy - animal

| Drug metabolism - cytochrome P450

Longevity regulating pathway - worm
-Fatty acid degradation

Longevity regulating pathway - multiple species
Drug metabolism - other enzymes

Metabolism of xenobiotics by cytochrome P450

Ubiquitin mediated proteolysis

obtained from the Caenorhabditis Genetics Center. Worms are
cultivated on standard NGM plates with Escherichia coli OP50.
Nematodes were cultured at 20°C, except as noted below for

temperature-sensitive.

4.2 | Worm RNAI by feeding

RNAi was performed essentially as per.! Single colonies of HT115
bacteria containing L4440 plasmids with cloned fragments cor-
responding to target genes were from RNAI feeding libraries. Each
RNAI reagent was verified by DNA sequencing except for screening.
Young adult hermaphrodites were placed onto NGM plates seeded
with dsRNA-expressing or empty vector control bacteria (RNAi feed-
ing plate). After overnight incubation, worms were transferred to an

identical fresh RNAI feeding plate and allowed to lay eggs for 2 hours.
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FIGURE 9 NPR1, DCAF4L2 and TSSKé expression is increased in glioma, and elevated NPR1 or TSSKé expression is a prognostic
indicator of poor survival in patients with classical glioma. A, NPR1, TSSK6 and DCAF4L2 mRNA expression in multiple tumour tissues
and normal tissues based on RNA-Seq data from the TCGA. Log2-normalized read count (TPM) is shown. TPM, transcripts per kilobase of
exon model per million mapped reads. B, mMRNA expression of NPR1, DCAF4L2 and TSSKé was analysed in glioma tissues from the TCGA
data sets. C, Kaplan-Meier survival curve analysis indicated that patients with NPR1 and TSSKé overexpression had a significantly shorter
overall survival in the classical subtype of glioma. D, E, NPR1 protein expression levels were elevated in primary glioma patient samples. F,

Immunohistochemical staining of NPR1 in glioma tissue

4.3 | Lifespan analysis

Lifespan was measured following previous protocols.®® For lifes-
pan assays, we picked about 90 animals as L4 larvae at t = O,
and we transferred worms to OP50-seeded or RNAi feeding
plates (roughly 30 animals per plate) approximately every other
day until the end of the reproductive period. Dead worms were
counted every other day until all worms were dead. Worms that
were missing or that died from extruded internal organs or from
internally hatched progeny were censored and statistically in-
corporated into the lifespan analyses. All lifespan experiments
were performed at 25°C. We generated lifespan curves using
GraphPad Prism 7, and we determined P values using the Mantel-
Cox log-rank test. Each lifespan experiment was repeated at least
three times.

4.4 | Fluorescence microscopy

For DAPI nuclear staining, gonads were dissected, fixed and stained
with DAPI as described.?¢7? Intact worms were fixed in cold (-20°C)
methanol for 5 minutes. Fixed worms were washed twice in modi-
fied M9 buffer (M9 without Mg2+), incubated 30 minutes in 100 ng/
mL DAPI in modified M9 and washed two to three times in modified
M9. To prepare dissected gonad preparations, animals of the desired
age were picked onto a fresh plate containing no bacteria, immersed
in 2 mL of phosphate-buffered saline (PBS) containing 0.25 mM
levamisole and transferred to a circular glass dish (3 cm diam and
1.5 cm deep). Worms were decapitated by slicing with two 25-gauge
syringe needles in the head region, which results in gonad extru-
sion. The preparations were fixed in 3 mL of 3% formaldehyde, 0.1 M
K2HPO04 (pH 7.2) for 2 hours Using a capillary pipette, worms with
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attached extruded gonads were transferred onto a 2% agarose pad

covering most of a glass slide. After removing excess liquid with a
capillary, extruded gonads were manipulated for optimal positioning
with a drawn capillary and then overlaid with a 25 x 50-mm cov-
erslip. Z-stack images were acquired for the same region in entire
gonad, with a 20x water objective at 2-pm intervals using a Leica
Confocal Microscope. The germ cells in at least three worms for each
group were detected and summarized for three independent trials.
To quantify C elegans germ cell nuclear numbers, each entire z-stack
was loaded into FUJI as a single lei file. Then, we selected the Z-stack
image demonstrating the DAPI-stained germ cells in the entire gonad
arm for germ cell number analysis. If the two gonads were uneven
size, germ cells from both gonads were measured and averaged. The
average number was used to compare between groups. To distin-
guish undifferentiated germ cells from oocytes, only the undiffer-
entiated proliferation germ cells, which exit pachytene, presenting

