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Background: Sunitinib is one of the multi-targeted tyrosine kinase inhibitors for the treatment of renal
cell carcinoma (RCC) at present. However, its clinical efficacy is limited by chemoresistance of RCC. Our
previous study found that eukaryotic translation initiation factor 3 subunit D (EIF3D) was an oncogene in
the development and progression of RCC but little is known about whether EIF3D participated in sunitinib
resistance of RCC.
Methods: The expression of EIF3D in the tumor tissue specimen was detected by immunohistochemistry.
The effect of EIF3D on sunitinib-resistance of RCC cells was evaluated by colony formation, IC50 prolifer-
ation and in vivo tumor growth assays. The interaction between EIF3D and glucose regulated protein 78
(GRP78) was assessed by Co-IP and Western blot assays.
Finding: EIF3D expression was found higher in 786-OR and ACHN-R cells with acquired sunitinib resis-
tance than that in 786-0 and ACHN cells sunitinib to sensitive. The EIF3D level was also up-regulated in
sunitinib-chemoresistant tumor tissues compared with chemosensitive tumor tissues. Functional study
showed that EIF3D knockdown decreased cell viability with sunitinib treatment. Mechanistical study
demonstrated that EIF3D interacted with GRP78 and enhanced protein stability through blocking the
ubiquitin-mediated-proteasome degradation of GRP78. GRP78 overexpression induced sunitinib resistance
of RCC cells by triggering the unfolded protein response, whereas GRP78 silencing inhibited cell viability.
Forced expression of GRP78 eliminated the inhibitory effect of EIF3D silencing on cell growth in vitro and
in vivo.
Interpretation: our results indicate that EIF3D played an important role in sunitinib resistance of RCC
cells, suggesting that it may prove to be a potential therapeutic target for RCC.
© 2019 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Research in context

Evidence before this study

Added value of this study

Our results indicate the important role of EIF3D facilitates suni-
tinib resistance of RCC by interacting with GRP78, suggesting its

Sunitinib, tyrosine kinase inhibitor (TKI), is the mainstay of
treatment for renal cell cancer (RCC), but chemoresistance of RCC
cells limits its clinical efficacy. Eukaryotic initiation factor 3 sub-
unit d (EIF3D) functions as an oncogene in the RCC occurrence and
progression reported in our previous study, while little is known
about whether EIF3D regulates sunitinib resistance of RCC.
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candidacy as a potential therapeutic target for RCC.

Implications of all the available evidence

EIF3D expression was found higher in RCC cell lines with
acquired sunitinib resistance than in its sunitinib sensitive par-
ent cells, and EIF3D level was also regulated in sunitinib-
chemoresistant tumor tissues compared with chemosensitive tu-
mor tissues. Functional studies showed that knockdown of EIF3D
resulted in decreased cell viability with sunitinib treatment. Mech-
anistical studies demonstrated that EIF3D interacted with glucose
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regulated protein 78 (GRP78) and enhanced the protein stabil-
ity through blocking the ubiquitin-mediated-proteasome degrada-
tion of GRP78. GRP78 overexpression induced sunitinib resistance
of RCC cells by triggering the unfolded protein response (UPR),
whereas GRP78 silencing inhibited cell viability. Forced expression
of GRP78 eliminated the inhibition effect of EIF3D silencing on cell
growth in vitro and in vivo.

1. Introduction

Kidney cancer is among the 10 most common cancers in both
men and women, representing 3.7% of all new cancer cases. It is
reported that 63,990 individuals were diagnosed as having kidney
cancer in the United States in 2017. Renal cell carcinoma (RCC) is
the most common form of kidney cancer, accounting for about 85%
of all kidney cancers [1]. According to the histomorphology, im-
munophenotype and genetic characteristics, RCC is classified into
three major histological subtypes: clear cell RCC (ccRCC), compris-
ing about 75-80%; papillary RCC (pRCC), comprising about 10-15%;
and chromophobe RCC (cRCC), comprising about 4-5% [2,3]. Cur-
rently, surgical remains the mainstay of treatment for localized
or early-stage RCC [3]. Unfortunately, some patients with local-
ized early-stage RCC will develop metastatic or advanced RCC af-
ter radical nephrectomy. Given the poor prognosis for patients who
present with high-stage disease and the complexity of outcome
prediction, it is urgent to develop new biomarkers for early diag-
nosis and identification of underlying mechanisms causing cancer
metastasis.

