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Abstract
Sunitinib, a multitargeted receptor tyrosine kinase inhibitor including vascular en-
dothelial growth factor, has been widely used as a first-line treatment against met-
astatic renal cell carcinoma (mRCC). However, mRCC often acquires resistance to 
sunitinib, rendering it difficult to treat with this agent. Recently, Rapalink-1, a drug 
that links rapamycin and the mTOR kinase inhibitor MLN0128, has been developed 
with excellent therapeutic effects against breast cancer cells carrying mTOR resist-
ance mutations. The aim of the present study was to evaluate the in vitro and in vivo 
therapeutic efficacy of Rapalink-1 against renal cell carcinoma (RCC) compared to 
temsirolimus, which is commonly used as a small molecule inhibitor of mTOR and 
is a derivative of rapamycin. In comparison with temsirolimus, Rapalink-1 showed 
significantly greater effects against proliferation, migration, invasion and cFolony 
formation in sunitinib-naïve RCC cells. Inhibition was achieved through suppression 
of the phosphorylation of substrates in the mTOR signal pathway, such as p70S6K, 
eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1) and AKT. In addi-
tion, Rapalink-1 had greater tumor suppressive effects than temsirolimus against the 
sunitinib-resistant 786-o cell line (SU-R 786-o), which we had previously established, 
as well as 3 additional SU-R cell lines established here. RNA sequencing showed that 
Rapalink-1 suppressed not only the mTOR signaling pathway but also a part of the 
MAPK signaling pathway, the ErbB signaling pathway and ABC transporters that 
were associated with resistance to several drugs. Our study suggests the possibility 
of a new treatment option for patients with RCC that is either sunitinib-sensitive or 
sunitinib-resistant.
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1  | INTRODUC TION

Renal cell carcinoma (RCC) is associated with more than 140 000 an-
nual deaths worldwide, making it one of the most common cancers 
in the human kidney.1 Molecularly targeted drugs that inhibit vascu-
lar endothelial growth factor (VEGF) or mammalian target of mTOR 
have been used for patients with advanced RCC.2,3 Among them, 
sunitinib is one of the most common molecularly targeted drugs rec-
ommended as a first-line therapy against advanced RCC.3,4 However, 
sunitinib therapy does not have curative effects due to RCC’s acquisi-
tion of resistance.4 Moreover, our previous study showed the occur-
rence of metabolic re-programming in RCC cells, leading to sunitinib 
resistance.5 In November 2015, anti–programmed death-1 (PD-1)  
antibodies were approved for the treatment of patients with suni-
tinib-resistant RCC. However, in Tomita et al (2019), in advanced RCC, 
the complete and partial response rate to anti–PD-1 antibodies was 
only 25%.6 Therefore, it is necessary to consider more effective new 
treatment strategies for advanced RCC including cases of resistance 
to these drugs.

Temsirolimus and everolimus, termed rapalogs, have been used as 
first-generation mTOR inhibitors for first-line or second-line therapy 
against advanced RCC.7 mTOR is present in 2 complexes, mTORC1 and 
mTORC2.8,9 The function of mTORC1 is mediated by phosphorylation 
of eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1) 
and p70S6K, promoting mRNA translation and cell proliferation. In 
contrast, mTORC2 provides phosphorylation of downstream targets 
such as the AGC family of protein kinases, including AKT, the activ-
ity of which is associated with cancer promotion.8,10,11 Temsirolimus 
and everolimus block the substrates of mTORC1 but not those of 
mTORC2.12,13 The inhibition of mTORC1 can remove negative feed-
back loops targeting AKT and increased AKT activity.14 Therefore, 
the therapeutic effectiveness of mTORC1 inhibitors is inadequate. In 
contrast, mTOR kinase inhibitors (TORKi), second-generation mTOR 
inhibitors, can block both mTORC1 and mTORC2 substrates.15,16 In 
some preclinical studies, these inhibitors have shown promising anti-
cancer effects.17-19 Recently, it was reported that cancer patients who 
had not been treated with mTOR kinase inhibitors can carry a muta-
tion in mTOR that renders them resistant to treatment with TORKi.20 
Therefore, a third-generation mTOR inhibitor, Rapalink-1, was devel-
oped that combined the high affinity of rapamycin for mTORC1 with 
the effective mTOR kinase inhibition of MLN0128 as a TORKi.20 
Excellent therapeutic effects with Rapalink-1 have been achieved in 
glioblastoma and follicular lymphoma.21,22 However, its anti–cancer 
efficacy has still not been extensively studied in RCC, including suni-
tinib-resistant RCC (SU-R-RCC).