nuclei fully enclosed by plasma membrane, have been detected.”®

4.5 | Quantitative RT-PCR

More than 400 well-fed synchronized worms on day 1 were collected
into 1.5-mL tube and washed at least three times with M9 buffer.
Total RNA was extracted with Trizol reagent (Invitrogen).1 ug of total
RNA was reverse-transcribed in 20 pL using the PrimeScript™ RT
reagent Kit with gDNA Eraser (TaKaRa). Real-time RT-PCR was car-
ried out using the 7300 Real Time PCR System (Applied Biosystems)
using PowerUp™ SYBR™ Green Master Mix (Applied Biosystems™).
Expression level of each sample was standardized to C elegans actin
endogenous control standard.®*' The following specific primers
used were 5-TCTTCGTCGCATCACAACCATCAC-3' (forward) and
5" GATCGCCTTGACTGCTACAACTCG-3' (reverse) for W02B12.12,
product size was 195 bp, 5-CTCGTGTGGACGCTGATGTTACC-3'
(forward) and 5 - TGGTGAGTTGAGTGTTGGCATAGC-3'
(reverse) for F47D12.9, product size was 152  bp,
5-CAGTGGCTGGAGGCTTCAAGTG-3' (forward) and
5'-AGATGTTGGCACCGATGTTCAGAG-3' (reverse) for gcy-21, prod-
uct size was 136 bp, 5'-CCCAATCCAAGAGAGGTATCCTT-3' (for-
ward) and 5 AGGTGTGATGCCAGATCTTCTCCA-3’ (reverse) for
act-1 as control, and product size was 120 bp. All these genes were
annealed at 60°C. The folds of changes were shown as means + SD.

in three independent experiments with each triplicate.

4.6 | Library preparation for
Transcriptome sequencing

A total amount of 3 pg RNA per sample was used as input material for
the RNA sample preparations. Sequencing libraries were generated
using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB)
following the manufacturer's recommendations and index codes

were added to attribute sequences to each sample. PCR products

were purified (AMPure XP system) and library quality was assessed
on the Agilent Bioanalyzer 2100 system.

The clustering of the index-coded samples was performed on
a cBot Cluster Generation System using TruSeq PE Cluster Kit v3-
cBot-HS (lllumia) according to the manufacturer's instructions. After
cluster generation, the library preparations were sequenced on an
lllumina Hiseq platform and 125/150 bp paired-end reads were
generated.

4.7 | Data filtering

Raw data (raw reads) of fastq format were firstly processed through
in-house perl scripts. The raw data obtained by sequencing contain
a small number of reads with sequencing linker or low quality se-
qguencing. In order to ensure the quality and reliability of data analy-
sis, the original data need to be filtered. The content of the filtering
is as follows. Remove low quality reads (Qphred < 20 the number
of bases in the read length face = 50% above reads). In this step,
clean data (clean reads) were obtained by removing reads contain-
ing adapter, reads containing ploy-N and low quality reads from raw
data. At the same time, the contents of Q20, Q30 and GC in the
clean data were calculated. All the downstream analyses were based

on the clean data with high quality.

4.8 | Data analysis

Reference genome and gene model annotation files were down-
loaded from genome website directly (ftp://ftp.ensembl.org/pub/
release-88/fasta/caenorhabditis_elegans/). Index of the reference
genome was built using Hisat2 v2.0.5, and paired-end clean reads
were aligned to the reference genome using Hisat2 v2.0.5.

Differential expression analysis of two conditions/groups (two
biological replicates per condition) was performed using the DESeq2
R package (1.16.1). DESeqg2 provides statistical routines for deter-
mining differential expression in digital gene expression data using
a model based on the negative binomial distribution. The resulting
P-values were adjusted using the Benjamini and Hochberg's ap-
proach for controlling the false discovery rate. Genes with an ad-
justed P-value < .05 found by DESeq2 were assigned as differentially
expressed.