Sunitinib is a molecular targeted therapy drug used as the first-
line chemotherapy agent for metastatic RCC [4]. Sunitinib works
as a multi-targeted tyrosine-kinase inhibitor whose targets in-
clude vascular endothelial growth factor (VEGF) receptors, stem
cell growth factor receptor (KIT), Platelet-derived growth factor re-
ceptor (PDGFR) and macrophage colony-stimulating factor receptor
(MCSFR) [4,5]. Although the initial response rate to sunitinib was
reported to be high as 47% [6,7], drug resistance and tumor pro-
gression often occur after 9-12 months of sunitinib therapy [8,9],
suggesting the presence of acquired sunitinib resistance. However,
the biological mechanism underlying sunitinib resistance remains
to be elucidated.

Eukaryotic translation initiation factor 3 (EIF3) is one of the
largest and most complex eukaryotic translation initiation factors
containing 13 subunits (elF3a-elF3m), which plays an important
role in the regulation of eukaryotic translation [10]. EIF3 promotes
mRNA binding to 40S subunits and prevents premature binding
of large ribosomal subunits to regulate eukaryotic protein synthe-
sis [3]. Emerging studies have demonstrated that eIF3 plays a role
in tumorgenesis and tumor progression [11]. Zang et al. reported
that elF3b was a potential prognostic indicator and therapeutic tar-
get for ccRCC [11], that EIF3b knockdown inhibited the Akt sig-
naling pathway, thus suppressing cell proliferation by triggering
apoptosis. In addition, EIF3b inhibition also impaired epithelial-to-
mesenchymal transition (EMT), thus suppressing migration and in-
vasion in vitro and in vivo [11]. It was found in our previous study
that the expression level of EIF3D in the RCC tissue was higher
than that in the paired adjacent normal tissues, and that the ex-
pression level of EIF3D was positively correlated with TNM stage
and tumor size [3]. Functionally, EIF3D knockdown significantly in-
hibited cell proliferation and colony formation. Our previous study
also demonstrated that EIF3D functions as a proto-oncogene in
the development and progression of RCC [3]. However, the role of
EIF3D in sunitinib resistance of RCC remained unknown.

Based on the above analyses, the present study was intended
to determine whether aberrant expression of EIF3D in RCC was
correlated with sunitinib resistance. The result showed that EIF3D
expression is upregulated in sunitinib-resistant RCC cell lines and

Table 1
Correlation between EIF3D expression and patient charac-
teristics.

Characteristics ~ EIF3D expression  Total P value
Low  High

Total cases 50 21 71

Gender 35 14 49 0.115

Male 15 7 22 0.777

Female 14 7 21

Age 36 14 50

<60

>60

Tumor size* <0.001

<7cm 38 6 44

>7cm 12 15 27

T stage*** <0.001

/1 37 3 40 <0.001

11/1Iv 13 18 31

Fuhrman** 29 6 35 <0.001

1-2 21 15 36

3-4

Sunitinib <0.001

resistance** 3 9 12

Yes 47 12 59

No

Metastases® 0.002

Yes 9 12 21

No 41 9 50

Abbreviations: Group performance status T-test for contin-
uous variables and 2 test or Fisher’s exact test for cate-
gorical variables. * indicate P < 0.05,.

** indicate P < 0.01,

#=* jndicate P < 0.00, P < 0.05 is considered statistically
significant.

chemoresistant tumor tissues after sunitinib treatment. Knock-
down of EIF3D inhibited cell viability with sunitinib treatment.
EIF3D contributed to sunitinib resistance by enhancing the protein
stability of GRP78, thus triggering the unfolded protein response.

2. Materials and methods
2.1. Tissue samples and cell lines

The present study followed the reporting recommendations for
tumor marker prognostic studies (REMARK). RCC tissues were ob-
tained upon the approval of the Institutional Clinical Ethics Re-
view Board of Ruijin Hospital Affiliated to Shanghai Jiaotong Uni-
versity School of Medicine (Shanghai, China). Seventy-one patients
provided informed consent and agreed to participate in the study.
The patient characteristics (including 59 chemosensitive and 12
chemoresistant tumor tissues) are showed in Table 1. The patho-
logic specimens were evaluated by a surgical pathologist (Y.X.Q.),
with the stage and grade determined according to the 2010 Amer-
ican Joint Committee on Cancer guidelines and Fuhrman grading
system, respectively. The clinical data of these RCC patients at the
time of diagnosis included age, gender, Fuhrman nuclear grade, and
TNM stage.

