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TOPK promotes the growth of esophageal cancer in vitro and
in vivo by enhancing YB1/eEF1A1 signal pathway
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T-LAK-originated protein kinase (TOPK), a dual specificity serine/threonine kinase, is up-regulated and related to poor prognosis in
many types of cancers. Y-box binding protein 1 (YB1) is a DNA/RNA binding protein and serves important roles in multiple cellular
processes. Here, we reported that TOPK and YB1 were both highly expressed in esophageal cancer (EC) and correlated with poor
prognosis. TOPK knockout effectively suppressed EC cell proliferation and these effects were reversible by rescuing YB1 expression.
Notably, TOPK phosphorylated YB1 at Thr 89 (T89) and Ser 209 (S209) amino acid residues, then the phosphorylated YB1 bound
with the promoter of the eukaryotic translation elongation factor 1 alpha 1 (eEF1A1) to activate its transcription. Consequently, the
AKT/mTOR signal pathway was activated by up-regulated eEF1A1 protein. Importantly, TOPK inhibitor HI-TOPK-032 suppressed the
EC cell proliferation and tumor growth by TOPK/YB1/eEF1A1 signal pathway in vitro and in vivo. Taken together, our study reveals
that TOPK and YB1 are essential for the growth of EC, and TOPK inhibitors may be applied to retard cell proliferation in EC. This
study highlights the promising therapeutic potential of TOPK as a target for treatment of EC.
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INTRODUCTION
The main pathological types of esophageal cancer (EC) are
esophageal squamous cell carcinoma (ESCC) and esophageal
adenocarcinoma (EAC). The prognosis for EC patients is poor with
a 5-year survival rate of approximately 20% due to its aggressive
metastatic feature and the lack of effective targeted therapies [1].
In the last decade, receptor tyrosine kinases (RTKs), including
epidermal growth factor receptors (EGFRs) and vascular endothe-
lial growth factor receptors (VEGFRs), are frequently used for most
of the targeted therapies in several cancers [2]. However, these
targeted treatments are virtually a failure in the therapeutic
landscape for clinical EC patients. Therefore, it is urgent to exploit
the molecular alterations and implement effective targeted
treatments in esophageal cancer.
Proteomic and phosphoproteomic analyses provide new

insights into the molecular mechanisms of cancer growth and
highlight the significant targets in the therapeutic landscape for
cancer patients [3–5]. The key molecules of signal pathways
involved in post-translational regulation may become new
potential targets for EC therapeutics in the future. T-LAK-
originated protein kinase (TOPK) is a dual specificity serine/
threonine and MAPKK-like kinase. Dysregulation of TOPK plays a
crucial role in the proliferation, progression, and metastasis of
many cancers, such as lung cancer, prostate cancer and even
leukemia [6, 7]. What’s more, accumulating evidence shows that

TOPK is a potential effective target for cancer-specific therapeutics
by promoting cell death signaling pathways, preventing invasion,
metastasis, and overcoming drug resistance [6].
Y-box binding protein 1 (YB1), a multi-functional oncoprotein

with conserved Y-box protein family, is a DNA/RNA binding
protein and plays an essential role in the progression of
tumorigenesis [8]. YB1 promotes cell proliferation, metastasis,
even drug resistance by dysregulating multiple cellular processes,
such as DNA replication, transcription and repair, pre-mRNA
splicing and cap-dependent mRNA translation in different cancers
[8]. As a DNA-binding protein, YB1 controls the transcription of
many genes involved in cell growth, including CCNB1 and EGFR
[8]. More interestingly, YB1 is considered as a potent target for
cancer therapy by down-regulating mRNA levels, protein expres-
sion and intervening YB1 function via various compounds [9].
Therefore, it spotlights the important significance of exploring the
molecular mechanism of YB1 in tumors. Importantly, high
expression of YB1 is reported to be associated with poor survival
in ESCC patients, plays an oncogenic role in ESCC progression, and
even is a potential target for ESCC therapy [10, 11]. However, the
molecular mechanism of YB1 in the progression of EC is
little known.
In our previous studies, we verified that TOPK was involved in

the process of ESCC metastasis and promoted the ESCC cell
mobility by activating the Src/GSK3β/STAT3 and ERK signal
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pathways [12]. Here, we found the protein levels of TOPK and YB1
were higher in EC tissues than in adjacent tissues and were
positively related to the poor prognosis of EC patients. We also
demonstrated that down-regulation of TOPK significantly inhib-
ited EC cell proliferation by phosphorylating YB1 at T89 and S209.
In comparison, phosphorylated YB1 bound with the promoter of
eEF1A1 to promote the proliferation by activating AKT/mTOR
signal pathway. Taken together, our study revealed an essential
role of the TOPK/YB1/eEF1A1 axis in EC progression, shedding
light on the molecular mechanisms and providing a theoretical
basis for targeting TOPK as a promising therapeutic strategy
against EC.

RESULTS
Overexpressed TOPK or YB1 indicates the poor prognosis in
EC patients
To investigate the correlation between the expression level of
TOPK/YB1 protein and the clinical features of EC patients, we
detected the protein levels of TOPK or YB1 in tissue microarrays.
The positive expression of TOPK or YB1 in EC was primarily in the
cytoplasm and/or nucleus and displayed different intensities of
brown-yellow (Fig. 1a, b). These tissues were divided into a low
expression group (score ≤ 3) and a high expression group (score
> 3) using the criteria described previously [10, 11]. Among 100
patients, 66 patients had high expression of TOPK, 34 patients
had low expression, and the adjacent tissues had negative
expression. Low expression of YB1 was 50.5% (47 of 93) and high
expression of YB1 was 49.5% (46 of 93) of the EC samples. There
was no significant statistical correlation between high TOPK/YB1
expression and age, gender, tumor differentiation, tumor status of
the EC clinical features (Tables 1 and 2). Moreover, the survival
time was 19.82 ± 2.03 months in the TOPK high expression group,
and 49.75 ± 5.89 months in the TOPK low expression group
(Fig. 1c and Table 1). The survival time of patients with YB1 low
and high expression was 38.24 ± 25.75 and 23.67 ± 24.69 months
respectively (Fig. 1d and Table 2). In addition, the median survival
time of TOPK low expression group was 71.5 months while the
median survival time of TOPK high expression group was
15 months. The YB1 low expression group had a median survival
time of 33 months while the YB1 high expression group had a
median survival time of 12 months. The survival time of TOPK or
YB1 expression was statistically significant by Kaplan-Meier
analysis in EC (p < 0.001 for TOPK, p= 0.012 for YB1). Next, we
analyzed the TOPK and YB1 mRNA levels in different tumors from
the Cancer Genome Atlas (TCGA, https://www.genome.gov/
Funded-Programs-Projects/Cancer-Genome-Atlas) database and
found that the mRNA levels were significantly up-regulated in EC
tumor tissues compared with adjacent non-cancerous tissues
(Fig. 1e, f). What’s more, we found that the expression of TOPK
and YB1 were both higher in several EC cell lines than in
immortalized esophageal cell SHEE, and were highest in KYSE30,
KYSE150 and KYSE450 (Fig. S1a). Then, we chose KYSE150 and
KYSE30 cell lines, which had high TOPK expression, for the
subsequent experiments. Taken together, our results indicate that
TOPK and YB1 may serve as potential prognostic biomarkers for
EC patients.