4.9 | GO and KEGG enrichment analysis of
differentially expressed genes

Gene Ontology (GO) enrichment analysis of differentially expressed
genes was implemented by the clusterProfiler R package, in which
gene length bias was corrected. GO terms with corrected P value
<.05 were considered significantly enriched by differential ex-

pressed genes.


ftp://ftp.ensembl.org/pub/release-88/fasta/caenorhabditis_elegans/
ftp://ftp.ensembl.org/pub/release-88/fasta/caenorhabditis_elegans/

MAO ET AL.

Cell

KEGG is a database resource for understanding high-level
functions and utilities of the biological system, such as the cell, the
organism and the ecosystem, from molecular-level information,
especially large-scale molecular datasets generated by genome
sequencing and other high-through put experimental technologies
(http://www.genome.jp/kegg/). We used clusterProfiler R pack-
age to test the statistical enrichment of differential expression
genes in KEGG pathways.

4.10 | Sample collection

We included all available tumour samples from TCGA (https://tcgad
ata.nci.nih.gov). In addition, 77 glioma tumour samples and three
non-neoplastic normal brain tissues were obtained from Fudan
University Minhang Hospital. All the samples were histologically
graded according to the 2007 WHO Classification of Nervous
System Tumors. The protocol was approved by the ethics commit-
tee of Minhang Hospital, and informed consent was signed by all
participants.

4.11 | Immunohistochemistry

The immunohistochemical analysis was performed on the 4-mm-
thick fraction mounted on slides and sectioned from each tumour
sample. Then, each slide was deparaffinized in 60°C, followed by
treatment with xylene and graded alcohol. After the antigen re-
trieval and being blocked with 5% bovine serum albumin, tissue
slides were incubated with antibodies overnight at 4°C against NPR1
(1:50, Invitrogen, PA5-29049), DCAF4L2 (1:100, Proteintech, 21571-
1-AP) and TSSK6 (1:50, HO0083983-M02) respectively, followed by
the addition of the appropriate biotinylated secondary antibody
for 30 minutes at room temperature. Each specimen was assigned
a score according to the intensity of the staining (no staining = O;
weak staining = 1; moderate staining = 2; strong staining = 3) and the
extent of stained cells (0% = 0, 1-24% = 1, 25-49% = 2, 50-74% = 3,
75-100% = 4). The final immunoreactive score was determined by
multiplying the intensity score with the extent of score of stained

cells, ranging from O (the minimum score) to 12 (the maximum score).

ACKNOWLEDGEMENTS

This work is supported by grants from National Natural Science
Foundation of China (81872245 and 81803601), Fundamental
Research Funds for Minhang Hospital (2020MHJC12) and grants
from Shanghai Sailing Program (17YF1416700).

CONFLICT OF INTEREST
No conflict of interest was declared.

AUTHOR CONTRIBUTION
MYQ, HSF, ZSL and WLS designed the experiments; MYQ, HSF,
ZSL, ZZY, KCY, CHL, LZM, CPR and HB performed experiments and

Proliferation

statistical analysis; MYQ and ZSL wrote the manuscript; MYQ, ZSL
and WLS revised manuscript. MYQ, HB and WLS provided funding
support.

DATA AVAILABILITY STATEMENT

The authors declare that all the data supporting the findings of
this study are available within the article and its Supplementary
Information files and from the corresponding authors on reasonable

request.

ORCID

Li-Shun Wang https://orcid.org/0000-0003-3972-683X

REFERENCES

1. ColakS, Medema JP. Cancer stem cells-important players in tumor
therapy resistance. FEBS J. 2014;281:4779-4791.

2. Miller KD, Siegel RL, Lin CC, et al. Cancer treatment and survivor-
ship statistics, 2016. CA: Cancer J Clin. 2016;66:271-289.

3. Riley RS, June CH, Langer R, Mitchell MJ. Delivery technologies for
cancer immunotherapy. Nat Rev Drug Discovery. 2019;18:175-196.

4. Davis ME. Glioblastoma: overview of disease and treatment. Clin J
Oncol Nurs. 2016;20:52-S8.

5. Rothenberg ML, Carbone DP, Johnson DH. Improving the evalua-
tion of new cancer treatments: challenges and opportunities. Nat
Rev Cancer. 2003;3:303-309.