In this study, we evaluated the therapeutic efficacy of Rapalink-1 
against RCC cells in vitro and in vivo. In further analyses, we used 
4 independent isolates of sunitinib-resistant RCC cells: SUR-786-o 
(established by gavage feeding of sunitinib in a previous study),5 and 
SU-R-A498, SU-R-ACHN and SU-R-caki1, which were established in 
the same way in this study. Moreover, we performed RNA sequenc-
ing to discover novel pathways underlying the effect of Rapalink-1 
in RCC cells.

2  | MATERIAL S AND METHODS

2.1 | Renal cell carcinoma cell lines and culture

We used human RCC cell lines 786-o, A498, ACHN, caki1 and caki2 
that were obtained from the ATCC. The human RCC cell lines were 
cultured in RPMI 1640 medium supplemented with 10% FBS at 37°C 
in a humidified, 5% CO2 incubator. Murine SU-R-786-o, SU-R-A498, 
SU-R-ACHN and SU-R-caki1 cell lines were established by perform-
ing gavage feeding of sunitinib (40 or 25 mg/kg, five times a week; 
Biorbyt) as previously reported.5

2.2 | Cell proliferation, cell migration and cell 
invasion assays

Temsirolimus (#ab141999, Abcam) and RapaLink-1 (#A8764, 
APExBIO) were used as mTOR inhibitors. Cell proliferation was as-
sessed using XTT assays (Roche Applied Science). Cell migration was 
evaluated with in vitro wound healing. Cell invasion was examined 
with modified Boyden chambers consisting of Transwell precoated 
Matrigel membrane filter inserts with 8-μm pores in 24-well tissue 
culture plates (BD Biosciences). The experimental procedures were 
conducted as previously described.23,24

2.3 | Colony formation assay

Cells (1000) were plated into a 10-cm dish and cultured with tem-
sirolimus or RapaLink-1 for 7-10 days to allow optimal colony forma-
tion, followed by staining with 0.04% crystal violet (Nacalai Tesque), 
as previously described.24

2.4 | Cell apoptosis and cell cycle assays

Cell cycle assays and cell apoptosis assays were performed by flow 
cytometry (CytoFLEX Analyzer; Beckman Coulter) using a FITC 
Annexin V Apoptosis Detection Kit (BD Biosciences) and a Cycletest 
PLUS DNA Reagent Kit (BD Biosciences) according to the manufac-
turer’s recommendations, as previously described.24,25

2.5 | Western blotting

Cell lysates were separated on NuPAGE 4%-12% Bis-tris gels 
(Invitrogen) and transferred to polyvinylidene difluoride mem-
branes. Immunoblotting was performed with the following 
reagents from Cell Signaling Technology: anti–AKT antibodies 
(1:2000, #9272), anti–phospho-AKT antibodies (1:1000, #9271), 
anti–4EBP1 antibodies (1:1000, #9452), anti–phospho-4EBP1 
antibodies (1:1000, #2855), anti–p70S6K antibodies (1:1000, 
#9202), anti–phospho-p70S6K antibodies (1:1000, #9205) 
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and anti–cleaved PARP antibodies (1:1000, #5625S). Specific 
complexes were visualized using an ECL detection system (GE 
Healthcare), as described previously.23,24

2.6 | Establishment of additional sunitinib-resistant 
renal cell carcinoma cells in vivo

A mixture containing 100 µL A498 cells (4 × 106 cells), ACHN cells 
(5 × 106 cells) or caki1 (5 × 106 cells) and 100 µL Matrigel matrix 
(Corning) was injected subcutaneously into the flanks of female 
nude mice (BALB/c nu/nu, 6 to 8 weeks old) that had acquired resist-
ance to sunitinib (40 mg/kg/mouse/d).