CRISPR/Cas9-mediated knockout of TOPK inhibits cell
proliferation of EC in vitro and in vivo
Increasingly, studies indicate that TOPK is a potential therapeutic
target for tumor treatments, including osteosarcoma, lung cancer,
and ovarian cancer [13]. For TOPK KO studies in EC, TOPK was
knocked out in KYSE150 and KYSE30 cells by transfecting with two
distinct CRISPR/Cas9 sgRNA lentiviral constructs (Fig. 2a, b). The
proliferation was inhibited in sgTOPK cells compared with sgControl
cells. In KYSE150, the proliferation of sgTOPK#3 and sgTOPK#5 was
inhibited by 70.48% and 66.36% (Fig. 2c), and the proliferation of

KYSE30 decreased by 79.04% and 76.20%, respectively (Fig. 2d). The
anchorage-independent (Fig. 2e, f, S2a, b) and anchorage-
dependent (Fig. 2g, h, S2c, d) colony formation ability of KYSE150
and KYSE30 cells decreased after knocking out TOPK. We also
generated TOPK over-expressed cell lines by transferring the pLVX-
IRES-3xflag TOPK full length plasmid into KYSE410 cells (Fig. 2i). As
expected, high expression of TOPK accelerated cell proliferation
(Fig. 2j) and promoted colony formation (Fig. 2k, l, S2e, f) in KYSE410
cells. These results showed that knocking out TOPK significantly
inhibited cell proliferation in vitro. We further evaluated the
function of TOPK by cell-line derived xenograft (CDX) model. The
images of xenograft from sgControl and sgTOPK groups were
displayed (Fig. 2m). Surprisingly, there were no tumors in the
sgTOPK groups. This indicated that the tumorigenic capacity of EC
cells was inhibited after knocking out TOPK in vivo. We also
observed that the growth curves (Fig. 2n) and tumor volumes
(Fig. 2o) decreased dramatically in sgTOPK groups compared with
sgControl group. These data indicates that TOPK is an oncogene
and targeting TOPK can effectively inhibit the EC growth in vitro
and in vivo.

TOPK interacts with YB1 in EC cells
Next, we evaluated the expression of TOPK and YB1 in EC. The
protein levels of TOPK and YB1 both gradually increased in normal
tissues, para-cancerous tissues, and cancer tissues of EC patients
(Fig. 3a). The mRNA expression between TOPK and YB1 was
positively correlated by using the TCGA database (Fig. S3a). These
results indicated TOPK and YB1 were positively correlated in EC
tissues. To further investigate whether TOPK directly bound with
YB1 in EC cells or not, we performed the BiFC assay and found that
TOPK could directly bind with YB1 in cells (Fig. 3c). Moreover,
TOPK and YB1 were co-located in the cytoplasm of KYSE150 and
KYSE30 cells by immunofluorescence assay (Fig. 3d). Subse-
quently, we performed the CO-IP assay. We found that TOPK could
bind with YB1 in KYSE150 (Fig. 3e) or KYSE30 (Fig. 3f) by
immunoprecipitating TOPK, and YB1 could bind with TOPK in
KYSE150 (Fig. 3g) or KYSE30 (Fig. 3h) by immunoprecipitating YB1.
More interestingly, in KYSE150 sgTOPK cells, the level of YB1 which
bound with TOPK decreased after knocking out TOPK (Fig. 3i). This
was also observed in KYSE30 sgTOPK cells (Fig. 3j). Therefore, our
results indicate that TOPK binds with YB1 in EC cells.

TOPK promotes cell proliferation by phosphorylating YB1 at
T89 and S209
TOPK is a dual specificity serine/threonine kinase [6]. YB1 plays a
primary role in tumorigenesis as a conserved transcription factor
[14]. We speculated that TOPK promoted the EC cell proliferation
by phosphorylating YB1. We found that TOPK could directly
phosphorylate YB1 by in vitro kinase assay (Fig. 4a). These data
indicated that YB1 maybe the substrate of TOPK. Next, we
rescued the YB1 expression in KYSE150 sgTOPK and
KYSE30 sgTOPK cells (Fig. S4a, b). After rescuing the YB1
expression, cell proliferation was increased in the rescued
sgTOPK KYSE150 and KYSE30 cells compared with sgTOPK cells
(Fig. 4b, c), and the anchorage-independent (Fig. 4d, e, S4c, d)
and anchorage-dependent (Fig. 4f, g, S4e, f) growth ability were
also enhanced by anchorage-independent growth assay and
clone formation assay. These findings indicate overexpression of
YB1 alleviates the inhibitory effects of TOPK in EC cells.
To determine the exact phosphorylated sites of YB1 by TOPK, we

combined the in vitro kinase assay and MS analysis. It was found
that the T89 and S209 of YB1 were phosphorylated by TOPK (Fig.
S4g). Next, we purified the YB1 mutation protein with T89A, S209A,
and double mutations 89, 209AA respectively. The phosphorylation
of T89A and S209A YB1 protein by TOPK was weakened compared
with WT YB1 by in vitro kinase assay (Fig. 4h). T89 of YB1 was in the
cold shock domain (CSD) (aa 51-129) of YB1 which bound with
DNA/RNA [14]. Consistent with these results, the levels of YB1 T89A
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Fig. 1 Overexpressed TOPK or YB1 indicates the poor prognosis in EC patients. a, b Representative images of IHC staining in EC tissue
microarray using specific antibody for TOPK (a) and YB1 (b) in adjacent tissues and paired tumors. Scale bars represent 50 μm. c, d Survival rate
of cancer patients with high or low protein levels of TOPK (c) and YB1 (d) in EC tumor microarrays. e, f Analysis of TOPK (e) and YB1 (f) mRNA
levels in different cancers based on the TCGA database using the TIMER 2.0 website (TPM: Transcription per million). Red represented tumor
samples, blue represented normal samples and purple represented SKCM metastasis group.
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and S209A were decreased in KYSE150 sgTOPK and KYSE30 sgTOPK
cells by Western blot (Fig. 4i, j). These results show that TOPK
promotes cell proliferation of EC cells by phosphorylating YB1 at the
T89 and S209.