Human RCC cell lines 786-O and ACHN were obtained from
ATCC (Manassas, VA, USA) and maintained in DMEM medium
(Gibco, Carlsbad, CA, USA) supplemented with 10% FBS (Gibco).
The sunitinib-resistant 786-OR and ACHN-R cells were established
through continuously exposing cells to sunitinib for three months
as previously described [12]. Cells used in the study were kept in
a humidified atmosphere with 5% CO, at 37 °C.

2.2. Overexpression and RNA interference (RNAi)

Recombinant plasmids pcDNA3-EIF3D and pcDNA3-GRP78 were
constructed to overexpress EIF3D and GRP78 in our laboratory, re-



H. Huang, Y. Gao and A. Liu et al./EBioMedicine 49 (2019) 189-201 191

spectively. Recombinant lentiviruses targeting EIF3D (Lv-shEIF3D),
GRP78 (Lv-shGRP78) or the scrambled nontargeting vector (Lv-
shNC) was obtained from GeneChem Co., Ltd (Shanghai, China).
Transfection of cells was carried out by exposing them to dilutions
of the viral supernatant in the presence of polybrene (1 pg/mL)
for 48 h, and the silencing efficiency of EIF3D or GRP78 was
detected by Western blotting. The sequence of shEIF3D was: 5 -

GCGTCATTGACATCTGCATGACTCGAGTCATGCAGATGTCAATGACGCTTTTTT-

3. The shGRP78 sequence was CCGGCTTGTTGGTGGCTC-
GACTCGACTCGAGTCGAGTCGAGCCACCAACAAGTTTTT. The se-
quence of the control shRNA (shNC) was 5'-TTCTCCGAA
CGTGTCACGTCTCGAGACGTGA-3'.

2.3. Real-time quantitative PCR (qPCR)

Total RNA was isolated from the RCC tissues treated with or
without sunitinib and 786-0, 786-OR, ACHN and ACHN-R cells by
Trizol reagent (Invitrogen, Carlsbad, CA). Total RNA samples were
reversely transcribed to cDNAs with the reverse transcription kit
(Takara, Japan) as the manufacturer’s description. qPCR was con-
ducted using SYBR Green PCR kit (Takara) on CFX Connect™ Real-
Time PCR Detection System. The relative EIF3D levels were nor-
malized to B-actin levels by using 2~2ACT method. Primers used
to detect EIF3D expression were 5 -CTGGAGGAGGGCAAATACCT-
3’ (forward) and 5’ -CTCGGTGGAAGGACAAACTC-3’ (reverse). -
actin primers were 5 -TGGACATCCGCAAAGAC-3’ (forward) and 5’
-AAAGGGTGTAACGCAACTA-3’ (reverse).

3. Western blot

Total protein was extracted from the tumor tissues or whole
cells using lysis buffer. Protein quantification was determined us-
ing Bicinchoninic acid (BCA) assay kit (Pierce, Rockford, IL, USA).
An equal amount of proteins (80ug) was electrophoresed through
a 10% SDS-PAGE gel, and then electro-transferred onto nitrocellu-
lose Hybond membranes (Millipore, Billerica, MA, USA). The blots
were incubated overnight at 4 °C with the indicated antibod-
ies (EIF3D: ab85951, 1:5000, Abcam, CA, USA; GRP78: PA5-34941,
1:2000, Invitrogen, CA, USA; ATF6: H00022926-D01, 1:1000, Novus
Biologicals, CO,USA; PERK: ab65142, 1:500, Abcam, CA, USA; CHOP:
ab10444, 1:200, Abcam, CA, USA; IRE-1: ab37073, 1 ug/ml, Ab-
cam, CA, USA; GAPDH: 60004-1-Ig, 1:5000, PeproTech, NJ, USA),
and then incubated with corresponding HRP-linked secondary an-
tibody (1:5000, Sigma-Aldrich, CA, USA). Protein bands were visu-
alized with an enhanced chemiluminescence substrate (Milipore,
Schwalbach, Germany). The intensity of Western blot bands was
quantified using Image J.

3.1. Immunohistochemistry (IHC)

[HC assay was carried out to detect EIF3D expression as de-
scribed previously [13] Briefly, paraffin-embedded samples were
sliced into 5 um sections. After incubation in EIF3D primary an-
tibodies (10219-1-AP, 1:2000, proteintech) overnight at 4 °C, the
slides were then labeled with biotinylated goat anti-rabbit serum
streptavidin-peroxidase conjugate in quarter at room temperature,
and reacted with diaminobenzidine (DAB, Invitrogen) for 10 min.
[HC images were captured using a high-resolution camera. Cases
were scored semiquantitatively as negative, weakly positive, mod-
erately positive, or strongly positive along with the percentage of
positive cells, after which an H-score was generated as a score of
0-3 intensity multiplied by the 0-100 percentage of positive cells
(range 0-300). H score < 150 refers to low expression, while H
score > 150 refers to high expression. And the H score of each
patient was calculated independently by two experienced patholo-
gists in a double blind way.