We assessed comparative time courses of tumor volumes of 
parental and SU-R cells (n = 4 for each group) in nude mice after 
subcutaneous injection during sunitinib treatment (25 mg/kg/
mouse/d). These experimental procedures were described in a pre-
vious report.5

2.7 | Xenograft analysis

A 100-µL suspension containing 3 × 106 cells (SU-R-786-o, SU-
R-A498, SU-R-ACHN or SU-R-caki1) was mixed with 100-µL 
Matrigel matrix (Corning). The suspensions were injected subcuta-
neously into the flanks of female nude mice (BALB/c nu/nu, 6 to 8 
weeks old). After confirming that the tumors had engrafted, the mice 
were divided into 3 groups that were treated with daily i.p. injections 
of vehicle (20% DMSO, 40% PEG-300 and 40% PBS) or temsirolimus 
(1.5 mg/kg, daily) or RapaLink-1 (1.5 mg/kg every 5 days for 25 days). 
The dose was adjusted according to the weight of each mouse and 
the volume of injection did not exceed 100 μL. All animal experi-
ments were approved by the animal care review board of Kagoshima 
University.

2.8 | Immunohistochemistry

We performed immunohistochemistry with an UltraVision Detection 
System (Thermo Scientific) following the manufacturer’s protocol. 
The primary rabbit monoclonal antibodies against cleaved caspase-3 
(#9661S, Cell Signaling Technology) and cleaved PARP (#5625S, Cell 
Signaling Technology) were diluted 1:100. The apoptotic tumor cells 
were stained brown. Percentages of cleaved caspase-3 and cleaved 
PARP positive cells were quantitated by counting 6 random micro-
scopic fields. These experimental procedures were described in a 
previous report.5

2.9 | RNA sequencing analyses

Total RNA from 786-o, A498 or SU-R-786-o cell lines were subjected 
to RNA sequencing, which was performed by Eurofins Japan. mRNA 

profiles were generated by single-read deep sequencing using 
Illumina HiSeq 2500/2000.

2.10 | Statistical analysis

The relationships between two groups were analyzed using Mann-
Whitney U tests. The relationships between 3 variables and numeri-
cal values were analyzed using Bonferroni-adjusted Mann-Whitney 
U tests. All analyses were carried out using Expert StatView soft-
ware, version 5.0.

3  | RESULTS

3.1 | Rapalink-1 inhibited the activity of cell 
proliferation and induced apoptosis and cell cycle 
arrest in renal cell carcinoma cells

First, to identify the in vitro effects of the agents on cell viability, 
786-o and A498 cells were treated with 1-1000 nmol/L of temsiroli-
mus or Rapalink-1 for 72 hours. Compared to mock, both temsiroli-
mus and Rapalink-1 decreased the viability of ccRCC cell lines (Figure 
S1A,B). Next, we investigated the effects of the same concentration 
of temsirolimus or Rapalink-1 on viability. At 100 nmol/L, there were 
no significant effects of temsirolimus on cell viability, but Rapalink-1 
significantly reduced the viability of ccRCC cell lines (Figure S1C). 
Therefore, we continued to use this concentration.

To evaluate the effect of Rapalink-1 on cell viability, 786-o, 
A498, ACHN, caki1 and caki2 cells were treated with temsirolimus 
or Rapalink-1 for 24-96 hours. Both temsirolimus and Rapalink-1 
suppressed the proliferation of RCC cells over time and the effect 
of Rapalink-1 was significantly greater than that of temsirolimus 
(Figure 1A). To investigate the mechanism of cell growth suppression, 
we assessed apoptosis in 786-o and A498 cell lines. Temsirolimus in-
duced apoptosis only in 786-o cells. In contrast, Rapalink-1 caused 
apoptosis in both RCC cell lines (Figure 1B).26 In western blot anal-
ysis, the results showed that Rapalink-1 increased the cleavage of 
PARP in RCC cells (Figure 1C). Rapamycin and rapalogs are known to 
arrest the cell cycle in the G1 phase.27,28 In 786-o and A498 lines, we 
found that Rapalink-1 induced cell cycle arrest in G1 to a significantly 
greater extent than temsirolimus (Figure 1D).

3.2 | Rapalink-1 inhibited renal cell carcinoma 
cell migration, invasion and colony formation and 
suppressed PI3K/AKT/mTOR signaling to a greater 
extent than temsirolimus

Several reports suggested that the mTOR pathway plays important 
roles in the regulation of tumor cell motility, invasion and cancer 
metastasis.29,30 We examined the inhibitory abilities of Rapalink-1 in 
reducing cell migration, invasion and colony formation. The results 
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showed that temsirolimus and Rapalink-1 suppressed the abilities 
of 786-o and A498 cells, and there were significant differences be-
tween the drugs (Figure 2A-C).