6. Hanahan D, Weinberg RA. Hallmarks of cancer: the next genera-
tion. Cell. 2011;144:646-674.

7. Pavlova NN, Thompson CB. The emerging hallmarks of cancer me-
tabolism. Cell Metab. 2016;23:27-47.

8. Meng S, Tripathy D, Frenkel EP, et al. Circulating tumor cells in pa-
tients with breast cancer dormancy. Clin Cancer Res: Off J Am Assoc
Cancer Res. 2004;10:8152-8162.

9. Quesnel B. Dormant tumor cells as a therapeutic target? Cancer
Lett. 2008;267:10-17.

10. Folkman JKR. Cancer without disease. Nature. 2004;427:787.

11. Harach HR, Franssila KO, Wasenius V-M. Occult papillary carci-
noma of the thyroid. A “normal” finding in Finland. A systematic
autopsy study. Cancer. 1985;56:531-538.

12. Nencioni A, Caffa I, Cortellino S, Longo VD. Fasting and cancer:
molecular mechanisms and clinical application. Nat Rev Cancer.
2018;18:707-719.

13. Pietrocola F, Pol J, Vacchelli E, et al. Caloric restriction mi-
metics enhance anticancer immunosurveillance. Cancer Cell.
2016;30:147-160.

14. Kopeina GS, Senichkin VV, Zhivotovsky B. Caloric restriction - a
promising anti-cancer approach: from molecular mechanisms to
clinical trials. Biochim Biophys Acta. 2017;1867:29-41.

15. Wang SH, Lin SY. Tumor dormancy: potential therapeutic target in
tumor recurrence and metastasis prevention. Exp Hematol Oncol.
2013;2:29.

16. Malone EA, Thomas JH. A screen for nonconditional dauer-constitu-
tive mutationsin Caenorhabditis elegans. Genetics. 1994;136:879-886.

17. Golden JW, Riddle DL. The Caenorhabditis elegans dauer larva: de-
velopmental effects of pheromone, food, and temperature. Dev
Biol. 1984;102:368-378.

18. Cassada RC, Russell RL. The dauerlarva, a post-embryonic devel-
opmental variant of the nematode Caenorhabditis elegans. Dev Biol.
1975;46:326-342.

19. Viney ME, Gardner MP, Jackson JA. Variation in Caenorhabditis el-
egans dauer larva formation. Dev Growth Differ. 2003;45:389-396.

20. Riddle DL, Swanson MM, Albert PS. Interacting genes in nematode
dauer larva formation. Nature. 1981;290:668-671.


http://www.genome.jp/kegg/
https://tcgadata.nci.nih.gov
https://tcgadata.nci.nih.gov
https://orcid.org/0000-0003-3972-683X
https://orcid.org/0000-0003-3972-683X

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

et

MAO ET AL.

