Oncogene (2020) 39:6113-6128
https://doi.org/10.1038/541388-020-01409-6

ARTICLE

Enhanced YB1/EphA2 axis signaling promotes acquired resistance to
sunitinib and metastatic potential in renal cell carcinoma

Hailong Ruan®? - Sen Li'? - Lin Bao®"? - Xiaoping Zhang ®'?

Received: 16 March 2020 / Revised: 12 July 2020 / Accepted: 23 July 2020 / Published online: 19 August 2020
© The Author(s) 2020. This article is published with open access, corrected publication 2022

Abstract

VHL mutations are the most common tumorigenic lesions in clear cell renal cell carcinoma (ccRCC) and result in continued
activation of the HIF/VEGF pathway and uncontrolled cancer progression. Receptor tyrosine kinase (RTK) inhibitors such
as sunitinib have been demonstrated to target tumorigenic signaling pathways, delay tumor progression, and improve patient
prognosis in metastatic renal cell carcinoma (mRCC). Although several mechanisms of sunitinib resistance have been
reported, the solutions to overcome this resistance remain unclear. In our study, we found that increased expression of Y-box
binding protein 1 (YB1, a multidrug resistance associated protein) and EphA2 (a member of the erythropoietin-producing
hepatocellular (Eph) receptor family, belonging to the RTK family) mediated sunitinib resistance and mRCC exhibited a
large phenotypic dependence on YB1 and EphA2. In addition, our findings confirm that YB1 promotes the invasion,
metastasis and sunitinib resistance of ccRCC by regulating the EphA2 signaling pathway. Furthermore, pharmacological
inhibition of EphA2 through the small molecule inhibitor ALW-II-41-27 reduced the proliferation of sunitinib-resistant
tumor cells, suppressed tumor growth in vivo, and restored the sensitivity of sunitinib-resistant tumor cells to sunitinib
in vitro and in vivo. Mechanistically, YB1 increases the protein levels of EphA2 by maintaining the protein stability of
EphA2 through inhibition of the proteasomal degradation pathway. Collectively, our findings provide the theoretical
rationale that ccRCC metastasis and RTK-directed therapeutic resistance could be prospectively and purposefully targeted.

Introduction VHL mutations in 70-80% of cases, high metastasis rate

and mortality, and resistance to radiotherapy and che-
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abundant vascularization surrounding ccRCC tissue pro-
vides a convenient medium for tumor spread and metastasis
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highly expressed in a variety of malignancies including
renal cancer [8—11]. As a DNA-binding protein, YB1 can
increase the transcription of many genes, such as cyclin A
[12] and topoisomerase Ila [13]. As an RNA-binding pro-
tein, YB1 can bind snaill and HIFla mRNA to activate
their translation and promote tumor metastasis [14, 15]. Our
group and others have confirmed that, in other malig-
nancies, YB1 mainly functions to promote cancer metas-
tasis and multidrug resistance [16, 17]. A previous study
reported that YB1 is highly expressed in renal cancer and
promotes tumor metastasis [11]. However, the crucial roles
of YBI in SUN resistance and the mechanisms by which
YBI1 promotes ccRCC metastasis have not been studied.

EphA2 (a member of the erythropoietin-producing
hepatocellular (Eph) receptor family, belonging to the
RTK family) is one of the most studied members of the Eph
receptor family. In melanoma, EphA2 is overexpressed and
mediates vemurafenib resistance [18]. EphA2 blockade was
reported to overcome resistance to EGFR kinase inhibitors
in lung cancer [19]. High EphA2 levels are correlated with
poor prognosis in oesophageal cancers and glioblastomas
and promote the proliferation and metastasis of various
malignant tumor cells [20, 21]. Our previous study reported
that EphA?2 is highly expressed in ccRCC and promotes the
migration and invasion of ccRCC cells [22]. High levels of
EphA2 expression are correlated with tumor grade,
increased vascularization, and poor overall survival (OS) in
RCC [23]. The above studies show that EphA2 plays a
crucial role in tumor metastasis and drug resistance. How-
ever, the mechanisms by which EphA2 plays a role in SUN
resistance and EphA2 is overexpressed in ccRCC remain
unclear.

In our study, we demonstrate for the first time that YB1
and EphA?2 are highly expressed in SUN-resistant ccRCC
cell lines and that the SUN-resistant phenotype is sig-
nificantly dependent on high levels of YB1 and EphA2
expression. In addition, we found that YB1 could promote
the invasion, metastasis, and SUN resistance of ccRCC,
which could be neutralized by knockdown of EphA2.
Furthermore, pharmacological inhibition of EphA2 by the
small molecule inhibitor ALW-II-41-27 reduced the pro-
liferation of SUN-resistant tumor cells, suppressed tumor
growth in vivo, and restored the sensitivity of SUN-
resistant tumor cells to SUN in vitro and in vivo.
Mechanistically, YB1 increases the protein levels of
EphA2 by maintaining the protein stability of EphA2
through inhibition of the proteasomal degradation path-
way. These results demonstrated that YB1 and EphA2
might play roles as oncogenes and drug-resistant genes in
the progression of ccRCC and provided a rationale for
consideration of the combined treatments of YB1 and
EphA2 as a novel therapeutic strategy for metastatic and
SUN-resistant ccRCC.
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Results