Temsirolimus inhibits mTORC1, whereas Rapalink-1 is a dual in-
hibitor of mTORC1/2. We examined these drugs’ abilities to inhibit 
the phosphorylation of proteins downstream from mTORC1/2. 
Using 2 RCC cell lines, 786-o and A498, cultures were treated 
with these drugs and western blot analyses were performed. In 
786-o and A498 cells, the phosphorylation of Thr389 on p70S6K 
and Thr37/46 on 4EBP1 was inhibited by Rapalink-1 (Figure 2D). 

Furthermore, the activity of mTORC2 kinase was prevented by 
Rapalink-1, as shown by the inhibition of the phosphorylation of 
Ser473 on AKT. In contrast, temsirolimus inhibited the phosphor-
ylation of Thr389 on p70S6K to approximately the same extent 
as Rapalink-1 but did not inhibit Thr37/46 on 4EBP1. Rapamycin 
is a potent inhibitor of mTORC1 target p70S6K but is a relatively 
inefficient inhibitor of 4EBP1.31 Rapamycin administration permits 
re-phosphorylation of 4EBP1, whereas Rapalink-1 impairs phos-
phorylation of 4EBP1 over time.32,33 Unlike Rapalink-1, the phos-
phorylation of Ser473 on AKT was not inhibited by temsirolimus. 

F I G U R E  1   Rapalink-1 suppressed renal cell carcinoma (RCC) cell proliferation by inducing apoptosis and cell cycle arrest. A, 786-o, 
A498, ACHN and caki cell proliferation was determined by XTT assays during treatment with temsirolimus or Rapalink-1 from 24 to 96 h. All 
experiments were performed in quadruplicate. *P < 0.0001. B, Apoptosis assays were carried out using flow cytometric analysis of 786-o 
and A498 cells. All experiments were performed in triplicate. *P < 0.05; **P < 0.0001. C, Western blot analysis of apoptotic markers (cleaved 
PARP) in 786-o and A498 cells. β-actin was used as a loading control. D, Cell cycle assays were carried out using flow cytometric analyses of 
786-o and A498 cells. The bar charts represent the percentage of mock cells in G0/G1, S and G2/M phases. All experiments were performed 
in triplicate. *P < 0.01; **P < 0.001
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Therefore, Rapalink-1 suppressed mTOR signaling efficiently com-
pared to temsirolimus.

3.3 | Rapalink-1 showed similar effects on sunitinib-
resistant renal cell carcinoma cells in vitro and in vivo

Previously, a sunitinib-resistant cell line, 786-o cell (SU-R-786-o), 
was established in our department.5 Therefore, we examined 
whether Rapalink-1 had effects on sunitinib-resistant cells. To inves-
tigate the effects on cell viability, SU-R-786-o cells were treated with 
temsirolimus or Rapalink-1 for various lengths of time. Like parental 
786-o cells, Rapalink-1 showed significantly greater cell growth sup-
pression than did temsirolimus (Figure 3A).

Next, we evaluated the effects on apoptosis and the cell cycle. 
Rapalink-1 induced apoptosis to a greater extent than did tem-
sirolimus and increased cleaved-PARP in western blot analysis 
(Figure 3B,C). Rapalink-1 arrested the cell cycle in the G1 phase to 
an extent equal to or greater than temsirolimus treatment of SU-
R-786-o cells (Figure 3D). We examined the abilities of Rapalink-1 
to reduce cell migration, invasion and colony formation. The re-
sults showed that Rapalink-1 had significantly greater ability to 
suppress the activities of SU-R-786-o cells than did temsirolimus 
(Figure 3E-G).

In western blot analysis, as observed with parental cells, 
Rapalink-1 decreased the phosphorylation of Thr389 on p70S6K, 
Thr37/46 on 4EBP1 and Ser473 on AKT to greater extents than did 
temsirolimus (Figure 3H).