Down-regulated TOPK inhibits YB1 binding to the promoter of
eEF1A1
YB1 is reported to be associated with many aspects of gene
expression that cause tumor cell growth and drug resistance [15].

The cold shock domain of YB1 specifically binds to pyrimidine-rich
sequences of nucleic acids (T or C) [14]. YB1 can bind to the Y/
CCAAT box which is over-represented in the promoters of genes
overexpressed in several cancers, including breast cancer, colon
cancer, prostate cancer and leukemias [16]. In this study, we
screened the target genes of YB1 by Cistrome Data Browser
(http://cistrome.org). In GEO data (GSM1151769), eEF1A1 was the
top putative target of YB1 by CHIP-seq in HEK293 cells (Fig. 5a).
Therefore, we hypothesized that YB1 bound with the promoter of

Table 1. Correlation between TOPK expression and clinicopathological characteristics of EC.

Parameters n TOPK expression P-value

Low (n= 34) High (n= 66)

Age, years 0.644

Mean (SD) 100 65.28 (±8.29) 65.30 (±9.76) χ2= 0.215

Gender 0.299

Male 74 23 (31.1%) 51 (68.9%) χ2= 1.081

Female 26 11 (42.3%) 15 (57.7%)

Differentiation 0.418

I 6 3 (50.0%) 3 (50.0%) χ2= 1.745

II 67 20 (31.4%) 47 (68.6%)

III 27 11 (37.0%) 16 (63.0%)

Tumor status 0.644

T1-T2 11 5 (64.3%) 6 (35.7%) χ2= 0.215

T3-T4 86 27 (21.7%) 59 (78.3%)

Lymph node status 0.023

N0 46 21 (43.48%) 25 (56.52%) χ2= 5.154

N1-N3 54 13 (25.93%) 41 (74.07%)

Follow-up time, months < 0.001

Mean (±SD) 100 49.75 (±5.89) 19.82 (±2.03) χ2= 27.519

Table 2. Correlation between YB1 expression and clinicopathological characteristics of EC.

Parameters n YB1 expression P-value

Low (n= 47) High (n= 46)

Age, years 0.631

Mean (SD) 93 65.32 (±9.12) 66.20 (±8.37)

Gender 0.293

Male 77 37 (79.2%) 40 (86.7%) χ²= 1.106

Female 16 10 (20.8%) 6 (13.3%)

Differentiation 0.438

I 14 9 (19.1%) 5 (10.9%) χ2= 3.768

I-II 30 17 (36.2%) 13 (28.3%)

II 30 12 (25.5%) 18 (39.1%)

II-III 13 5 (10.6%) 8 (17.4%)

III 5 3 (6.4%) 2 (4.3%)

Tumor status 0.461

T1-T2 22 13 (28.9%) 9 (22.0%) χ2= 0.542

T3-T4 64 32 (71.1%) 32 (78.0%)

Lymph node status 0.029

N0 45 28 (59.6%) 17 (37.0%) χ2= 4.762

N1-N3 48 19 (40.4%) 29 (63.0%)

Follow-up time, months 0.009

Mean (±SD) 93 38.24
(± 25.75)

23.67
(± 24.69)
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eEF1A1 in EC cells. To verify this hypothesis, we first scanned the
binding motif of YB1 in the promoter of eEF1A1 (the 2 K bp
sequence upstream from the transcriptional start site (TSS)) by
JASPAR (https://jaspar.genereg.net/). A total of 32 putative site(s)
were predicted with relative profile score threshold 80% (Table 3).

According to this result, we designed different binding sequences
in the promoter of eEF1A1 to do the dual-luciferase reporter assay
(Fig. 5b). As expected, we found that YB1 bound with different
sequences of promoter to transcript eEF1A1 gene. And the
1–500 sequence upstream from TSS was the binding site of

Fig. 2 CRISPR/Cas9-mediated knockout of TOPK inhibits cell proliferation of EC in vitro and in vivo. a, b Expression levels of TOPK protein
in TOPK knockout (sgRNA) KYSE150 (a) and KYSE30 (b) cells were measured by Western blot. c, d The effect of TOPK knockout on KYSE150 (c)
and KYSE30 (d) cell proliferation was measured by cell proliferation assay. OD values were measured at 0, 24, 48, 72, and 96 h by MTT assay.
e, f The effect of TOPK knockout on KYSE150 (e) and KYSE30 (f) cells’ anchorage-independent growth ability was measured by anchorage-
independent growth assay. g, h The effect of TOPK knockout on KYSE150 (g) and KYSE30 (h) cells’ anchorage-dependent growth ability was
measured by plate clone formation assay. i Expression levels of TOPK protein in TOPK over-expressed KYSE410 cells were measured by
Western blot. j The effect of TOPK over-expression on KYSE410 cell proliferation was measured by cell proliferation assay. OD values were
measured at 0, 24, 48, 72, and 96 h in MTT assay. k, l The effect of TOPK over-expression on KYSE410 cell’s anchorage-independent growth
ability (k) and anchorage-dependent growth ability (l) in KYSE410 were measured by anchorage-independent growth assay and plate clone
formation assay, respectively. m. The representative tumor pictures of sgTOPK KYSE30 CDX model. n The tumor growth curves in sgTOPK
KYSE30 CDX model. o Tumor weights analysis of sgTOPK KYSE30 CDX model. All experiments were biological replicates and were repeated at
least three times. Error bars showed standard error of the mean. *p ˂ 0.05, **p ˂ 0.01, ***p ˂ 0.001.
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eEF1A1 (Fig. 5c). Next, we attested whether TOPK inhibitor HI-
TOPK-032 could inhibit this transcription. We found that HI-TOPK-
032 successfully inhibited the binding of YB1 to the 1–500 bp
upstream in the promoter of eEF1A1 (Fig. 5d). We further
transferred the mutated YB1 and found that the transcriptional

efficiency was lower in the YB1 mutation groups compared with
YB1 WT group (Fig. 5e). We also confirmed that the mRNA levels of
eEF1A1 were decreased after knocking out TOPK in EC cells
(Fig. 5f, g). Furthermore, we observed the general translational
level of protein synthesis was decreased in the sgTOPK cells