3.2. Half maximal inhibitory concentration (IC50)

The cells were seeded into 96-well plates at a density of 3 x 103
cells/well and treated with or without pcDNA3-GRP78, pcDNA3-
EIF3D, Lv-shNC or Lv-shEIF3D for 48 h. 10ul CCK-8 was added to
each well and incubated for additional 2h. The data were then
recorded with a Bio-Rad microplate reader. IC50 was obtained by
probit analysis and calculated using GraphPad Prism 5.0 software.

4. Colony formation

RCC cells were seeded in 6-well plate and cultured for a period
of time until the density reached 1 x 103 cells per well. Cells were
exposed to pcDNA3-GRP78, Lv-shNC, Lv-shEIF3D or Lv-shGRP78
and then colony formation was detected after 10-day culture.
Colonies were fixed with 4% paraformaldehyde (Sangon Biotech,
Shanghai, China) for 15min, and then stained with 1% crystal vi-
olet (Sangon Biotech) for 15 min. After washing with PBS, images
were taken for comparison and analysis. The experiments were re-
peated at least three times in each group.

4.1. In vivo experiments

All animal procedures were performed in accordance with the
Animal Care and Use Committee policies of Shanghai Jiaotong Uni-
versity School of Medicine. The athymic BALB/C mice (5 weeks old)
were (Chinese Academy of Sciences, Shanghai, China) were main-
tained in a specific pathogen-free facility. Twelve nude mice were
equally randomized into four groups: (1) 786-OR cells (5 x 10°
cells) with stable expression of control were subcutaneously (s.c.)
injected into the flanks of nude mice and then treated with saline
by oral gavage daily (n=3); (2) 786-OR cells (5 x 10° cells) with
stable expression of control were injected s.c. into the flanks of
the nude mice and then treated with 20 mg/kg/day sunitinib by
oral gavage daily (n=3); (3) 786-OR cells (5 x 10° cells) with Lv-
shEIF3D were injected s.c. into the flanks of the nude mice and
then treated with 20 mg/kg/day sunitinib by oral gavage daily
(n=3); and(4) 786-OR cells (5x 10° cells) with Lv-shEIF3D and
GRP78 were injected s.c. into the flanks of the nude mice and then
treated with 20 mg/kg/day sunitinib by oral gavage daily (n=3).
Tumor growth was monitored by tumor volume, which was calcu-
lated at the indicated time using the formula: (length x width?2)/2.

4.2. Statistical analyses

All data are presented as mean =+ standard deviation (SD). Each
experiment was carried out at least in triplicates. Two-tailed stu-
dent’s t-test was performed to analyze the difference between two
groups using the SPSS software version 16 (SPSS, Chicago, IL, USA).
A value of p < 0.05 was considered statistically significant.

5. Results

5.1. EIF3D expression is upregulated in the sunitinib-resistant RCC
tissue

Sunitinib resistance is one of the main obstacles in the treat-
ment of advanced RCC. Revealing the underlying mechanisms of
sunitinib resistance is crucial for developing novel therapeutic
agents. Our previous study demonstrated that EIF3D functioned as
an oncogene in the progression of RCC [3]. To determine whether
EIF3D dysregulation was associated with sunitinib resistance in
RCC, the present study first analyzed the correlation between
EIF3D expression and sunitinib treatment in RCC. Fresh RCC tissues
resistant to sunitinib (n=3) and non-treated RCC samples (n=3)
were analyzed by Western blotting. As shown in Fig. 1a and b, the
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Fig. 1. EIF3D expression is upregulated in sunitinib-resistant RCC tissues. (a-b) Western blot analysis was performed in six cases of fresh RCC tissues with or without suni-
tinib treatment. (P value: t-test), values are represented as the mean + SD (c) Representative IHC staining in sunitinib-resistant RCC tissues and non-treated RCC samples
(scale bar= 50um). (d) The EIF3D expression was determined by immunohistochemistry in 59 chemosensitive and 12 chemoresistant tumour tissue specimens. The expres-
sion of EIF3D was evaluated by H-score, which has been listed in Materials and Methods (P value: Wilcoxon test), values represented as the mean & SD. (e-g) Western blot
analysis (e-f) and IHC assay (g) were performed in three cases of fresh RCC tissues before or after sunitinib treatment (scale bar=50um) (P value: t-test), values represented
as the mean + SD.(*: P < 0.05, **: P < 0.01; ***: P < 0.001).
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expression level of EIF3D in sunitinib-resistant tumor was signifi-
cantly higher than that in the non-treated tumor tissue. IHC stain-
ing was used to assess the correlation between EIF3D expression
and sunitinib treatment in the specimens obtained from 71 pa-
tients. As shown in Fig. 1c-d, the EIF3D expression in sunitinib-
resistant tumors (n=12) was higher than that in the non-treated
RCC tissue (n=59). In addition, we quantified the expression of
EIF3D and compared the pathologic features in the dichotomized
EIF3D status in this sample group. As summarized in Table 1, EIF3D
expression was positively correlated with tumor size (P < 0.001),
T stage (P < 0.001), Fuhrman grade (P < 0.001), sunitinib resis-
tance (P < 0.001) and the metastatic status (P=0.002). Sequen-
tially, EIF3D expression before and after sunitinib treatment in the
same patient (n=3) was assessed by Western blot and [HC. The
results indicated that EIF3D was more prevalent in the acquired
resistant tissues which were shown in Fig. le-g, suggesting that
EIF3D upregulation may contribute to sunitinib resistance of RCC.