Proliferation
Gottlieb S, Ruvkun G. daf-2, daf-16 and daf-23: genetically inter-
acting genes controlling Dauer formation in Caenorhabditis ele-
gans. Genetics. 1994;137:107-120.
Austin J, Kimble J. glp-1 is required in the germ line for regula-
tion of the decision between mitosis and meiosis in C. elegans. Cell.
1987;51:589-599.
Berry LW, Westlund B, Schedl T. Germ-line tumor formation
caused by activation of glp-1, a Caenorhabditis elegans member of
the Notch family of receptors. Development. 1997;124:925-936.
Pepper AS, Killian DJ, Hubbard EJ. Genetic analysis of
Caenorhabditis elegans glp-1 mutants suggests receptor interaction
or competition. Genetics. 2003;163:115-132.
Pepper AS, Lo TW, Killian DJ, Hall DH, Hubbard EJ. The estab-
lishment of Caenorhabditis elegans germline pattern is controlled
by overlapping proximal and distal somatic gonad signals. Dev Biol.
2003;259:336-350.
Coburn CM, Mori I, Ohshima Y, Bargmann CI. A cyclic nucleo-
tide-gated channel inhibits sensory axon outgrowth in larval and
adult Caenorhabditis elegans: a distinct pathway for maintenance of
sensory axon structure. Development. 1998;125:249-258.
Thomas JH, Birnby DA, Vowels JJ. Evidence for parallel pro-
cessing of sensory information controlling dauer formation in
Caenorhabditis elegans. Genetics. 1993;134:1105-1117.
Birnby DA, Link EM, Vowels JJ, Tian H, Colacurcio PL, Thomas
JH. A transmembrane guanylyl cyclase (DAF-11) and Hsp%90
(DAF-21) regulate a common set of chemosensory behaviors in
Caenorhabditis elegans. Genetics. 2000;155:85-104.
Patterson GI, Padgett RW. TGF beta-related pathways. Roles
in  Caenorhabditis elegans development. Trends Gen: TIG.
2000;16:27-33.
Albert PS, Riddle DL. Mutants of Caenorhabditis elegans that form
dauer-like larvae. Dev Biol. 1988;126:270-293.
Kondapalli L, Soltani K, Lacouture ME. The promise of molecular
targeted therapies: protein kinase inhibitors in the treatment of
cutaneous malignancies. J Am Acad Dermatol. 2005;53:291-302.
Garcia-Aranda M, Redondo M. Protein kinase targets in breast
cancer. Int J Mol Sci. 2017;18:2543.
Walker I, Newell H. Do molecularly targeted agents in oncology
have reduced attrition rates? Nat Rev Drug Discovery. 2009;8:15-16.
Plowman GD, Sudarsanam S, Bingham J, Whyte D, Hunter T.
The protein kinases of Caenorhabditis elegans: a model for signal
transduction in multicellular organisms. Proc Natl Acad Sci USA.
1999;96:13603-13610.
Bingham J, Plowman GD, Sudarsanam S. Informatics issues in
large-scale sequence analysis: elucidating the protein kinases of
C. elegans. J Cell Biochem. 2000;80:181-186.
Pinkston JM, Garigan D, Hansen M, Kenyon C. Mutations that
increase the life span of C. elegans inhibit tumor growth. Science.
2006;313:971-975.
Golden JW, Riddle DL. A pheromone-induced developmental
switch in Caenorhabditis elegans: temperature-sensitive mutants
reveal a wild-type temperature-dependent process. Proc Natl Acad
Sci USA. 1984,81:819-823.
Golden JW, Riddle DL. A pheromone influences larval de-
velopment in the nematode Caenorhabditis elegans. Science.
1982;218:578-580.
Girard LR, Fiedler TJ, Harris TW, et al. WormBook: the on-
line review of Caenorhabditis elegans biology. Nucleic Acids Res.
2007;35:D472-D475.
WormBase Nematode Information Resource. Version WS275.
https://wormbase.org/
Roskoski R Jr. A historical overview of protein kinases and their
targeted small molecule inhibitors. Pharmacol Res. 2015;100:1-23.
Zhang J, Yang PL, Gray NS. Targeting cancer with small molecule
kinase inhibitors. Nat Rev Cancer. 2009;9:28-39.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Cui JJ. Targeting receptor tyrosine kinase MET in cancer:
small molecule inhibitors and clinical progress. J Med Chem.
2014;57:4427-4453.

Singh M, Jadhav HR. Targeting non-small cell lung cancer with
small-molecule EGFR tyrosine kinase inhibitors. Drug Discovery
Today. 2018;23:745-753.

Kuo T, Fisher GA. Current status of small-molecule tyrosine kinase
inhibitors targeting epidermal growth factor receptor in colorectal
cancer. Clin Colorectal Cancer. 2005;5:562-570.

Mayer IA, Arteaga CL. The PISK/AKT pathway as a target for can-
cer treatment. Annu Rev Med. 2016;67:11-28.

Hu J, Hu WX. Targeting signaling pathways in multiple my-
eloma: pathogenesis and implication for treatments. Cancer Lett.
2018;414:214-221.

Liu L, Thaker TM, Freed DM, et al. Regulation of kinase activity
in the Caenorhabditis elegans EGF receptor, LET-23. Structure.
2018;26(2):270-281 e274.

Bae YK, Sung JY, Kim YN, et al. An in vivo C. elegans model sys-
tem for screening EGFR-inhibiting anti-cancer drugs. PLoS ONE.
2012;7:e42441.