YB1 is highly expressed and positively correlated
with epithelial-mesenchymal transition (EMT) in
ccRCC

We first evaluated the expression of YB1 in ccRCC cancer
tissues and adjacent normal tissues using the publicly
available TCGA database. As shown in Fig. la, YBI
expression levels were higher in cancer tissues than in
adjacent normal tissues, and high YBI expression corre-
lated with poor OS and disease-free survival (DFS). A
previous study reported that YB1 promotes EMT and tumor
metastases in breast cancer [14]. Thus, we analyzed the
correlation between YB1 expression and EMT marker
expression in ccRCC. Gene set enrichment analysis (GSEA)
performed using the ccRCC gene pool in the TCGA data-
base showed that genes regulated by high YBI1 expression
were mainly concentrated in the EMT pathway (Fig. 1b)
[24]. Heat map and correlation analysis indicated that the
expression of YB1 was positively correlated with the
expression of mesenchymal markers (N-cadherin, vimentin,
Snaill, Snail2, Twistl, Twist2, fibronectin, MMP2, and
MMPY), but negatively correlated with the expression of
epithelial markers (E-cadherin and occludin) (Fig. lc, d).
These results indicated that YB1 was highly expressed and
might promote EMT in ccRCC.

The expression of YB1 correlates with a wide range
of clinicopathological parameters in ccRCC

To assess whether YB1 expression is correlated with clin-
icopathological parameters, we evaluated the correlation
between YB1 expression and clinicopathological parameters
(Table 1). After analyzing the TCGA data, we found no
correlation between YB1 expression and patient age (Sup-
plementary Fig. 1a), but YB1 expression was higher in male
patients than in female patients (Supplementary Fig. 1b). High
YBI1 expression levels were also significantly associated with
higher TNM stage, T stage, M stage, G stage, and poorer OS
and DFS (Supplementary Fig. lc, d, f-i). Surprisingly, the
level of YB1 expression was not associated with lymph node
metastasis (Supplementary Fig. 1le). The above data showed
that the expression level of YB1 was correlated with various
clinicopathological parameters in ccRCC.

YB1 accelerates the mobility of human renal cancer
cells in vitro

To further validate the TCGA cancer database results,
ccRCC tissues were subjected to western blotting and
immunohistochemistry (IHC) analysis (Fig. 2a, b). All
results confirmed that YB1 expression in ccRCC tissues
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Fig. 1 YB1 is highly expressed and positively correlated with b GSEA analysis between YB1 mRNA levels and EMT signaling
epithelial-mesenchymal transition (EMT) in ccRCC. a YBI pathways. ¢ Heat map depicting the association of YB1 with epithelial
mRNA levels were significantly upregulated in a TCGA dataset markers and mesenchymal markers. d Correlation analysis between
composed of 534 ccRCC tissues, including 72 paired tissues. YBI1 and EMT markers.

Kaplan—Meier analysis of YB1 in ccRCC patients for OS and DFS.
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Table 1 Correlation between YBI mRNA expression and that YB1 promoted the migration and invasion of renal
clinicopathological parameters of ccRCC patients. cancer cells in Vitro.
Parameter Number YB1 mRNA expression P value

Low High YB1 positively regulates tumor metastasis and drug

(n=124) (n=124) resistance signaling pathways
Age (years) ! The positive correlation between YB1, metastasis, and EMT
260 144 2 2 signaling pathways suggests that YB1 may function via these
<60 104 >2 >2 pathways. To validate this hypothesis, we performed high-
Gender 0.0001 throughput mRNA sequencing in 786-O cells with stable YB1
Male 151 61 90 knockdown. The results of high-throughput sequencing are
Female 97 63 34 plotted as a heat map (Fig. 3a). Volcano plots show upregu-
T stage 0.0098  Jated and downregulated genes in 786-O cells with YBI
Tl +T2 146 83 63 knockdown according to the screening criteria (Fig. 3b).
T3+ T4 102 41 6l Subsequently, GO analysis revealed that genes downregulated
Lymph node 0.0165 by YB1 knockdown were involved in the cell surface receptor
metastasis signaling pathway (Fig. 3c). KEGG enrichment analysis
NO 233 121 112 indicated that the downregulated genes in YB1 knockdown
Nl 15 3 12 cells were enriched in multiple signaling pathways, such as
M stage 0.0262 drug resistance, protein folding and degradation, cell motility,
MO 207 110 97 cell growth, and cell death (Fig. 3d). Collectively, these
Ml 41 14 27 findings suggested that YB1 might positively regulate tumor
Histologic grade 0.0014 metastasis and drug resistance signaling pathways.
Gl1+G2 111 68 43
G3+ G4 137 56 81 YB1 is positively correlated with the expression of
Pathologic stage 0.0009 EphA2 and can significantly rescue the EphA2
pI+1I 134 80 54 knockdown phenotype
p HI+1V 114 44 70