5.2. EIF3D is positively correlated with sunitinib resistance of RCC

We further investigated the cellular functions of EIF3D estab-
lished sunitinib-resistant 786-O cell line (786-OR) and sunitinib-
resistant ACHN cell line (ACHN-R) through continuously exposing
them to sunitinib for three months. The IC50 of 786-0, 786-OR,
ACHN and AHCN-R cells is shown in Supplementary Figure 1 a and
b. The expression level of EIF3D was detected in 786-0, 786-OR,
ACHN and ACHN-R cells by qPCR and Western-blot. It was found
that EIF3D mRNA and protein levels were enhanced in sunitinib-
resistant cell lines 786-OR and ACHN-R as compared with those in
sunitinib-sensitive cell (Fig. 2a-d).

To elucidate the effect of EIF3D in sunitinib resistance, two
sunitinib-sensitive RCC cell lines were applied to gain-of-function
study. pcDNA-EIF3D was constructed and used to overexpress
EIF3D in 786-0 and ACHN cells. As shown in Fig. 2e and i showed
that EIF3D protein expression was observably increased in the two
cell lines after pcDNA-EIF3D treatment. We then assessed the in-
hibition rate in these two paired cell lines and found that EIF3D
overexpression significantly increased sunitinib resistance of the
tumor cells (Fig. 2f and j). On the other wise, 786-OR and ACHN-R
cells were subjected to loss-of-function study. Lentivirus-mediated
shRNA was used to silence EIF3D expression in 786-OR and ACHN-
R cells. As shown in Fig. 2g and k showed that the expression level
of EIF3D was observably suppressed in 786-OR and ACHN-R cells
following Lv-shEIF3D treatment. We also assessed the inhibitory
rate in these two cell lines, and found that EIF3D knockdown sig-
nificantly inhibited sunitinib resistance of tumor cells (Fig. 2h and
1). These data demonstrate that dysregulated expression of EIF3D
was closely related to sunitinib resistance of RCC.

5.3. EIF3D exerts sunitinib resistance through regulating GRP78 and
endoplasmic reticulum stress

Endoplasmic reticulum stress (ERS) and subsequent unfolded
protein response (UPR) are known to be correlated with chemore-
sistance of a variety of tumor cells [14]. To see whether ERS was
associated with sunitinib resistance in RCC, 786-OR cell was se-
lected for inhibition rate assay. The ERS was inhibited by taurour-
sodeoxycholate (TUDCA) as previously described [15]. As shown in
Fig. 3a, knockdown of EIF3D or treatment with TUDCA (100 M)
at 37 °C for 30 min overcame sunitinib resistance in 786-OR cells.
To clarify whether ERS mediated EIF3D-induced sunitinib resis-
tance, 786-0OR cells transfected with Lv-shEIF3D were treated with
or without Eeyarestatin, which is a small molecule shown to cause
ERS via inhibiting the endoplasmic reticulum-associated degrada-
tion (ERAD). As shown in Fig. 3b, additional treatment with Ee-
yarestatin markedly destroyed the effect of EIF3D knockdown on