Van Buskirk C, Sternberg PW. Epidermal growth factor signal-
ing induces behavioral quiescence in Caenorhabditis elegans. Nat
Neurosci. 2007;10:1300-1307.

Aroian RV, Koga M, Mendel JE, Ohshima Y, Sternberg PW. The
let-23 gene necessary for Caenorhabditis elegans vulval induction
encodes a tyrosine kinase of the EGF receptor subfamily. Nature.
1990;348:693-699.

Yang L, Lin S, Kang Y, et al. Rhein sensitizes human pancreatic can-
cer cells to EGFR inhibitors by inhibiting STAT3 pathway. J Exp Clin
Cancer Res: CR. 2019;38:31.

Martins M, Mansinho A, Cruz-Duarte R, Martins SL, Costa L. Anti-
EGFR therapy to treat metastatic colorectal cancer: not for all. Adv
Exp Med Biol. 2018;1110:113-131.

Zhang J, Zhao Z, Wang J. Natriuretic peptide receptor A as a novel
target for cancer. World J Surg Oncol. 2014;12:174.

Nojiri T, Hosoda H, Tokudome T, et al. Atrial natriuretic peptide
prevents cancer metastasis through vascular endothelial cells.
Proc Natl Acad Sci USA. 2015;112:4086-4091.

Wang H, ChenY, Han J, et al. DCAF4L2 promotes colorectal cancer
invasion and metastasis via mediating degradation of NFkappab
negative regulator PPM1B. Am J Transl Res. 2016;8:405-418.

Jha KN, Tripurani SK, Johnson GR. TSSKé is required for gamma-
H2AX formation and the histone-to-protamine transition during
spermiogenesis. J Cell Sci. 2017;130:1835-1844.

Li B, Li T, Pignon JC, et al. Landscape of tumor-infiltrating T cell
repertoire of human cancers. Nat Genet. 2016;48:725-732.

Lim M, Xia Y, Bettegowda C, Weller M. Current state of immuno-
therapy for glioblastoma. Nat Rev Clin Oncol. 2018;15:422-442.
Tyner SD, Venkatachalam S, Choi J, et al. p53 mutant mice
that display early ageing-associated phenotypes. Nature.
2002;415:45-53.

Vesely DL. Cardiac and renal hormones: anticancer effects in
vitro and in vivo. J Invest Med: Off Publ Am Federation Clin Res.
2009;57:22-28.

Serafino A, Moroni N, Psaila R, et al. Anti-proliferative effect
of atrial natriuretic peptide on colorectal cancer cells: evi-
dence for an Akt-mediated cross-talk between NHE-1 activ-
ity and Wnt/beta-catenin signaling. Biochem Biophys Acta.
2012;1822:1004-1018.

Li Z, Wang JW, Wang WZ, et al. Natriuretic peptide receptor A in-
hibition suppresses gastric cancer development through reactive
oxygen species-mediated G2/M cell cycle arrest and cell death.
Free Radic Biol Med. 2016;99:593-607.

Currie E, Schulze A, Zechner R, Walther TC, Farese RV Jr. Cellular
fatty acid metabolism and cancer. Cell Metab. 2013;18:153-161.


https://wormbase.org/

MAO ET AL.

e

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Lee J, Choi J, Scafidi S, Wolfgang MJ. Hepatic fatty acid oxida-
tion restrains systemic catabolism during starvation. Cell Rep.
2016;16:201-212.

O'Riordan VB, Burnell AM. Intermediary metabolism in the dauer
larva of the nematode Caenorhabditis elegans—II. The glyoxylate
cycle and fatty-acid oxidation. Comp Biochem Physiol Part B: Comp
Biochem. 1990;95:125-130.

Shaye DD, Greenwald I. Ortholist: a compendium of C. elegans
genes with human orthologs. PLoS ONE. 2011;6:€20085.

Kaletta T, Hengartner MO. Finding function in novel tar-
gets: C. elegans as a model organism. Nat Rev Drug Discovery.
2006;5:387-398.

Culetto E, Sattelle DB. A role for Caenorhabditis elegans in under-
standing the function and interactions of human disease genes.
Hum Mol Genet. 2000;9:869-877.

Burglin TR, Kuwabara PE. Homologs of the Hh signalling net-
work in C. elegans. WormBook: Online Rev C. elegans Biol.
2006;28:1-14.