was higher than that in corresponding normal tissues, con-
sistent with the results of the TCGA database analysis.
Next, we examined the expression of YB1 in renal cancer
cell lines and found that the increased expression of YB1 in
tumor cells was consistent with the results of the ccRCC
tissues (Fig. 2c). Since YB1 was positively correlated with
EMT, we speculated that YB1 might promote cell migration
and invasion in ccRCC. We successfully constructed 786-O
and ACHN cell lines with stable YB1 knockdown or stable
YB1 overexpression (Fig. 2d, e). Cell scratch assay results
showed that the knockdown of YB1 expression inhibited
cell migration, while the overexpression of YB1 accelerated
cell migration (Fig. 2f, g). In line with our expectations, the
results of the transwell migration and invasion experiments
were consistent with the experimental results of the scratch
assays (Fig. 2h, i). To investigate the effect of VHL on the
YB1/EphA2 axis, we also included Caki-1 cells, a cell line
identified as VHL wild type, in our experiments. As shown
in Supplementary Fig. 2a, VHL knockdown did not affect
the expression of YB1 or EphA2 in Caki-1 cells. Moreover,
stable knockdown or overexpression of YB1 in Caki-1 cells
resulted in a phenotype similar to that of 786-O and ACHN
cells (Supplementary Fig. 2b, c). These findings indicated

SPRINGER NATURE

Our previous study found that EphA2 expression was ele-
vated and that high EphA2 expression contributed to cell
migration and invasion in renal cancer [22]. Our findings
indicated that both YB1 and EphA2 could promote the
invasion and metastasis of renal cancer cells, but the reg-
ulatory network between them remained unclear. Our RNA-
sequencing results showed that genes downregulated by
YBI1 knockdown were involved in the cell surface receptor
signaling pathway (Fig. 3c), and EphA2 is a key molecule
in the cell surface receptor signaling pathway. The above
results indicate the possibility that YB1 may be an upstream
regulatory element of EphA2. To understand the specific
relationship between YB1 and EphA2, we performed
immunohistochemical staining of YB1 and EphA2 using
tissue microarrays (TMAs) with 50 pairs of ccRCC tissues.
TMA staining results showed that both YB1 and EphA2
were upregulated in ccRCC, and YB1 was positively cor-
related with EphA2 in tumor tissues (r=0.3374, P=
0.0166) (Supplementary Fig. 3a). Moreover, by analyzing
the TCGA database, we found that EphA2 is highly
expressed and correlated with various clinicopathological
parameters in ccRCC, including gender, T stage, G stage,
and TNM stage (Table 2 and Supplementary Fig. 4a-h).
GSEA analysis showed that genes regulated by high EphA2
were enriched in cell migration, EMT, and multicancer
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Fig. 2 YB1 accelerates the mobility of human renal cancer cells
in vitro. a, b Western blot and immunohistochemical analysis of YB1
expression in ccRCC tissues (N normal tissues, T tumor tissues).
H-scores of YB1 immunohistochemical staining were presented. The
values indicate protein expression levels relative to actin levels.
¢ Western blot analysis of YB1 expression in renal normal epithelial
cells (HK-2) and tumor cells (Caki-1, ACHN, 786-O). The values
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invasiveness signature signaling pathways (Fig. 4a).
Therefore, we analyzed the relationship between EphA2
and EMT markers using the TCGA database and found that
EphA2 was positively correlated with mesenchymal mar-
kers, including N-cadherin, vimentin, SNAIL1, MMP2,
TWISTI1, and TWIST2 (Supplementary Fig. 5a). Subse-
quently, we demonstrated that knockdown or over-
expression of YB1 could downregulate or upregulate
EphA2 expression in human renal cancer cells, respectively

1 Vector

Flag-yb1

2007 @ Vector 786-0
@8 Flag-ybl

150 e

Migration

786-O

100

Cell numbers/field
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Invasion
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d, e Western blot validation of stable YB1 knockdown or over-
expression in the indicated cell lines. The values indicate protein
expression levels relative to GAPDH levels. f, g Scratch experimental
analysis of the effect of stable YB1 knockdown or overexpression on
cell migration. h, i Transwell experimental analysis of the effect of
stable YB1 knockdown or overexpression on cell migration and
invasion (***P<0.001, **P<0.01, *P<0.05, compared with the
corresponding control).

(Fig. 4b—d). Knockdown of EphA2 expression inhibited cell
migration and invasion in human renal cancer cells (Fig. 4e,
f). The above results raised the possibility that YB1 might
directly or indirectly regulate EphA2 expression. To test
this possibility, we performed YB1 rescue experiments in
EphA2 knockdown cells and corresponding control cells.
As shown in Fig. 4g—i, YBI not only restored EphA2
protein expression but also rescued the metastatic pheno-
type of EphA2 knockdown in human renal cancer cells.
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tance signaling pathways. a Heat map of mRNA sequencing results
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In addition, we observed a similar rescue phenotype in
Caki-1 cells (Supplementary Fig. 2d). These results sug-
gested that YB1 regulated the migration and invasion of
renal cancer cells via EphA2 signaling.

YB1 maintains the protein stability of EphA2 by
inhibiting the proteasome degradation pathway

Our previously mentioned results suggested that YB1 could
regulate EphA2 expression and rescue the EphA2
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analysis showed that genes downregulated by YB1 knockdown were
involved in the cell surface receptor signaling pathway. d KEGG
analysis of genes downregulated by YB1 knockdown.

knockdown phenotype. However, the specific mechanism
by which YB1 regulates EphA2 remains unknown. To solve
this problem, we first searched the promoter region of
EphA2 and found that the EphA2 proximal promoter region
(—1 to —2000 kb upstream of the transcription start site)
contained three Y-Box putative binding sequences
(ATTGG/CCAAT) (Fig. 5a). Next, the EphA2 proximal
promoter region was divided into six promoter fragments
(P1-P6, as indicated). Then, chromatin immunoprecipita-
tion (ChIP) experiments were performed in 786-O cells and
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Table 2 Correlation between EphA2 mRNA expression and
clinicopathological parameters of ccRCC patients.

Parameter =~ Number EphA2 mRNA expression P value
Low (n=260) High (n =261)

Age (years)

<60 241 116 125

260 280 144 136 0.453
Gender

Male 339 182 157

Female 182 78 104 0.018
T stage

T1+T2 333 153 180

T3+ T4 188 107 81 0.016
N stage

NO+NX 506 251 255

N1 15 9 6 0.427
M stage

MO +MX 443 216 227

M1 78 44 34 0.213
G stage

Gl +G2 241 105 136

G3+G4 280 155 125 0.007
TNM stage

I+ 315 144 171

or+1v 206 116 90 0.018

the results showed that YB1 could not bind to any promoter
fragment, including the fragments containing the Y-Box
sequences (Fig. 5b). Moreover, our high-throughput
sequencing results confirmed that knockdown of YB1 did
not significantly change the levels of EphA2 mRNA (data
not shown). In addition, the results of TMA staining con-
firmed a positive correlation between YB1 and EphA2
protein expression in ccRCC tissues (Supplementary Fig.
3a). These results showed that YB1 could not regulate
EphA2 expression at the transcriptional level, suggesting
that YB1 might control EphA2 expression by regulating the
stability of the EphA2 protein.

We used the proteasome inhibitor MG132 to explore the
mechanisms of YB1-dependent EphA2 protein stabiliza-
tion. Treatment of YB1 knockdown 786-O and ACHN cells
with MG132 increased EphA2 protein accumulation (Fig.
Sc, e), indicating constitutive EphA2 degradation in YB1
knockdown 786-O and ACHN cells. Accordingly, we used
cycloheximide to inhibit protein synthesis in 786-O and
ACHN cells with stable YB1 knockdown, and EphA2
protein turnover was examined over time. Compared with
that of the corresponding control cells, the half-life of
EphA2 was dramatically reduced in 786-O and ACHN cells
with stable YB1 knockdown (Fig. 5d, f). Furthermore, we

also explored the effect of YB1 on the ubiquitin modifica-
tion of EphA2 protein, and the experimental results showed
that YB1 knockdown increased the ubiquitin modification
of EphA2 protein in 786-O and ACHN cells (Fig. 5g, h).
Taken together, these findings indicated that YB1 main-
tained the stability of EphA2 protein by inhibiting the
proteasome degradation pathway.

YB1 induces SUN resistance by mediating
EphA2 signaling in vitro

KEGG analysis of our RNA-sequencing results showed that
YBI-mediated genes could be enriched in drug resistance
signaling pathways (Fig. 3d). Moreover, YB1 has been
reported to mediate drug resistance in multiple malignancies
[16, 25], while EphA2, a member of the RTK family, has
been reported to directly mediate resistance to RTK inhi-
bitors in multiple malignancies [18, 19]. However, whether
they mediate SUN resistance in kidney cancer remains
unclear. GSEA analysis by using the ccRCC gene pool from
TCGA database indicated that genes upregulated by high
YBI1 and EphA2 expression were enriched in the multiple-
drug-resistance pathway, and genes upregulated by high
EphA2 expression were enriched in renal cell-carcinoma
pathway (Fig. 6a). We have previously successfully estab-
lished SUN-resistant kidney cancer cell lines [26]. Western
blot analysis revealed that the expression levels of YB1 and
EphA2 were significantly higher in SUN-resistant cells than
in the parental cells (Fig. 6b). Next, we examined YB1- and
EphA2-mediated SUN sensitivity. Knockdown of YBI
increased the sensitivity of SUN-resistant cells to SUN (Fig. 6¢).
Similarly, knockdown of EphA2 also increased the sensi-
tivity of SUN-resistant cells to SUN (Fig. 6d). Moreover,
rescue experiments showed that the compromised resistance
phenotype by EphA2 knockdown could be restored by the
reintroduction of YB1 in SUN-resistant cells (Fig. 6e).
These results indicated that YB1-mediated SUN resistance
by modulating EphA2 signaling in human renal cancer
cells.