Fig. 3 TOPK interacts with YB1 in EC cells. a, b The correlation between TOPK and YB1 protein in EC were detected by Western blot (a) and
analyzed by image J (b). c Bimolecular fluorescence complementation (BiFC) assay was used to detect the binding between TOPK and YB1
in vitro. d Immunofluorescence was used to detect the binding between TOPK and YB1 in KYSE150 and KYSE30. e, f KYSE150 (e) and KYSE30
(f) cells were immunoprecipitated with anti-TOPK antibodies. After immunoprecipitation (IP) with anti-TOPK or IgG antibodies, proteins were
separated by SDS-PAGE and detected by immunoblotting (IB) with anti-YB1 antibodies. The lysate was also shown as input. g, h KYSE150 (g)
and KYSE30 (h) cells were immunoprecipitated with anti-YB1 antibodies. After IP with anti-YB1 or IgG antibodies, proteins were separated by
SDS-PAGE and detected by immunoblotting with anti-TOPK antibodies. The lysate was also shown as input. i, j KYSE150 (i) and KYSE30 (j) cells
with stable knockout of TOPK were immunoprecipitated with anti-TOPK. After IP with anti-TOPK or IgG antibodies, proteins were separated by
SDS-PAGE and detected by immunoblotting with anti-YB1 antibodies. The lysate was also shown as input. All experiments were biological
replicates and were repeated at least three times. Error bars showed standard error of the mean. *p ˂ 0.05, **p ˂ 0.01.
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Fig. 4 TOPK promotes cell proliferation by phosphorylating YB1 at T89 and S209. a YB1 kinase activity was assessed by an in vitro kinase
assay using active TOPK and inactive YB1 proteins. The effect of TOPK was determined by Western blot. b, c The proliferation ability of
KYSE150 (b) and KYSE30 (c) were recovered after YB1 was rescued in sgTOPK KYSE150 and KYSE30 cells. d, e The anchorage-independent
growth ability of KYSE150 (d) and KYSE30 (e) were recovered after YB1 was rescued in sgTOPK KYSE150 and KYSE30 cells. f, g The anchorage-
dependent growth ability of KYSE150 (f) and KYSE30 (g) were recovered after YB1 was rescued in sgTOPK KYSE150 and KYSE30 cells. h The
phosphorylation ability of TOPK on YB1 was analyzed by in vitro kinase assay after mutation of T89 and S209 sites in YB1. i, j The protein level
of YB1 T89A and S209A were detected in KYSE150 sgTOPK (i) and KYSE30 sgTOPK (j) cells by Western blot. All experiments were biological
replicates and were repeated at least three times. Error bars showed standard error of the mean. *p ˂ 0.05, **p ˂ 0.01, ***p ˂ 0.001.
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compared with the sgControl cells by protein synthesis assay
(Fig. 5h, i, S5a, b). These data suggest that knocking out TOPK
inhibits YB1 binding to the promoter of eEF1A1 in EC.
EEF1A1 is a core subunit of the eukaryotic elongation factor

family -- eEF1 complex that regulates protein synthesis by binding

and delivering the GTP and amino acid-tRNA [17]. Aside from this,
eEF1A1 has been implicated in a wide variety of cellular processes,
such as nuclear tRNAs exportation, signaling transduction [18],
and cellular apoptosis cytoskeleton regulation [18]. Therefore, we
checked the down-regulated signal pathways in sgTOPK KYSE150

W. Wu et al.
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and KYSE30 cells. Surprisingly, we found that after knocking out
TOPK in EC cells, the protein level of eEF1A1 and the
phosphorylation levels of mTOR, AKT and p70S6K decreased
(Fig. 5j, k). These data show that TOPK may activate AKT/mTOR
signal pathways after phosphorylated YB1 binds with the
promoter of eEF1A1.

HI-TOPK-032 inhibits cell proliferation by YB1/eEF1A1 signal
pathways in EC
Currently, the previous findings support that TOPK is a therapeu-
tical target of cancers with minimal side effects [6]. Then we
evaluated whether TOPK was a potential therapeutical target for
EC treatment by the TOPK inhibitor HI-TOPK-032. HI-TOPK-032 is
firstly defined as a specific TOPK inhibitor for suppressing the
colon cancer growth in our previous report [19]. After KYSE150
and KYSE30 cells were treated with HI-TOPK-032 (0, 0.1, 1, 10, 50,
and 100 μM) for 24 h and 48 h, the viability of KYSE150 and
KYSE30 was dramatically inhibited, and the IC50 of KYSE150 and
KYSE30 were 13.87 and 8.34 μM at 48 h respectively (Fig. S6a, b).
And we found that cell proliferation of KYSE150 (Fig. 6a) and
KYSE30 (Fig. 6b) decreased gradually with the increasing
concentration of HI-TOPK-032. Furthermore, the anchorage-
independent growth (Fig. 6c, d, S6c, d) and anchorage-
dependent growth (Fig. 6e, f, S6e, f) of KYSE150 and KYSE30 cells
were suppressed in a dose-dependent manner after HI-TOPK-032
treatment. The mRNA levels of eEF1A1 were also decreased in a
dose dependent manner after HI-TOPK-032 treatment (Fig. 6g, h).
To verify the above molecular mechanism that TOPK promoted EC
cell proliferation by phosphorylating YB1, we manifested the
related signal pathways by Western blot. As expected, the protein
levels of p-YB1 (T89), p-YB1 (S209), p-TOPK (T9), eEF1A1, p-AKT
(S473), p-mTOR (S2448) and p-p70S6K (T421/S424) (Fig. 6i, j)
decreased after HI-TOPK-032 treatment for 24 h.

HI-TOPK-032 inhibits EC growth in vivo
To further demonstrate the function of HI-TOPK-032 in suppres-
sing the growth of EC tumor in vivo, we selected the HEG51 and
LEG110 PDX models and treated them with HI-TOPK-032 (Fig. 7a,
d). The tumor volumes (Fig. 7b, e) and weights were apparently
decreased after HI-TOPK-032 treatment (Fig. 7c, f). The weights of
mice were not changed. The expression levels of Ki67 decreased in
HEG51 (Fig. 7g) and LEG110 (Fig. 7h) after HI-TOPK-032 treatment.
These data indicated that HI-TOPK-032 had the sensitive inhibition
to EC cancer. To identify the above molecular mechanism in EC
tumors, we confirmed the related signal pathways by Western
blot. After HI-TOPK-032 treatment, the protein levels of p-YB1
(T89), p-YB1 (S209), p-TOPK (T9), eEF1A1, p-AKT (S473), p-mTOR
(S2448) and p-p70S6K (T421/S424) (Fig. 7i, j) in the TOPK-treated
group decreased as predicted.