reduced cell viability. All these results suggest that EIF3D induced
sunitinib resistance of RCC, at least in part by activating ERS.
Knowing that glucose regulated protein 78 (GRP78) is a typical
ERS marker and central regulator of the UPR [16], we investigated
whether EIF3D regulated ERS/UPR and subsequent sunitinib resis-
tance by regulating GRP78 and explored whether GRP78 and EIF3D
had a functional interaction by reciprocal co-immunoprecipitation
assay. As shown in Fig. 3c, positive GRP78 signal was observed
in co-immunoprecipitation complex pulled-down by anti-EIF3D-
specific antibody. Meanwhile, EIF3D was also detected in the pro-
tein pool pulled-down by anti-GRP78 antibody (Fig. 3c). Interest-
ingly, EIF3D did not change GRP78 mRNA level (Fig. 3d), indicat-
ing that the effect of EIF3D on the expression of GRP78 may be
due to autophagy or ubiquitin-proteasome-mediated degradation.
These results suggest that there was a physical interaction between
EIF3D and GRP78 in RCC cell line. We then tested whether EIF3D
directly regulated GRP78 expression by analyzing the expression
level of GRP78 in the EIF3D-overexpressed cell line, and found that
EIF3D overexpression increased GRP78 protein level in 786-O cell
(Fig. 3e and f). On the other hand, knockdown of EIF3D in 786-OR
cell decreased the GRP78 protein expression level (Fig. 3g and h).

5.4. EIF3D enhances the protein stability of GRP78 by blocking the
ubiquitin mediated-proteasome degradation of GRP78

To clarify the mechanism underlying the regulatory effect of
EIF3Don GRP78 expression, we used a cycloheximide chase assay
to analyze how GRP78 expression underwent changes over time
in 786-OR cells transfected with Lv-shEIF3D. It was found that
the half-life of GRP78 was markedly reduced in the EIF3D knock-
down cells (Fig. 4a and b). Conversely, overexpression of EIF3D in
786-0 cells delayed the degradation of GRP78 protein (Fig. 4c and
d). The ubiquitin-proteasome and autophagic-lysosome pathways
are the main pathways of protein degradation in eukaryotic cells
[17,18]. To explore the mechanism of the regulatory effect of EIF3D
on GRP78 degradation, we treated EIF3D-knockdown 786-OR cells
(4 x 10° cells/well) with proteasome inhibitors MG132 (20 uM) or
autophagy-lysosome inhibitor 3-MA (10 mmol/L). MG132, but not
3-MA, restored GRP78 levels in EIF3D-knockdown 786-OR cells
(Fig. 4e), implying that the ubiquitin-proteasome pathway partici-
pated in GRP78 degradation. To validate this, we detected polyu-
biquitination of GRP78 with or without EIF3D expression and
found that knockdown of EIF3D decreased polyubiquitination of
GRP78 (Fig. 4f). These data suggest that EIF3D may inhibit degra-
dation of GRP78 by interacting with it.

5.5. GRP78 is involved in sunitinib resistance of RCC cells

We then analyzed the expression of GRP78 in 786-0, 786-OR,
ACHN and ACHN-R cells by Western blot. As shown in Fig. 5a
and b, GRP78 levels were increased in sunitinib-resistant cell lines
786-0OR and ACHN-R as compared with that in sunitinib-sensitive
cell lines (786-O and ACHN cells). The effect of GRP78 on suni-
tinib resistance of RCC cells was then investigated. 786-0O was se-
lected for gain-of-function study. pcDNA-GRP78 plasmid was used
to overexpress GRP78 in 786-0 cell lines. As shown in Fig. 5¢ and
d, GRP78 protein expression was significantly upregulated in 786-
O cells after pcDNA-GRP78 treatment. We then assessed the inhi-
bition rate of sunitinib in 786-0 cells, data showed that overex-
pression of GRP78 obviously increased sunitinib resistance of tu-
mor cell (Fig. 5e). The proliferation of 786-0 cell was analyzed by
colony formation assay. It was found that GRP78 upregulation re-
markably improved cell proliferative capacity (Fig. 5f and g). Con-
versely, 786-OR cell lines were selected for loss-of-function study.
Lentivirus-mediated shRNA was used to silence GRP78 expression
in 786-0OR cell line. Fig. 5h and i showed that the expression level
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of GRP78 was significantly suppressed in 786-OR cell following Lv-
shGRP78 treatment. We also assessed the inhibition rate of suni-
tinib in the 786-OR cell lines, and found that knockdown of GRP78
significantly inhibited sunitinib resistance or 786-OR cells (Fig. 5j).
In addition, the colony formation assay was performed to analyze
the cell proliferation. As shown in Fig. 5k and 1, knockdown of
GRP78 significantly reduced 786-OR cell proliferation. These results
indicate that GRP78 played a crucial role in promoting sunitinib re-
sistance in RCC.