F I G U R E  2   Rapalink-1 suppressed cell migration, invasion and colony formation and blocked mTORC1 and mTORC2 in renal cell 
carcinoma (RCC) cells. A, B, Cell migration and invasion were determined by wound healing (A) and Matrigel invasion (B) assays of 786-o and 
A498 cells, respectively. All experiments were performed in triplicate. *P < 0.0001; **P < 0.001. C, Colony formation by 786-o and A498 
cells was remarkably inhibited by Rapalink-1 compared with temsirolimus. All experiments were performed in triplicate. *P < 0.0001. D, 786-
o and A498 cells were treated with temsirolimus or RapaLink-1 at 100 nmol/L for 3 h and analyzed for PI3K/AKT/mTOR signaling by western 
blotting
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To evaluate the anti–tumor effects of Rapalink-1 in vivo, nude 
mice were treated with Rapalink-1. Control mice were treated 
with temsirolimus or vehicle. The results showed that temsiro-
limus decreased tumor volume by an average of 37%, whereas 
Rapalink-1 reduced volumes by an average of 79% in SU-R-RCC 

cells (Figure 3I). We harvested tumors for immunostaining. 
Immunohistochemistry with cleaved caspase-3 and cleaved 
PARP antibodies indicated that Rapalink-1 significantly induced 
apoptosis compared to temsirolimus in vivo as well as in vitro. 
(Figure 3J).

F I G U R E  3   In sunitinib-resistant renal cell carcinoma (RCC) cells, Rapalink-1 had similar effects in vitro and vivo. A, Cell proliferation 
was determined by XTT assays during treatment with temsirolimus or Rapalink-1 in SU-R-786-o cells from 24 to 96 h. All experiments were 
performed in quadruplicate. *P < 0.0001. B, Apoptosis assays were carried out using flow cytometry. All experiments were performed in 
triplicate. *P < 0.001; **P < 0.0001. C, Western blot analysis of apoptotic markers (cleaved PARP). β-actin was used as a loading control. 
D, Cell cycle assays were carried out using flow cytometry. The bar charts represent the percentage of mock cells in G0/G1, S or G2/M 
phases. All experiments were performed in triplicate. *P < 0.05; **P < 0.001. E, Cell migration was determined by wound healing assays. 
All experiments were performed in triplicate. *P < 0.0001. F, Cell invasion was determined by Matrigel invasion assays. All experiments 
were performed in triplicate. *P < 0.0001. G, Colony formation by SU-R-786-o cells was remarkably inhibited by Rapalink-1 compared with 
temsirolimus. All experiments were performed in triplicate. *P < 0.0001. H, SU-R-786-o cells were treated with temsirolimus or RapaLink-1 
at 100 nmol/L for 3 h and analyzed for PI3K/AKT/mTOR signaling by western blotting. I, SU-R-786-o tumor-bearing nude mice (n = 5 per 
group) were given i.p. injections of vehicle (daily), temsirolimus (1.5 mg/kg, daily) or Rapalink-1 (1.5 mg/kg, every 5 d). *P < 0.05. J, Tumors 
were extracted and immunostained with cleaved caspase-3 and cleaved PARP antibodies. Percentages of cleaved caspase-3 and cleaved 
PARP positive cells were quantitated by counting 6 random microscopic fields. *P < 0.0001; **P < 0.001; ***P < 0.05
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F I G U R E  3   (Continued)



1614  |     KUROSHIMA et Al.

3.4 | Establishment of sunitinib-resistant renal cell 
carcinoma cells

For more reliable verification of the effects of Rapalink-1, we es-
tablished new sunitinib-resistant RCC cells. We subcutaneously in-
jected A498, ACHN and caki1 cells into mice and started sunitinib 
treatment after tumor formation (Figure 4A). After tumors acquired 
resistance, tumors were extracted and harvested. Next, in xenograft 
assays, we confirmed that SU-R-A498, SU-R-ACHN and SU-R-caki1 
cells showed resistance to sunitinib compared with parental cells 
(Figure 4B).

3.5 | Rapalink-1 showed greater anti–tumor effects 
on several sunitinib-resistant renal cell carcinoma 
cells than did temsirolimus in vitro and in vivo

To investigate the activity of the drugs on cell viability, newly es-
tablished sunitinib-resistant cells were treated with temsirolimus or 
Rapalink-1 for various lengths of time. Rapalink-1 suppressed cell 

proliferations to a significantly greater extent than did temsirolimus 
in all sunitinib-resistant RCC cell lines (Figure 5A).