DISCUSSION
Accumulating reports have demonstrated that abnormal changes
in signaling pathways are closely related to the occurrence and
development of EC [20–23]. The whole genome sequencing
studies show that Wnt signal pathway, Notch pathway and cell
cycle-related pathways play an important role in the occurrence

and development of esophageal squamous cell carcinoma [24,
25]. However, currently only EGFR and VEGFR based-target
therapies have been tried clinically, and there is a lack of effective
kinase targets in EC [2]. Therefore, there is an urgent need to
screen the key kinases of abnormal signaling pathways in EC, and
to evaluate their feasibility as therapeutic targets for EC
treatments excluding the surgical resection, radiotherapy, and
chemotherapy. The results of phosphorylomics, proteomics and
other multi-omics studies in the last two years show that
compared with the normal esophagus, the expressions of many
kinases, such as CDK1, CDK2, CDC7, CHEK2 and CK2A1 are
increased, providing kinase targets for targeted therapy in EC
[4, 5]. Our previous studies have also approved that targeting
PAK4 kinase or AURKA kinase can significantly inhibit the
occurrence and development of ESCC [26, 27]. These studies
show that targeting key kinases of signaling pathways is a
potential treatment strategy to inhibit the occurrence and
development of EC. Here, we found that TOPK and YB1 were
both overexpressed and positively related with the poor prognosis
of EC patients (Fig. 1c, d). Moreover, overexpressed TOPK
promoted cell proliferation and tumor growth of EC cells in vitro
and in vivo by YB1/eEF1A1 signal pathways.
Numerous reports have shown that YB1 is a key member of the

mammalian CSD-containing protein family and has been impli-
cated in a series of processes including cell proliferation, survival,
metastasis, and drug resistance through binding to RNA and DNA
and interacting with other proteins [28]. It regulates the
transcription of genes involved in drug resistance, cell prolifera-
tion and progression, including MDR1, CCNA and PIK3C, MET, and
CD44 [29]. Here, we found that TOPK phosphorylated YB1 at T89
and S209 to promote cell proliferation in EC. Additionally, we also
demonstrated that YB1 could bind with the ‘CCATC’ sequence
500 bp upstream from the TSS to activate eEF1A1 gene transcrip-
tion (Fig. 5b). Further, HI-TOPK-032 and mutation of YB1 T89 and
S209 could inhibit the transcript of eEF1A1 (Fig. 5c, d, e). Full
length YB1 protein consists of 324 amino acids. The CSD domain
of full length YB1 carries 2 consensus RNA recognition motifs
(RRM), ribonucleoprotein particle 1 (RNP1) and RNP2 [30–32]. T89
is in the RNP2 and S209 is in the C-terminal extension of the CSD
[31]. Our results demonstrate that T89 plays a primary role in the
regulation of eEF1A1, while both T89 and S209 of YB1 do not
function synergistically in transcriptional induction (Fig. 6e). These
results were consistent that CBD domain of YB1 bound specifically
with DNA/RNA sequence, while the C-terminal domain just bound
non-specifically. Therefore, we speculate that YB1 binds with the
promoter of eEF1A1 by mostly phosphorylating at T89. The
precise molecular mechanisms should be explored in the future.
EEF1A1, one isoform of eEF1A, is a 50 kDa GTPase which

couples the hydrolysis of GTP to GDP with the delivery of amino
acyl tRNAs to the ribosome during protein translation [6, 8].
Recently, eEF1A1 is reported as a pleiotropic protein and is highly
expressed in many cancers, including hepatocellular carcinoma,
renal cell carcinoma and gastric cancer [17, 33, 34]. EEF1A1 may be
a valuable prognostic biomarker and promising therapeutic target
for many cancers. Knockdown of eEF1A1 attenuates proliferation
and promotes the apoptosis by decreasing the level of p-AKT and
p-ERK in RCC cells [34]. The clinical significance and the exact role

Fig. 5 TOPK inhibits YB1 binding to the promoter of eEF1A1. a EEF1A1 was the top putative target of YB1 by CHIP-seq in HEK293 cell in GEO
data (GSM1151769). b The schematic diagram of different binding sequences in the promoter of eEF1A1 designed for the dual-luciferase
reporter assay. c The binding sequence between YB1 and eEF1A1 promoter was identified by luciferase activity assay. d The binding ability
between YB1 and eEF1A1 promoter sequence was inhibited by TOPK inhibitor HI-TOPK-032. e The binding ability between YB1 and eEF1A1
promoter sequence was suppressed after YB1 mutation. f, g The mRNA level of eEF1A1 was identified in TOPK knockout KYSE150 (f) and
KYSE30 (g) cells by q-PCR. h, i The general translational level of protein synthesis was confirmed in the sgTOPK KYSE150 (h) and KYSE30 (i) cells
by protein synthesis assay. j, k The protein level of eEF1A1 and the phosphorylation levels of mTOR, AKT and p70S6K were identified in the
sgTOPK KYSE150 (j) and KYSE30 (k) cells by Western blot. All experiments were biological replicates and were repeated at least three times.
Error bars showed standard error of the mean. *p ˂ 0.05, **p ˂ 0.01, ***p ˂ 0.001.
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of eEF1A1 in EC remain obscure. In our study, we found that the
transcripts of eEF1A1 were activated by TOPK/YB1 signal pathway
and accompanied the decreasing level of eEF1A1, AKT/mTOR
signal pathways were inactivated in EC cells (Fig. 5f, i, j, k). These
data indicated TOPK promoted cell proliferation of EC by targeting
YB1/eEF1A1/AKT/mTOR signal pathways in vitro.
More interestingly, TOPK inhibitors, including HI-TOPK-032 [6],

OTS964 [35] and OTS514 [13], may impart minimal damages to
normal tissues. Studies have shown that HI-TOPK-032 which
directly inhibits TOPK activity in vivo & in vitro suppresses the
growth by inducing the apoptosis of colonic cancer cells. HI-TOPK-
032 can also inhibit growth and survival of glioma initiating cells
in vitro and even attenuated tumor growth in vivo [19, 36].
OTS514 and OTS964 have been evaluated in several solid tumors
(e.g., ovarian cancer, myeloma, and cervical cancer), and play an
anti-tumor role by inducing cell cycle arrest and apoptosis [37–39].
What’s more, OTS514 exhibits potent anti-myeloma activity in pre-
clinical models [38]. Moreover, HI-TOPK-032 is found to suppress
the progression of prolactinomas by inhibiting the phosphoryla-
tion level of the downstream target p38 MAPK [30, 40] and the
solar ultraviolet-induced skin carcinogenesis by inhibiting the
phosphorylating and activating c-Jun at S63 and S73 [40]. HI-
TOPK-032 treatment also attenuates glioblastomas tumor growth

in vitro and in vivo [36]. Here, we treated the EC cells and PDX
models with HI-TOPK-032 (Fig. 7), and then found that HI-TOPK-
032 significantly inhibited cell proliferation in vitro and in vivo by
the TOPK/YB1/eEF1A1 signal pathway. Therefore, TOPK may
become a potential therapeutic target of EC and TOPK inhibitors
may be useful in combination with traditional clinical treatments
for EC in the future.
In summary, TOPK and YB1 were both overexpressed and

positively related with the poor prognosis of EC. And TOPK
phosphorylated YB1 at T89 and S209 to promote the growth of EC,
and then the phosphorylated YB1 induced the transcripts of
eEF1A1, ultimately activated the AKT/mTOR pathways. This study
provided insights into the molecular mechanisms of EC carcino-
genesis and the theoretical basis for TOPK as a target in EC
treatment.

MATERIALS AND METHODS
Reagents and antibodies
Chemical reagents, including Tris, NaCl, and SDS, for molecular biology and
buffer preparation were purchased from Solarbio (Beijing, China). Antibodies
(Table 4) for Western blot analysis were from Cell Signaling Technology,
Abcam, or Santa Cruz Biotechnology. RPMI-1640 medium, Dulbecco’s

Table 3. A total of 32 putative site(s) were predicted with relative profile score threshold 80%.

Matrix ID Name Score Relative score Sequence ID Start End Strand Predicted sequence

UN0139.1 UN0139.1.YBX1 9.3550625 0.927383069 seq1 1491 1499 - TGTACCTTC

UN0139.1 UN0139.1.YBX1 7.8363214 0.901966679 seq1 153 161 - TGATCCACC

UN0139.1 UN0139.1.YBX1 7.2945886 0.892900689 seq1 1559 1567 + CGTCCCTTC

UN0139.1 UN0139.1.YBX1 7.1501417 0.890483347 seq1 543 551 - AGTTCCTTC

UN0139.1 UN0139.1.YBX1 7.0800276 0.889309975 seq1 1750 1758 - TTCTCCACC

UN0139.1 UN0139.1.YBX1 6.0366173 0.871848327 seq1 802 810 - CATCCTATC

UN0139.1 UN0139.1.YBX1 6.0242734 0.87164175 seq1 1865 1873 - CGCGCCACC

UN0139.1 UN0139.1.YBX1 5.755254 0.867139662 seq1 1454 1462 - CTTGCCATC

UN0139.1 UN0139.1.YBX1 5.1445255 0.856919021 seq1 199 207 - GGTTTCACC

UN0139.1 UN0139.1.YBX1 4.831588 0.851681955 seq1 1582 1590 + GTCACCACC

UN0139.1 UN0139.1.YBX1 4.7039003 0.849545084 seq1 904 912 - TTATCCACC

UN0139.1 UN0139.1.YBX1 4.6782813 0.849116345 seq1 649 657 - TGTTTCTTC

UN0139.1 UN0139.1.YBX1 4.4680595 0.845598248 seq1 1924 1932 - TCCCCCACC

UN0139.1 UN0139.1.YBX1 4.431187 0.844981183 seq1 1357 1365 - CGCCCCTCC

UN0139.1 UN0139.1.YBX1 4.012538 0.837975018 seq1 1200 1208 - GGCTCCTTC

UN0139.1 UN0139.1.YBX1 3.5330088 0.829950017 seq1 1025 1033 + AGTACCATG

UN0139.1 UN0139.1.YBX1 3.3405585 0.826729328 seq1 424 432 - AGTCCTTTC

UN0139.1 UN0139.1.YBX1 3.2362 0.824982872 seq1 210 218 + CGTCTCTTC

UN0139.1 UN0139.1.YBX1 3.0611627 0.822053592 seq1 1301 1309 + CGACCCTTC

UN0139.1 UN0139.1.YBX1 3.0496738 0.821861323 seq1 395 403 - TTTTCTTTC

UN0139.1 UN0139.1.YBX1 3.0064347 0.821137709 seq1 1382 1390 - GGCTCCTCC

UN0139.1 UN0139.1.YBX1 2.9814205 0.820719093 seq1 1539 1547 - CCCTCTACC

UN0139.1 UN0139.1.YBX1 2.8777606 0.818984328 seq1 1493 1501 + AGGTACACC

UN0139.1 UN0139.1.YBX1 2.862601 0.818730629 seq1 391 399 - CTTTCTTTC

UN0139.1 UN0139.1.YBX1 2.7140968 0.816245385 seq1 868 876 + TGTGACTTC

UN0139.1 UN0139.1.YBX1 2.2386243 0.808288274 seq1 251 259 + AGTCCCAGC

UN0139.1 UN0139.1.YBX1 2.076117 0.805568686 seq1 495 503 + CTTCCCAAC

UN0139.1 UN0139.1.YBX1 2.0109136 0.804477496 seq1 1716 1724 + CGCCCCCTC

UN0139.1 UN0139.1.YBX1 1.9663289 0.803731363 seq1 1891 1899 - CACGACATC

UN0139.1 UN0139.1.YBX1 1.9048911 0.802703192 seq1 1161 1169 - CGTAACACG

UN0139.1 UN0139.1.YBX1 1.8421957 0.801653974 seq1 10 18 - TAAAATATC

UN0139.1 UN0139.1.YBX1 1.8211558 0.801301867 seq1 279 287 - GATTCCTCC
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modified Eagle’s medium (DMEM, BI, USA), basal medium eagle (BME) and
fetal bovine serum (FBS) were all purchased from BI (Bioind, Israel).

Cell culture
Shantou human embryonic esophageal (SHEE) cell line were obtained from
professor Enmin Li of Shantou University and were cultured in DMEM

containing 10% FBS at 37 °C in an atmosphere of 5% CO2. EC cell lines
(KYSE30, KYSE70, KYSE140, KYSE150, KYSE410, KYSE450, KYSE510) were
obtained from the Chinese Academy of Sciences, HEK293T and HEK293F cells
were purchased from American Type Culture Collection (ATCC; Manassas,
VA). All cells were cytogenetically tested and authenticated before freezing.
EC cells were maintained in RPMI-1640 medium with 10% FBS. HEK293T cells
were maintained in DMEM medium supplemented with 10% FBS.

W. Wu et al.

11

Cell Death and Disease          (2023) 14:364 



Specimens and immunohistochemistry
Tissue microarrays were bought from Outdo Biotech (Shanghai, China),
which had 100 cases of esophagus carcinoma with 80 cases of matched
adjacent normal tissue for TOPK and 93 cases of esophagus carcinoma
with 87 cases of matched adjacent normal tissue for YB1 (TOPK tissue array
No: HEso-Squ180Sur-04; YB1 tissue array No: HEso-Squ180Sur-03). Clinical
stage I II III IV (AJCC 7.0), TNM score and survival information were
available. The tissue microarrays were used for immunohistochemical
staining. The antibody of TOPK (1:50), YB1 (1:50), and Ki-67 (1:100) were
applied to the slides and incubated at 4 °C overnight. The slides were
washed and then incubated with secondary antibody, then detected by 3,
3’-diaminobenzidine (DAB). The grades of the positive cells were observed
by microscope (20×) and analyzed by TissueFAXS software (Tissue Gnostics
GmbH, Vienna, Austria, www.tissuegnostics.com) as follows: the ranges of
intensity about the master marker (hematoxylin) and the immuno-
histochemical staining were set by auto-detection of the software. All
images were analyzed with the identical settings after adjustments. The
expression levels of TOPK and YB1 protein were assessed and scored based
on staining areas and intensity according to the methods [10, 12]. The
staining results were scored based on these criteria: (i) calculate the
percentage of positive tumor cells in tissues: zero (< 10%), 1 (11–25%), 2
(26–50%), 3 (51–75%), and 4 (76–100%); and (ii) observing the signal
intensity of staining: zero (no signal), 1 (weak), 2 (moderate), 3 (marked).
Immunoreactivity score was calculated by multiplying the score for the
percentage of positive cells by the intensity score (range 0–12). The final
score was stratified as - (0 score, absent), + (1–4 score, weak), ++
(5–8 score, moderate), +++ (9–12 score, strong), in this study, − to + was
considered low expression, and ++ to +++ was considered high
expression.

Western blot
Total proteins were extracted from cells. Ice-cold radio immunoprecipita-
tion assay buffer (RIPA: Solarbio, R0020) was used to treat the cells. Then,
the mixture was centrifuged for 25min at 14,000 rpm at 4 °C. The
supernatants were collected and the concentration was quantified by BCA
protein assay kit (Beyotime Biotechnology, Shanghai, China). Protein
samples were boiled at 100 °C for 5 min. Then they were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and were transferred to the polyvinylidene fluoride (PVDF) membrane
(Merck Millipore, Burlington, MA, USA). The membranes were blocked at
room temperature for 1 h with skim milk dissolved in tris-buffered saline
(5%). Correspondingly, primary antibodies were used to incubate the
membranes for 16 h at 4 °C, then the membranes were incubated with
secondary antibodies which were conjugated with horseradish peroxidase
(HRP) for 2 h at room temperature. Finally, the membranes were visualized
by enhanced chemiluminescence (ECL) kits (Thermo Scientific, USA).

CRISPR/Cas9-mediated TOPK gene knockout
TOPK was knocked out in KYSE150 and KYSE30 cells by CRISPR/
Cas9 system. An online CRISPR/Cas9 tool (CHOPCHOP: https://
chopchop.cbu.uib.no/) was used to design TOPK-specific RNA guides
[41]. Two oligonucleotide sequences of TOPK single guide RNA (sgRNA)
were: 5’-GGAGAATGAGACAAACCTCT-3’ and 5’-TGTTTCAGTGACTGACCCT
G-3’. Packaging vectors including pMD2.G, psPAX2, and viral plasmids were
co-transfected with jet PRIME (Polyplus, FR) into HEK293T cells. Collection
of viral particles was done at 24 h, 48 h, and 72 h post-transfection, and all
viral particles were filtered by a 0.22 μm filter. Then after combination with
8 μg/mL polybrene, the viral particles were used to infect KYSE150 and
KYSE30 cells. Then the infected cells were selected with puromycin (2 μg/
mL) for 72 h respectively. The efficacies of sgTOPK in EC cells were
determined by Western blot.

Dual-luciferase reporter assay
The value of firefly-luciferase was normalized to the value of Renilla-
luciferase in relative luciferase activity assay [42]. In summary, 2 × 104

HEK293T cells were seeded into the wells of a 24-well plate and cultured
overnight. 0.5 μg pGL4.19-eEF1A1 promoter plasmid and 0.05 μg hRluc/TK
plasmid were co-transfected into cells using jet PRIME transfection reagent
for 24 h, the cells were then treated with 5 μM HI-TOPK-032 for another
24 h. Dual-luciferase reporter assay system (Promega, E1910, USA) was
used to detect the luciferase activity. Cells were lysed in passive lysis buffer
and transferred to a 96-well plate, then firefly-luciferase and renilla-
luciferase values were measured by Tecan Spark Multi-Detection System.

Protein synthesis assay
TOPK knockout KYSE150 and KYSE30 cells (6 × 103 cells/well) were seeded
in 96-well plates and incubated for 16 h. Then the protein synthesis assay
was performed according to the protocol of Click-iTTM Plus OPP Alexa
FluorTM 488 Protein Synthesis Assay Kit (C10456, Thermo Fisher Scientific).
All the fluorescence intensities were detected and analyzed by In Cell
Analyzer 6000.

Cell proliferation assay
KYSE 150 and KYSE30 cells were seeded into 96-well plates with 1.5 × 103

cells/well and incubated for 16 h. After incubation for another 24, 48, 72 or
96 h, methyl thiazolyl tetrazolium (MTT) reagent (0.5 mg/mL) was added to
96-well plates to detect the proliferation of EC cells. Absorbance was
measured at 490 or 570 nm.

Anchorage-independent growth assay
According to the standard method, the anchorage-independent cell
growth was detected by the soft agar assay [43]. In brief, KYSE150 and
KYSE30 cells (8000 cells/well) in a 6-well plate were seeded in 1mL of
0.33% BME agar containing 10% FBS over 3 mL of 0.5% BME agar
containing 10% FBS. Cells were cultured for an additional 10 days. Cells
were photographed and counted by IN Cell Analyzer 6000 and Image-Pro
Plus v6.0 software respectively.

Anchorage-dependent growth assay
KYSE150 and KYSE30 cells (200 cells/well) were seeded into 6-well plates
with 2 mL of medium. After 10 days’ incubation, clones were fixed by 4%
paraformaldehyde and stained by 0.5% crystal violet for 5 min. Clones were
photographed and counted.