Pharmacological inhibition of EphA2 reduces the
growth of SUN-resistant cells via the ERK/AKT/
STAT3 signaling pathway in vitro

Considering the potential roles of EphA2 in maintaining
cell growth and in mediating SUN resistance, small mole-
cule inhibitors of EphA2 could serve as a stepping stone for
the transition from cell assays to clinical drug trials. To this
end, we screened the EphA2 inhibitor ALW-II-41-27
(ALW) from the kinase inhibitor library. The chemical
structures of ALW and SUN are shown in Fig. 7a, b. ALW
effectively inhibited the growth of SUN-resistant and par-
ental kidney cancer cells, and the inhibitory effect on
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Fig. 4 The effect of EphA2 expression on tumor cell migration and
invasion. a GSEA analysis between EphA2 mRNA levels and
metastasis-related signaling pathways. b, ¢ Western blot analysis of
YB1 and EphA2 proteins in 786-O and ACHN cells with YBI1
knockdown or overexpression. The values indicate protein expression
levels relative to GAPDH levels. d Immunofluorescence analysis of
the EphA2 protein in 786-O and ACHN cells with YB1 knockdown.
e, f Transwell analysis of the effect of EphA2 knockdown on renal
cancer cell migration and invasion. The values indicate protein

SUN-resistant cells (high EphA2) was more obvious (Fig.
7¢). Moreover, the combined treatment of ALW and SUN
maximally inhibited the growth of SUN-resistant cells and
enhanced the sensitivity of SUN-resistant cells to SUN
(Fig. 7d, e). The combined treatment of ALW + SUN
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expression levels relative to GAPDH levels. g Western blot analysis of
YB1 and EphA2 protein expression in 786-O and ACHN cells with
YBI1 overexpression/EphA2 knockdown or vector/EphA2 knockdown.
The values indicate protein expression levels relative to GAPDH
levels. h, i Transwell analysis of the migration and invasion capability
of 786-O and ACHN cells with YB1 overexpression/EphA2 knock-
down or vector/EphA2 knockdown (***P<0.001, **P<0.01, *P<
0.05, compared with the corresponding control).

induced IC50 cell growth inhibition at a combination index
of less than 0.7, indicating that ALW played a synergistic
role with SUN in SUN-resistant cells (Supplementary
Table 1). To explore the downstream signaling pathways
involved in ALW inhibition of EphA2, GSEA analysis was
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Fig. 5 YB1 maintains the protein stability of EphA2 by inhibiting
the proteasome degradation pathway. a The human EphA2 prox-
imal promoter region [—1 to —2 kb upstream of the transcription start
site (TSS)] had three Y-Box sequences (CCAAT/ATTGG). b ChIP
analysis of YB1 for the EphA2 promoter region in 786-O cells. ChIP
assays were performed using anti-IgG and anti-YB1 antibodies.
¢ EphA2 protein accumulation was analyzed after treatment with
MG132 in YB1 knockdown 786-O cells. The values indicate protein
expression levels relative to GAPDH levels. d After cycloheximide
(CHX) treatment, the half-life of EphA2 protein was analyzed in 786-
O cells (vector and shYB1). The values indicate protein expression

used to examine signaling pathways enriched by EphA2-
upregulated genes. As shown in Fig. 7f, genes upregulated
by high EphA2 expression were enriched in the MAPK and
JNK/STAT3 signaling pathways. To verify the results of the
GSEA analysis, we used western blot to detect changes in
protein expression in these signaling pathways after treat-
ment with different concentrations of SUN or ALW. ALW
treatment significantly inhibited the phosphorylation of

levels relative to GAPDH levels. € EphA2 protein accumulation was
analyzed after treatment with MG132 in YB1 knockdown ACHN
cells. The values indicate protein expression levels relative to GAPDH
levels. f After cycloheximide (CHX) treatment, the half-life of EphA2
protein was analyzed in ACHN cells (vector and shYB1). The values
indicate protein expression levels relative to GAPDH levels. g, h Co-
IP analysis of ubiquitination modification of EphA2 in 786-O and
ACHN cells (vector and shYB1). The values indicate protein expres-
sion levels relative to GAPDH levels. (***P<0.001, **P<0.01,
compared with the corresponding control).

EphA2, STAT3, AKT, and ERK1/2 in parental and SUN-
resistant cells (Fig. 7g, h). It is well known that the ERK,
AKT, and STATS3 signaling pathways play important roles
in promoting cell growth and inhibiting apoptosis. Our
results confirmed that ALW inhibited the activation and
phosphorylation of these pathways, so we concluded that
ALW suppressed the growth of parental and SUN-resistant
cells by inhibiting these pathways.
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Fig. 6 YB1 induces sunitinib
resistance by mediating
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EphA2 mediates the growth and metastasis of SUN-
resistant cells via the ERK/AKT/STAT3 signaling
pathway in vivo

To investigate the effect of EphA2 on the in vivo effects of
SUN-resistant cells, we generated 786-O-R cells with stable
EphA2 knockdown. We then injected these cells sub-
cutaneously into nude mice to establish subcutaneous tumor
models. We found that EphA2 knockdown significantly
reduced tumor size, tumor weight, and tumor volume in the
786-O-R subcutaneous tumor model (Fig. 8a—c). IHC and
haematoxylin and eosin (H&E) staining of subcutaneous
tumor tissues demonstrated that EphA2 knockdown
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obviously decreased Ki-67 expression and tumor cell volume
(Fig. 8d, e). Next, we explored changes in STAT3, AKT, and
ERK pathways by western blot analysis in tumor tissues. The
results showed that EphA2 knockdown inhibited the phos-
phorylation levels of the ERK/AKT/STAT3 pathway
(Fig. 8f). In addition, we constructed a model of metastatic
tumor in vivo via nude mouse tail vein injection of EphA2
knockdown 786-O-R cells. Small animal imaging system and
H&E staining showed that EphA2 knockdown decreased the
liver metastasis of tumor cells (Fig. 8g, h). These results
indicate that EphA2 mediates the growth and metastasis of
SUN:-resistant cells via phosphorylation and activation of the
ERK/AKT/STATS3 signaling pathway in vivo.
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Fig. 7 Pharmacological inhibition of EphA2 reduces the growth of
sunitinib-resistant cells via the ERK/AKT/STATS3 signaling path-
way in vitro. a, b Chemical structures of ALW-1I-41-27 and sunitinib.
¢ CCKS8 assay analysis for the sensitivity of parent and sunitinib-
resistant cells to ALW treatment. d, e CCKS8 assay analysis of the
sensitivity of 786-O-R and ACHN-R cells to treatment with DMSO,
ALW alone, SUN alone, and ALW in combination with SUN. f GSEA

Pharmacological inhibition of EphA2 decreases the
growth of SUN-resistant tumors via the ERK/AKT/
STAT3 signaling pathway in vivo

Considering that the pharmacological inhibition of
EphA2 significantly inhibited the growth of SUN-resistant
cells in vitro and that the stable knockdown of
EphA2 significantly decreased the growth of SUN-resistant
tumors in vivo, we wondered whether the pharmacological
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analysis between EphA2 mRNA levels and MAPK and JAK/STAT
signaling pathways. g, h Western blot analysis of EphA2, p-EphA2,
Stat3, p-Stat3, AKT, p-AKT, ERK1/2, and p-ERK1/2 proteins after
786-0 and 786-O-R cells were treated with different concentrations of
SUN and ALW. The values indicate protein expression levels relative
to GAPDH levels. (**P <0.01, *P<0.05, ns no significance, com-
pared with the corresponding control).

inhibition of EphA2 could block the growth of SUN-
resistant tumors in vivo. To evaluate the effects of ALW
and ALW + SUN on tumors with acquired resistance to
SUN in vivo, we treated subcutaneous xenografts (786-O-R
tumors) with control, SUN, ALW, or ALW + SUN com-
bination once every other day at 40 (SUN) or 15 (ALW)
mg/kg via gavage administration. After the above treatment
regimen was completed, ALW was found to significantly
reduce the size and volume of SUN-resistant tumors
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Fig. 8 EphA2 mediates the growth and metastasis of sunitinib-
resistant cells via the ERK/AKT/STAT3 signaling pathway
in vivo. a—¢ The tumor volume was measured once a week. After
6 weeks, the mice were sacrificed, and the tumor weight was deter-
mined. EphA2 knockdown significantly reduced tumor size, weight
and volume in 786-O-R tumors (n = 6 mice/group). d Immunohisto-
chemical analysis of EphA2 and Ki-67 expression in the control and
EphA2 knockdown tumor groups. The immunoreactive scores (IRS)
of EphA2 and Ki-67 were presented. e H&E staining of tumor tissues
in the control and EphA2 knockdown tumor groups. f Western blot

(Fig. 9a—c). Moreover, the combined treatment of ALW and
SUN reduced tumor size and volume more than ALW
treatment alone (Fig. 9a—c), indicating that ALW treatment
restored most, if not all, of the sensitivity of SUN-resistant
tumors to SUN. Drug toxicity as measured by mouse body
weight did not show a significant change in any drug
treatment group or drug combination treatment group
compared with the control group over the course of the
study (data not shown). IHC and H&E staining of sub-
cutaneous tumor tissues showed that combined treatment
with ALW and SUN significantly reduced Ki-67 expression
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analysis of EphA2, p-Stat3, p-AKT, and p-ERK1/2 proteins in the
control and EphA2 knockdown tumor groups. The values indicate
protein expression levels relative to GAPDH levels. g A total of 2 x
10° cells expressing green fluorescent protein (GFP) were injected into
the tail vein of BALB/c nude mice. In vivo live animal imaging and
in vitro liver and kidney imaging analysis of tumor metastasis models
in the control and EphA2 knockdown tumor groups (n =6 mice/
group). h H&E staining analysis of liver in the control and EphA2
knockdown tumor groups. (**P <0.01, *P <0.05, compared with the
corresponding control).

and tumor cell volume (Fig. 9d, e). Western blot analysis of
tumor tissue lysates showed that ALW reduced the phos-
phorylation levels of EphA2, STAT3, AKT, and ERK
(Fig. 9f), consistent with the results observed in vitro
(Fig. 7g, h) and the results of stable knockdown of EphA2
observed in vivo (Fig. 8f). Based on our in vitro and in vivo
findings, we mapped the mechanisms of RCC metastasis
and SUN resistance mediated by the YBI/EphA2 axis
(Fig. 9g). These findings indicate that pharmacological
inhibition of EphA2 might be beneficial for SUN-resistant
renal cancer, as inhibition of this protein could alleviate the
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Fig. 9 Pharmacological inhibition of EphA2 decreases the growth
of sunitinib-resistant tumors via the ERK/AKT/STAT3 signaling
pathway in vivo. a—c The tumor volume was measured once a week.
After 6 weeks, the mice were sacrificed, and the tumor weight was
determined. ALW alone or ALW combined with SUN treatment sig-
nificantly reduced tumor size, weight and volume in 786-O-R tumors,
while SUN alone did not (n = 4 mice/group). d Immunohistochemical
analysis of Ki-67 expression in the control, ALW alone, SUN alone,
and ALW combination with SUN treatment groups. The percentage of
positive Ki-67 immunostained cells in each group was presented.

phosphorylation and activation of key growth signaling
pathway molecules and restore the sensitivity of SUN-
resistant tumors to SUN.

Discussion

Renal cancer, one of the most common malignancies of the
urinary system, is characterized by frequent VHL gene
inactivation and activation of the HIF-VEGF pathway,
leading to extensive vascularization around kidney cancer.
Extensive vascularization provides a favorable setting for
the invasion and metastasis of RCC. RTK inhibitors such as

e H&E staining analysis of tumor tissues in the control, ALW alone,
SUN alone, and ALW combination with SUN treatment groups.
f Western blot analysis of EphA2, p-EphA2, Stat3, p-Stat3, AKT,
p-AKT, ERK1/2, and p-ERK1/2 proteins in the control, ALW alone,
SUN alone, and ALW combination with SUN treatment groups. The
values indicate protein expression levels relative to GAPDH levels.
g Diagram of the YB1/EphA2 axis regulating tumor metastasis and
sunitinib resistance (**P <0.01, *P <0.05, ns no significance, com-
pared with the corresponding control).

SUN and sorafenib have been used clinically for the treat-
ment of mRCC [3, 27]. However, intrinsic resistance and
acquired resistance to RTK inhibitors greatly reduce the
therapeutic efficiency of these inhibitors. Therefore, the
metastasis and RTK inhibitor resistance of renal cancer
urgently need to be resolved. However, the specific mole-
cular mechanisms of renal cancer metastasis and RTK
inhibitor resistance are still unknown.

YBI, as a DNA and RNA-binding protein, promotes the
metastasis of multiple tumors by transcriptionally or trans-
lationally activating the expression of various metastasis-
associated proteins [12-15]. Specifically, YB1 translation-
ally activates HIFlo expression to promote sarcoma
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metastasis and activates Snaill and other transcription fac-
tors to induce EMT in breast cancer [14]. EphA2, a member
of the RTK family, has been reported by us and other study
groups to promote the dissemination and metastasis of
tumors [18, 22]. Moreover, both YB1 and EphA2 have been
reported to promote cell metastasis of renal cancer in vitro
[11, 22]. However, the link between YB1 and EphA2 has
not yet been established.

Cancer drug resistance has always been the focus and
difficulty of clinical treatment. Therefore, drug resistance
studies have always been a hot spot for oncologists. Our
previous results indicated that TR4 nuclear receptor-
mediated IncTASR/AXL signaling promoted RCC SUN
resistance, and this effect could be reversed by tretinoin
[28]. YBI1 transcriptionally regulates the expression of
multiple-drug resistance-associated genes to mediate
multidrug resistance in a variety of tumors [29]. EphA2
has also been reported to mediate resistance against mul-
tiple RTK inhibitors in various malignancies. For example,
EphA2 mediates EGFR kinase inhibitor resistance in lung
cancer and mediates vemurafenib resistance in melanoma
[18, 19]. Consistent with our results, previous literature
has reported that YB1 mediates RCC SUN resistance [30].
However, the roles of EphA2 and its association with YB1
in SUN resistance have not been reported in renal cancer.
Our results suggest that the expression levels of YB1 and
EphA2 are upregulated in SUN-resistant cells and that
their high expression levels mediate the resistance of renal
cancer cells to SUN. Knockdown of YB1 and EphA2
increases the sensitivity of SUN-resistant kidney cancer
cells to SUN treatment. Moreover, YB1-promoted SUN
resistance is mediated by EphA2. EphA2 knockdown by
shRNA counteracts YB1-mediated renal cancer SUN
resistance in vitro, and this effect is also confirmed by
EphA2 small molecule inhibitor ALW. These results
render YB1 and EphA2 ideal targets for treatment in SUN-
resistant renal cancer patients.

In conclusion, our findings indicate that YB1 and EphA2
levels are highly expressed in renal cancer cells and tissues
and further increase in SUN-resistant cells. Functionally,
high YB1 and EphA2 expression levels promote the inva-
sion, metastasis, and SUN resistance of RCC. Mechan-
istically, YB1 increases the protein expression of EphA2 by
maintaining its protein stabilization. These results provide a
new and promising strategy for the treatment of patients
with renal cancer who already have distant metastases or
who have developed resistance against SUN.

Materials and methods

Cell transfection, cell infection, reagents, plasmid construc-
tion, immunoprecipitation (IP), western blotting assays, and
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bioinformatic analysis are described in detail in Supplemen-
tary Methods and Materials.

Renal cancer tissue samples

Human renal cancer TMA was purchased from Wuhan
Servicebio Co., Ltd (catalog: RC-1501). The TMA con-
tained detailed clinical and pathological information.

We collected 50 pairs of ccRCC and normal adjacent
tissues at Wuhan Union Hospital between 2016 and 2018.
Isolated tissues were immediately stored in liquid nitrogen.
None of the patients had received any radiotherapy, che-
motherapy, immunotherapy, or targeted therapies before
surgery. All patients signed the informed consent form. All
experimental procedures were approved by the Human
Ethics Committee of Huazhong University of Science and
Technology.

Cell culture

The human renal cancer cell lines 786-O, ACHN, and Caki-
1 and the normal renal epithelial cell line HK-2 were pur-
chased from ATCC. SUN-resistant cell lines (786-O-R and
ACHN-R) were induced and established in our laboratory
[26]. Cell culture was performed as previously described
[26].

IHC and immunofluorescence (IF) assays

IHC analysis of human renal cancer tissues was performed
using a monoclonal EphA2 antibody (sc-398832, Santa
Cruz) and a polyclonal YB1 antibody (20339-1-AP,
Proteintech, China). Specific assays were performed as
previously described [31]. The immunoreactive score of
the THC results was then scored by two independent
pathologists blinded to the tissue specimen information
[16]. H-scores of YB1 protein immunohistochemical
staining were analyzed and evaluated as described pre-
viously [32]. For the IF experiments, cells were fixed in
4% paraformaldehyde, permeabilized with 0.3% Triton
X-100, blocked with 3% BSA for 1h at 37 °C, and then
incubated with primary antibody and fluorescent second-
ary antibodies.

ChIP assays

ChIP assays were performed as previously described [33].
The primer sequences for the EphA2 promoter region were
as follows:

P1 (=66 to —215): 3>-TACCAGGCTCAGAGATCCCT-
5, 3-GGAGGAGAGGGAGGGGAAG-5;

P2 (—260 to —425): 3-AGGGTTTTAGGAAGGAG
GGC-5', 3’-TTCTGCCCTTCACCTCTGAG-5';
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P3 (=621 to —798): 3’-TAGGCAGGTGTCCTCCAA
AC-5', 3-GAGCAGAAACAACATGCCCA-5;

P4 (—870 to —1019): 3’-CAAAGGGAGTCTGGGGCC-
5/, 3-GCGGCTAGTGTGAGTGAAAC-5;

P5 (—1268 to —1417): 3’-CACCCTGCCCAGTCACA
TA-5', 3’-AAGTGCCTGTGAGAATAAGTGC-5;

P6 (—1535 to —1684): 3’-ACAGAGTCTTGCTGGC
CC-5', 3’-AAAATTAGCTGGGCGTGGTG-5'.

Monoclonal YB1 antibody (sc-101198, Santa Cruz
Biotechnology) was used for IP, and normal IgG served as a
negative control. We retained 2% of the original DNA as a
positive input control.

Microarray analysis

786-0 cells with YB1 knockdown or vector were harvested
at 7 days after puromycin selection. Microarray analysis
was performed with three duplicate samples by Shanghai
OE Biotech Co., Ltd. Differentially expressed genes
between 786-O shYB1 and 786-O vector cells were selected
based on a mean fold change of 2 and a P value <0.05. The
RNA-Seq data have been deposited to GEO under the
accession number GSE 151336.

Wound healing assays and transwell assays

Wound healing assays and transwell assays were performed
as previously described [31].

Quantitative real-time PCR assays (qRT-PCR)
gRT-PCR was performed as previously described [31].

In vivo RCC subcutaneous and metastatic tumor
models

A total of 2x10° cells expressing green fluorescent
protein were injected into the tail vein of BALB/c nude
mice purchased from Beijing HFK Bio-technology.
Tumor metastatic lesions were measured using a live
animal imaging system. After the nude mice were sacri-
ficed at 6 weeks, the metastatic lesions were stained with
H&E. For the RCC subcutaneous tumor model, the
experimental procedures were performed as described
previously [16]. The tumor volume was measured once a
week. After 6 weeks, the mice were sacrificed and the
tumor weight was measured. SUN was orally adminis-
tered via gavage needle at 40 mg/kg every other day, and
ALW was orally administered via gavage needle at
15 mg/kg every other day. All animal experiments were
approved by the Animal Ethics Committee of Tongji
Medical College of Huazhong University of Science and
Technology.

Statistical analysis

The statistical analysis was performed using SPSS statistical
software 22.0 (IBM SPSS, USA) or GraphPad Prism 7.0
(GraphPad software, Inc., USA). Data are presented as the
mean + SEM. The error bars indicate the mean + SEM of
three independent assays. Statistical analyses were per-
formed using the Mann—Whitney test and Student’s ¢ test
and the Pearson correlation coefficient. The Kaplan—Meier
curve and log-rank test were used to evaluate the survival of
patients. Statistical significance was determined when the P
value was less than 0.05.
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