Next, to evaluate the anti–tumor effect of Rapalink-1 in newly 
established sunitinib-resistant cells in vivo, nude mice were treated 
with Rapalink-1. Control mice were treated with temsirolimus or ve-
hicle. In these 3 additional Sunitinib-resistant cell lines, the results 
showed that temsirolimus decreased tumor volume by an average of 
42%, while Rapalink-1 reduced them by an average of 77%, showing 
that it had excellent antitumor effects (Figure 5B).

3.6 | Rapalink-1 suppressed mTOR signaling, some 
MAPK signaling, ErbB signaling and ABC transporters 
in sunitinib-sensitive and sunitinib-resistant renal cell 
carcinoma cells

We performed RNA sequencing of the 786-o parental line, the A498 
parental line and SU-R-786-o cells. We identified 1726 genes that 
were downregulated by Rapalink-1, less than half the number com-
pared to temsirolimus and mock (Figure S2). We performed KEGG 

F I G U R E  4   Establishment of additional sunitinib-resistant clear cell renal cell carcinoma (ccRCC) cell lines (SU-R-A498, ACHN and caki1). 
A, As in our previous study, we established sunitinib-resistant ccRCC cells. Time course of tumor volumes in nude mice after subcutaneous 
injection of parental A498, ACHN or caki1 cells, which acquired resistance to sunitinib treatment (40 mg/kg/mouse/d). B, Time course 
comparing tumor volumes of parental A498, ACHN, caki1 and each sunitinib-resistant cell line in nude mice (n = 4 for each group) after 
subcutaneous injection under sunitinib treatment (25 mg/kg/mouse/d) *P < 0.05
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pathway analyses with these genes and identified multiple signals 
that were suppressed (Table 1). In particular, the MAPK signal-
ing pathway, the ErbB signaling pathway and ATP-binding cassette 
transporters were significantly suppressed (Table 1). Several reports 
have suggested that mTOR inhibitors cause feedback activation of 
MAPK signaling pathways, which serves as a major resistance fac-
tor. The combination of an mTOR inhibitor and MEK-ERK inhibitor 
showed better antitumor effects than an mTOR inhibitor alone.34-

36 In addition, because PI3K binds directly to ERBB3 and ERBB4, 
the upregulation of the ERBB receptor activates the ERBB/PI3K/
AKT signaling pathway.37 Furthermore, the multi-drug resistance 
of cancer cells is often attributable to the increased expression of 
ATP-binding cassette (ABC) transporters that can remove various 
chemotherapeutic drugs from the cells.38 Suppression of these path-
ways by Rapalink-1 may contribute to its efficacy.

4  | DISCUSSION

In various cancers, mTOR plays important roles in intracellular sign-
aling pathways, including modulation of cell proliferation and angio-
genesis. Therefore, temsirolimus and everolimus (termed “rapalogs”), 
which block the activity of mTORC1, are clinically useful for the 
treatment of RCC.7 It is well known that VHL inactivation in RCC cells 
activates HIF-regulated genes such as VEGF and PDGF.39,40 Notably, 
HIF1α expression is regulated by both mTORC1 and mTORC2, 
whereas HIF2α is modulated only by mTORC2.41 In RCC, tumor 
growth is driven by HIF2α. Thus, the inhibition of both mTORC1 and 
mTORC2 is highly effective for treatment.42,43 Accordingly, TORKi, 
second-generation mTOR inhibitors, have been developed, and a 

dual PI3K/mTOR inhibitor suppressed the level of HIF2a, whereas 
rapamycin could not.44 A third-generation mTOR inhibitor was de-
veloped that combined rapamycin with MLN0128 as the TORKi.20 
In glioblastoma, the FK506 binding protein 12 (FKBP12)-rapamycin 
complex bound only to FK506 rapamycin binding (FRB) domain, 
whereas the FKBP12-Rapalink-1 complex bound to both FRB and 
the mTORC1 kinase domain.21 Therefore, the dual binding ability of 
Rapalink-1 showed a better antitumor effect. Furthermore, in fol-
licular lymphoma, enhancer of zeste 2 polycomb repressive complex 
2 subunit (EZH2) regulated mTORC1 via SESTRIN1 and Rapalink-1 
showed superior effects on EZH2 mutant cells.22 Similarly, strong 
antitumor effects of Rapalink-1 against RCC cells were observed in 
our experiments. