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RAPID COMMUNICATION
RIOK1 synergizes with TRIP13 by regulating
the E2FeRb signaling pathway to promote
the proliferation of esophageal cancer cells
Esophageal cancer is one of the leading causes of cancer
death in the world, with approximately half of the new
cases occurring in China every year.1 Esophageal squamous
cell carcinoma (ESCC) is the main subtype, accounting for
more than 90%, and the five-year survival rate is less than
10%. Using large-scale genome analysis, many driver mu-
tations and key pathways associated with ESCC have been
identified. However, these genomic signatures have not
improved the clinical management of ESCC patients, or
established effective targeted therapy.2 Esophageal cancer
still lacks representative molecular markers.

Thyroid hormone receptor interacting protein 13
(TRIP13) is a member of the ATPase family associated with
various cellular activities, and is involved in an array of
cellular processes, including the checkpoint signaling, DNA
damage, DNA repair and recombination, and chromosome
synapsis.3 Several studies have shown that TRIP13 is
involved in the spindle assembly checkpoint, an evolu-
tionarily conserved cell-cycle checkpoint supervising the
fidelity of chromosome separation in mitosis. In the last
decade, the oncogenic roles of TRIP13 have attracted
considerable attention. Accumulating studies have indi-
cated that TRIP13 is overexpressed in various cancers and is
usually associated with poor survival.4 Nonetheless,
research on TRIP13 in esophageal cancer is still lacking. The
expression characteristics, clinical significance, and mo-
lecular mechanisms of TRIP13 in esophageal cancer are still
unclear.

We checked the public Gene Expression Omnibus (GEO)
database, as well as the transcriptome and proteome data5

of esophageal cancer previously published by our labora-
tory, and found that TRIP13 was abnormally high at both
the protein and RNA levels (Fig. 1A; Fig. S1A). By Western
blotting, we again verified that the expression level of
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TRIP13 in esophageal cancer tissues was higher than that in
paired non-tumor esophageal tissues (Fig. S1B). Through
survival analysis of 124 patients with esophageal cancer, we
found that TRIP13 overexpression was only associated with
poor prognosis in patients with early-stage esophageal
cancer (pTNM I þ pTNM II) (P < 0.05); although TRIP13 had a
trend of poor prognosis in both overall survival (OS) and
tumor-free survival (DFS), its statistical significance was not
significant (P > 0.05) (Fig. S1C, D).

A series of functional assays showed that knockdown of
TRIP13 markedly suppressed the ESCC cell proliferation in
vitro (Fig. 1BeD; Fig. S2AeD). Moreover, re-expression of
TRIP13-WT could restore growth (Fig. S2EeI). Gene set
enrichment analysis (GSEA) enrichment analysis of TRIP13
showed that it might participate in the cell cycle (Fig. S3A,
B). However, after flow cytometry detection, no significant
change was found in the proportion of the cell cycle phases,
whether in KYSE150 (Fig. S3C) or KYSE30 (Fig. S3D) cells.
After cell cycle synchronization, we found that TRIP13 was
highly expressed in the G1 and G2/M phases. In addition,
TRIP13 knockout cells showed significant retention in the
G1 and G2/M phases (Fig. 1E; Fig. S3E, F). Collectively,
these results indicate that TRIP13 enhances the prolifera-
tion of esophageal cancer cells by promoting cell cycle
progression.

To explore the specific mechanism of TRIP13 function,
we queried the interacting proteins of TRIP13 in the Bio-
GRID database (Fig. S4A). After intersecting with our
esophageal cancer proteomics data5 (PXD021701), we
conducted a series of bioinformatics analyses on the ob-
tained proteins, and identified the possible interacting
protein RIOK1 (right open reading frame protein kinase 1)
(Fig. S4BeF). IP experiments showed that an interaction
between RIOK1 and TRIP13 (Fig. 1F; Fig. S5A). Further
detailed IP results showed that the interaction between the
two depended on the N-terminal domain of TRIP13
(Fig. S5B, C).
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Figure 1 RIOK1 interacts with TRIP13 to phosphorylate Rb and accelerate the proliferation of esophageal cancer cells. (A) TRIP13
levels were abnormally high in esophageal cancer tissues at both the transcriptional and protein levels compared with normal
esophageal tissues. Data source: GEO database, PXD021701, SRP064894. (B) TRIP13 knockout by CRISPR-Cas9 in KYSE150 cells. (C,
D) Cell proliferation was measured using MTS and colony formation assays in KYSE150 cells. The results are expressed as mean � SD.
(E) Double thymidine block flowchart (upper). Double thymidine block was used to synchronize the cell cycle. Western blotting was
used to detect the changes in related protein expression levels in the experimental group and the control group. The cycle changes
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noted are only in the TRIP13WT cell line. (F) The interaction between HA-TRIP13 and Flag-RIOK1 was detected by IP after transient
transfection of HA-TRIP13 and Flag-RIOK1 into HEK293T cells. (G) In KYSE150 cells, RIOK1 was knocked down in TRIP13 knockout
cells and control cells. Western blotting was used to detect knockdown efficiency. (H) RIOK1 was knocked down, and MTS data were
obtained 48 h after cell seeding. (I) Typical graph and statistical results of colony formation. (J) GSEA enrichment analysis of RIOK1
showed that RIOK1 correlated with E2F targets. (K) Western blotting was used to detect changes in protein levels in related
signaling pathways. (L) Reverse transcription-polymerase chain reaction was used to measure E2F downstream target gene mRNA
levels. (M) Model of TRIP13&RIOK1-mediated p-Rb phosphorylation promoting the G1/S transition and cell proliferation in
esophageal cancer. ***P < 0.001, **P < 0.01, *P < 0.05.
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As an atypical kinase, RIOK1 plays an important role in
ribosome biogenesis, but its function in esophageal cancer
is still unclear. We found that RIOK1 is also abnormally
highly expressed in esophageal carcinoma (Fig. S6A, B).
Survival analysis showed that high expression of RIOK1 was
associated with poor prognosis in both overall survival and
disease-free survival (Fig. S4G). Moreover, high expression
of RIOK1 was found to be associated with poor prognosis in
patients with early-stage esophageal cancer (Fig. S4H),
similar to TRIP13. A series of functional assays showed that
knockdown of RIOK1 markedly suppressed the proliferation
of ESCC cells in vitro (Fig. S6CeF).

To explore the relationship between the two, we either
knocked down or overexpressed RIOK1 in the previously
constructed KYSE150 cell line with TRIP13þ/þ/TRIP13�/�

(Fig. 1G; Fig. S7A). The functional experiments showed that
both knockdown and overexpression of RIOK1 significantly
affected cell behavior only in cell lines expressing TRIP13
(Fig. 1H, I; Fig. S7BeD). Cell cycle synchronization experi-
ments showed that RIOK1 could affect the transition from
G1 phase to S phase only in the presence of TRIP13
(Fig. S8AeC). This is consistent with the correlation of
RIOK1 with E2F targets in the GSEA enrichment results
(Fig. 1J). Then, we detected the expression of the E2F
upstream protein Rb and its phosphorylation. Western
blotting showed that RIOK1 knockout only in TRIP13þ/þ

cells could reduce p-Rb levels (Fig. 1H). In addition, reverse
transcription-polymerase chain reaction results showed
that the mRNA levels of E2F downstream target genes were
significantly down-regulated after RIOK1 knockdown in
TRIP13þ/þ cells (Fig. 1L). Thus, our results demonstrate
that RIOK1 interacts with TRIP13 to phosphorylate Rb and
accelerate the transition from G1 to S phase in esophageal
cancer cells. An interpretation of our main findings is rep-
resented in the schematic diagram in Figure 1M.

In summary, studies from this work show that TRIP13 is
abnormally overexpressed in esophageal cancer and is an in-
dicator of poor prognosis in patients with early esophageal
cancer. In addition, another indicator of poor prognosis in
esophageal cancer, RIOK1, is dependent onTRIP13 to regulate
the proliferation of esophageal squamous cancer cells
through the E2FeRb signaling pathway. These results suggest
that TRIP13 may be an early diagnostic marker and could
serve as a potential therapeutic target for esophageal cancer.
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