5.6. EIF3D exerts sunitinib resistance through GRP78-mediated
activation of UPR pathway

To see whether the sunitinib-resistant effect of EIF3D was de-
pendent on GRP78 upregulation, we next conducted a rescue ex-
periment and found that EIF3D was inhibited in the presence or
absence of GRP78 overexpression. knowing that GRP78 is a cen-
tral regulator of the UPR via sequestration of PERK-elF2a-ATF4,
IRE1a-XBP1s, and ATF6 pathways [19], we first detected the acti-
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vation of the three UPR signaling pathways by Western blot anal-
ysis. It was found that the expression of PERK, IREla, and ATF6
was decreased in EIF3D-knockdown 786-OR cell line (Fig. 6a and
b). In addition, downregulation of CHOP, a key mediator of UPR,
mediated the apoptosis pathway in EIF3D-knockdown 786-OR cell
line (Fig. 6a and b). Reconstitution of GRP78 expression restored
PERK, IRE1a, ATF6 and CHOP expression in EIF3D knockdown 786-
OR cells (Fig. 6a and b), implying that EIF3D regulated UPR by
mediating GRP78. In addition, sunitinib inhibition rate and colony
formation assays showed that the GRP78 overexpression restored
the sunitinib resistance and colony formation capacity of EIF3D-
konckdown cells to the baseline level in 786-OR cells (Fig. 6¢c and
d). Additionally, the THC assay of GRP78 expression in RCC tissue
was performed and statistical analysis about the relationship be-
tween the expression level of GRP78 and EIF3D was done (Fig. 6e
and f). Interestingly, a positive correlation was observed between
EIF3D expression and GRP78, the spearman r? being 0.518 with

P < 0.001. In addition, we quantified the expression of GRP78 and
compared the pathologic features in the dichotomized GRP78 sta-
tus in our sample group. As summarized in supplementary Ta-
ble 1, GRP78 expression was positively correlated with tumor size
(P=0.001), T stage (P < 0.001), and Sunitinib resistance (P=0.007).
These results showed that EIF3D facilitated the resistance of RCC
cell to sunitinib through increasing GRP78 expression and induc-
ing subsequent ERS and UPR.

5.7. EIF3D inhibits sunitinib resistance of RCC cells is mediated by
GRP78 in vivo

To further verify the effect of EIF3D and GRP78 on sunitinib
resistance of RCC in vivo, we explored the impact of EIF3D and
GRP78 expression in the nude mice tumorigenicity assay. 786-
OR cell lines with stable expression of control, Lv-shEIF3D or Lv-
shEIF3D with GRP78 were injected into nude mice and then suni-
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tinib was used to treat these mice. It was found that tumor growth level of EIF3D promoted the sunitinib resistance of RCC at least
was markedly inhibited in mice injected with 786-OR-shEIF3D cells partially through interacting with GRP78 and inhibiting its degra-
compared with 786-OR-empty vector cells after sunitinib treat- dation, which further activated UPR signaling pathways, leading to
ment, and restoration of GRP78 expression significantly increased the activation of ERS (Fig. 7d).

the tumor growth (Fig. 7a-c). All these data suggest that increased
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6. Discussion

In the present study, we investigated the role of EIF3D in reg-
ulating sunitinib resistance of RCC cells and its potential molec-
ular mechanism. The current data demonstrate that (i) EIF3D ex-
pression was increased in sunitinib-resistant RCC tissues and cells,
(ii) EIF3D upregulation promoted sunitinib resistance of RCC, (iii)
EIF3D interacted with GRP78 and increased protein stability of
GRP78, (iv) EIF3D induced ERS and UPR by regulating GRP78, and
(v) EIF3D exerted sunitinib resistance of RCC cells by regulating
GRP78/ERS/UPR. These results demonstrated the important role
and underlying mechanism of EIF3D in regulating sunitinib resis-
tance of RCC and may provide a new therapeutic opportunity to
chemoresistant RCC.

The role of EIF3D in regulating cancer progres-
sion has been well established [20,21]. Our previous study also
demonstrated that EIF3D functioned as a potential proto-oncogene
in the carcinogenesis and development of RCC [3]. EIF3D expres-
sion was observed to be upregulated in RCC tissue as compared
with that in the normal tissue, and knockdown of EIF3D inhibited
cell proliferation and colony formation, caused G2/M arrest [3].
The present study was designed to further explore whether EIF3D
is correlated with chemoresistance of RCC. The result showed

that EIF3D expression was upregulated in the sunitinib-resistant
RCC tissues. Functional studies verified that EIF3D knockdown
observably inhibited tumor cell resistance to sunitinib.

The endoplasmic reticulum (ER) is a dynamic intracellular
structure that serves multiple functions in protein synthesis,
lipid metabolism, cellular homeostasis and stress responsiveness
[22,23]. Cellular adaptation to ERS is mediated by the UPR, which
aims at repairing the homeostasis of ER via facilitating the degra-
dation of misfolded proteins [24]. The biological role of the UPR
in oncogenesis, cancer development is well demonstrated in many
cancers including breast, renal, prostate, and colon cancer [25,26].
Emerging evidence indicates thatUPR is a mechanism of cancer
cells to ensure survival after exposure to chemotherapy drugs [25].
The inhibition of UPR results in the resensitization of chemoresis-
tant cells [27,28]. It is acknowledged that UPR is mediated by three
highly specific signaling protein molecules: activating transcrip-
tion factor 6 (ATF6), double-stranded RNA-activated protein kinase
(PKR)-like ER kinase (PERK) and inositol requiring enzyme 1 (IRE1)
and regulated by master regulator protein, Glucose-regulated pro-
tein GRP78 or Binding immunoglobulin Protein (BiP/GRP78) and
GRP94. Under normal conditions, the ER luminal domain of these
transmembrane molecules including ATF6, PERK, and IRE1 is bound
to the chaperone protein BiP/GRP78, a regulator of the UPR sys-
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tem When cells are exposed to some aberrant stress, this sys-
tem can rescue cell apoptosis in different ways by either exhibit-
ing its chaperone activity or preventing UPR sensor activation and
preserving ER calcium homeostasis [29]. In the present study we
tested the role of EIF3D in regulating ERS and UPR and found EIF3D
inhibition decreased the expression of ATF6, PERK, IRE-1 and CHOP,
indicating that EIF3D positively regulates ERS and UPR. Function-
ally, knockdown of EIF3D overcame sunitinib resistance in 786-
OR cells. To further verify whether ERS mediated EIF3D-induced
sunitinib resistance, EIF3D was inhibited in 786-OR cells in the
presence or absence of Eeyarestatin, and data showed that EIF3D
knockdown decreased cell growth, whereas additional treatment
of Eeyarestatin restored cell viability during sunitinib treatment.
The current results suggest that ERS activation is important for
EIF3D-mediated sunitinib resistance of RCC. However, the under-
lying mechanisms EIF3D-induced ERS in regulating RCC resistance
merit further evaluation.

GRP78 is a typical ERS marker and a central regulator of the
UPR. Given the important of EIF3D in regulating ERS and suni-
tinib resistance, we then investigated whether EIF3D activated
ERS through GRP78 mediation. The results obtained from co-
immunoprecipitation showed that EIF3D interacts directly with
GRP78 in RCC cell line. Functionally, we found that EIF3D overex-
pression enhanced the expression level of GRP78, whereas knock-
down of EIF3D decreased GRP78 protein level. Interestingly, EIF3D
did not change GRP78 mRNA level, suggesting that EIF3D increased
GRP78 expression through autophagy or ubiquitin-proteasome-
mediated degradation, which are known as two major pathways of
protein degradation in eukaryotic cells [17,18]. It was the protea-
some inhibitor MG132 rather the autophagy inhibitor 3-MA () that
repaired GRP78 levels in EIF3D-knockdown 786-OR cells, indicat-
ing that the ubiquitin-proteasome pathway participated in GRP78
degradation. Moreover, increased GRP78 expression was reported
to be associated with a higher pathologic grade, an increased prob-
ability of recurrence and poor patient survival in breast, liver,
prostate, and colon cancers [30]. Our study also demonstrated
that GRP78 expression was increased in sunitinib resistant tissue,
which was positively correlated with the malignant features of
RCC. GRP78 was also found to be involved in tumor progression,
spread and drug resistance, while dormant tumor cells and quies-
cent tumor cells could rely on GRP78 to escape chemotherapy as
well [30]. In addition to its effect of activating ERS, other potential
mechanisms of GRP78 need to be further explored.

Finally, we demonstrated that EIF3D promoted the sunitinib re-
sistance of RCC at least partially through interacting with GRP78
and inhibiting its degradation, which further activated UPR signal-
ing pathways and maintaining the homeostasis of ERS.
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