Gao YH, Wu ZX, Xie LQ, et al. VHL deficiency augments anthracy-
cline sensitivity of clear cell renal cell carcinomas by down-regulat-
ing ALDH2. Nat Commun. 2017;8:15337.

Francis R, Barton MK, Kimble J, SchedI T. gld-1, a tumor suppressor
gene required for oocyte development in Caenorhabditis elegans.
Genetics. 1995;139:579-606.

Francis R, Maine E, Schedl T. Analysis of the multiple roles of
gld-1 in germline development: interactions with the sex de-
termination cascade and the glp-1 signaling pathway. Genetics.
1995;139:607-630.

Yaktapour N, Ubelhart R, Schuler J, et al. Insulin-like growth fac-
tor-1 receptor (IGF1R) as a novel target in chronic lymphocytic leu-
kemia. Blood. 2013;122:1621-1633.

Tap WD, Demetri G, Barnette P, et al. Phase Il study of ganitumab,
a fully human anti-type-1 insulin-like growth factor receptor anti-
body, in patients with metastatic Ewing family tumors or desmo-
plastic small round cell tumors. J Clin Oncol: Off J Am Soc Clin Oncol.
2012;30:1849-1856.

Fitzgerald JB, Johnson BW, Baum J, et al. MM-141, an IGF-IR-
and ErbB3-directed bispecific antibody, overcomes network ad-
aptations that limit activity of IGF-IR inhibitors. Mol Cancer Ther.
2014;13:410-425.

Asnaghi L, White DT, Key N, et al. ACVR1C/SMAD2 signaling
promotes invasion and growth in retinoblastoma. Oncogene.
2019;38:2056-2075.

Brown JS, Banerji U. Maximising the potential of AKT inhibitors as
anti-cancer treatments. Pharmacol Ther. 2017;172:101-115.
Sugihara K, Kobayashi Y, Suzuki A, et al. Development of pro-apop-
totic peptides as potential therapy for peritoneal endometriosis.
Nat Commun. 2014;5:4478.

Catalano |, Trusolino L. The stromal and immune landscape of col-
orectal cancer progression during anti-EGFR therapy. Cancer Cell.
2019;36:1-3.

Obba S, Hizir Z, Boyer L, et al. The PRKAA1/AMPKalphal path-
way triggers autophagy during CSF1-induced human monocyte
differentiation and is a potential target in CMML. Autophagy.
2015;11:1114-1129.

Chin YR, Yuan X, Balk SP, Toker A. PTEN-deficient tumors de-
pend on AKT2 for maintenance and survival. Cancer Discov.
2014;4:942-955.

Liu B, Wang Z, Li HY, Zhang B, Ping B, Li YY. Pim-3 promotes
human pancreatic cancer growth by regulating tumor vasculogen-
esis. Oncol Rep. 2014;31:2625-2634.

Choi MY, Widhopf GF 2nd, Ghia EM, et al. Phase | trial: cirmtu-
zumab inhibits ROR1 signaling and stemness signatures in patients
with chronic lymphocytic leukemia. Cell Stem Cell. 2018;22:951-
959 €953.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Proliferation

Kaishang Z, Xue P, Shaozhong Z, et al. Elevated expression of
Twinfilin-1 is correlated with inferior prognosis of lung adenocar-
cinoma. Life Sci. 2018;215:159-169.

Ravindran Menon D, Luo Y, Arcaroli JJ, et al. CDK1 Interacts with
Sox2 and promotes tumor initiation in human melanoma. Can Res.
2018;78:6561-6574.

Wang Y, Qin X, Guo T, Liu P, Wu P, Liu Z. Up-regulation of CDK16
by multiple mechanisms in hepatocellular carcinoma promotes
tumor progression. J Exp Clin Cancer Res: CR. 2017;36:97.
Boshuizen J, Koopman LA, Krijgsman O, et al. Cooperative target-
ing of melanoma heterogeneity with an AXL antibody-drug conju-
gate and BRAF/MEK inhibitors. Nat Med. 2018;24:203-212.
Edderkaoui M, Chheda C, Soufi B, et al. Inhibitor of GSK3B and
HDAC:s kills pancreatic cancer cells and slows pancreatic tumor
growth and metastasis in mice. Gastroenterol. 2018;155:1985-
1998 €1985.