Co-immunoprecipitation (CO-IP)
KYSE150 and KYSE30 cells were collected and incubated with lysis buffer
(50mM Tris-HCl pH 7.4, 1 mM EDTA, 1% NP40, 150mM NaCl, protease
inhibitors and PMSF) for 40min at 4 °C. KYSE150 and KYSE30 cell lysates
were collected and quantified by BCA kit. Appropriate cell lysates were
precleared by protein A/G agarose beads (#sc-2003, Santa Cruz) for 2 h at
4 °C. Then the cell lysates were incubated with TOPK and YB1 antibodies,
then 30 μL of protein A/G agarose beads were added to each sample and
rotated at 4 °C overnight. The beads were washed and boiled at 95 °C for
5 min with 6 × loading buffer. The immunoprecipitated complexes were
detected by Western blot.

Bimolecular fluorescence complementation (BiFC) assay
The full length of TOPK or YB1 was cloned to the pBiFC-VC155 or pBiFC-
VN173 vector respectively. Experiments were carried out in 6 well plates
(Cell carrier™ Perkin Elmer). HEK293T cells were seeded at density of
5 × 105 cells per well. Cells were incubated at 37 °C with 5% of CO2 for 16 h.

Fig. 6 HI-TOPK-032 inhibits cell proliferation by YB1/eEF1A1 signal pathways in EC. a, b HI-TOPK-032 suppressed KYSE150 (a) and KYSE30
(b) cell viability. KYSE150 and KYSE30 cells were treated with various concentration of HI-TOPK-032 (0, 0.25, 0.5, 1, 2.5, 5 μM) and measured at
24, 48, 72 and 96 h. c, d HI-TOPK-032 suppressed anchorage-independent growth of KYSE150 (c) and KYSE30 (d) cells. KYSE150 and KYSE30
cells were treated with various concentration of HI-TOPK-032 (0, 0.25, 0.5, 1, 2.5, 5 μM) and measured after 7 days. e, f HI-TOPK-032 suppressed
anchorage-dependent growth of KYSE150 (e) and KYSE30 (f) cells. KYSE150 and KYSE30 cells were treated with various concentration of HI-
TOPK-032 (0, 0.25, 0.5, 1, 2.5, 5 μM) and measured after 10 days. g, h. HI-TOPK-032 decreased the mRNA level of eEF1A1 of KYSE150 (g) and
KYSE30 (h) cells. KYSE150 and KYSE30 cells were treated with various concentration of HI-TOPK-032 (0, 0.25, 0.5, 1, 2.5, 5 μM). i, j The protein
level of eEF1A1 and the phosphorylation levels of YB1, mTOR, AKT, and p70S6K were identified in KYSE150 (i) and KYSE30 (j) cells by Western
blot. KYSE150 and KYSE30 cells were treated with various concentration of HI-TOPK-032 (0, 0.25, 0.5, 1, 2.5, 5 μM). All experiments were
biological replicates and were repeated at least three times. Error bars showed standard error of the mean. *p ˂ 0.05, **p ˂ 0.01, ***p ˂ 0.001.
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Fig. 7 HI-TOPK-032 inhibits EC growth in vivo. a, d Representative tumor images of HEG51 (a) and LEG110 (d) after HI-TOPK-032 treatment.
b, e Tumor volumes of HEG51 (b) and LEG110 (e) were recorded every two days. Tumor growth curve of each group was shown. c, f Analysis of
tumor weights in HEG51 (c) and LEG110 (f) after HI-TOPK-032 treatment. g, h Representative tumor images and statistical analysis of IHC
positive staining of Ki67 in HEG51 (g) and LEG110 (h) tumor tissue slices. i, j The phosphorylation levels of YB1, mTOR, AKT and p70S6K and
the protein level of eEF1A1 were identified in HEG51 (i) and LEG110 (j) after HI-TOPK-032 treatment by Western blot. ‘C’ indicated vehicle
group, ‘L’ indicated low treatment (5 mg/kg) group and ‘H’ indicated high treatment (10 mg/kg) group. All experiments were biological
replicates and were repeated at least three times. Error bars showed standard error of the mean. *p ˂ 0.05, **p ˂ 0.01, ***p ˂ 0.001.
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Then these plasmids were transferred to the corresponding wells. After
culturing for another 48 h, cells were fixed with 4% paraformaldehyde
(PFA). Then these cells were imaged by IN Cell Analyzer 6000.

KYSE30 sgTOPK cell-derived xenograft (CDX) mouse models
Severe combined immunodeficient (SCID) mice (Female, 6–8 weeks old)
were purchased from Vital River Labs (Beijing, China) and maintained
under specific pathogen-free conditions. Mice were divided into 3 groups:
1) KYSE30 sgControl; 2) KYSE30 sgTOPK#3; 3) KYSE30 sgTOPK#5 (8 per
group). After acquiring enough sgControl, sgTOPK#3, and sgTOPK#5
KYSE30 cells, 2 × 106/mL cells (100 μL) were inoculated subcutaneously
into the right flanks of all mice. Body weights and tumor volumes were
measured 3 times every week, and tumor volumes were calculated based
on the formula: tumor volume (mm3) = length × width × width/2. All
animal experiments were performed according to guidelines approved by
the Ethics Committee of Zhengzhou University (Zhengzhou, Henan, China).

EC patient-derived xenograft (PDX) models
SCID mice (Female, six-week) were bought from Vital River Labs (Beijing,
China). All mice were fed with free access to food and water and kept in
12 h/12 h light/dark cycles. EC PDX models HEG51 and LEG110 were
studied in animal experiments and the information of two PDX cases was
listed in Table 5. The corresponding PDX tumor tissues were separated into
fragments and implanted subcutaneously into the right flanks of mice.
When tumor volumes reached about 100mm3, the mice were randomly
divided into 3 groups:1) vehicle; 2) 5 mg/kg and 3) 10mg/kg HI-TOPK-032
(8 per group). These mice were treated by intraperitoneal (i.p.) injection
three times per week. The body weights and tumor volumes were
measured every 2 days. Tumor volumes were calculated using the
following formula: tumor volume (mm3)= length × width × width/2. Mice
were monitored and euthanized when tumor volume reached about
1000mm3, and then the tumors were extracted. Animal experiments in
this research were approved by the Ethics Committee of Zhengzhou
University (Zhengzhou, Henan, China).

Statistical analysis
In this study, SPSS (version 21.0; SPSS, Chicago, IL, USA) software was used to
conduct all statistical analyses, and quantitative results were shown as

mean ± SD. The unpaired Student’s t-test or one-way analysis of variance
(ANOVA) was used to compare significant differences. P-value lower than 0.05
were considered to indicate statistical significance. The asterisk (*), (**) and (***)
indicated a significance of (p ˂ 0.05), (p ˂ 0.01) and (p ˂ 0.001), respectively.

DATA AVAILABILITY
The data sets used and analyzed during the current study are available from the
corresponding author on reasonable request.
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