Qu J, Zhao X, Liu X, et al. Natriuretic peptide receptor a promotes
breast cancer development by upregulating MMP9. Am J Cancer
Res. 2019;9:1415-1428.

Zhang Y, Zhou X, Cheng L, et al. PRKAA1 promotes proliferation
and inhibits apoptosis of gastric cancer cells through activating
JNK1 and Akt pathways. Oncol Res. 2019;11:1114-29.

Mukherjee S, Tucker-Burden C, Kaissi E, et al. CDKS5 inhibition re-
solves PKA/cAMP-independent activation of CREB1 signaling in
glioma stem cells. Cell Rep. 2018;23:1651-1664.

Rosenberg LH, Lafitte M, Quereda V, et al. Therapeutic tar-
geting of casein kinase 1delta in breast cancer. Sci Transl Med.
2015;7:318ra202.

Colecchia D, Rossi M, Sasdelli F, Sanzone S, Strambi A, Chiariello
M. MAPK15 mediates BCR-ABL1-induced autophagy and regu-
lates oncogene-dependent cell proliferation and tumor formation.
Autophagy. 2015;11:1790-1802.

Dupuy F, Tabaries S, Andrzejewski S, et al. PDK1-dependent met-
abolic reprogramming dictates metastatic potential in breast can-
cer. Cell Metab. 2015;22:577-589.

Chen L, Wang Y, Jiang W, Ni R, Wang Y, Ni S. CDK14 involvement
in proliferation migration and invasion of esophageal cancer. Ann
Translat Med. 2019;7:681.

Tan FL, Ooi A, Huang D, et al. p38delta/MAPK13 as a diagnostic
marker for cholangiocarcinoma and its involvement in cell motility
and invasion. Int J Cancer. 2010;126:2353-2361.

Greten TF, Korangy F. CDK20 inhibition and immune check-
point blockade: bringing cancer biology and tumour immunol-
ogy together to develop novel treatment options for HCC. Gut.
2018;67:783-784.

Gimenez N, Schulz R, Higashi M, et al. Targeting IRAK4 disrupts
inflammatory pathways and delays tumor development in chronic
lymphocytic leukemia. Leukemia. 2020;34:100-114.

Ivanova IA, Arulanantham S, Barr K, et al. Targeting FER kinase
inhibits melanoma growth and metastasis. Cancers. 2019;11:419.
Zheng J, Liu X, Xue Y, et al. TTBK2 circular RNA promotes glioma
malignancy by regulating miR-217/HNF1beta/Derlin-1 pathway. J
Hematol Oncol. 2017;10:52.

Chuang HC, Chang CC, Teng CF, et al. MAP4K3/GLK promotes
lung cancer metastasis by phosphorylating and activating IQGAP1.
Can Res. 2019;79:4978-4993.

Leenders F, Mopert K, Schmiedeknecht A, et al. PKN3 is required
for malignant prostate cell growth downstream of activated Pl
3-kinase. EMBO J. 2004;23:3303-3313.

Xu J, Gong L, Qian Z, Song G, Liu J. ERBB4 promotes the prolifer-
ation of gastric cancer cells via the PI3K/Akt signaling pathway.
Oncol Rep. 2018;39:2892-2898.

Zhu Y, Ding L, Chen BF, Song JG, Yao YS. Oncogenic activity of
Wrap53 in human colorectal cancer in vitro and in nude mouse xe-
nografts. Med Sci Monit: Int Med J Exp Clin Res. 2018;24:6129-6136.




MAO ET AL.

Leofts | Cell
wiLEY- (R

106. Tesser-Gamba F, Lopes LJ, Petrilli AS, Toledo SR. MAPK7 gene
controls proliferation, migration and cell invasion in osteosarcoma.
Mol Carcinog. 2016;55:1700-1713.

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Mao Y-Q, Han S-F, Zhang S-L, et al.
An approach using Caenorhabditis elegans screening novel
targets to suppress tumor cell proliferation. Cell Prolif.
2020;53:e12832. https://doi.org/10.1111/cpr.12832



https://doi.org/10.1111/cpr.12832

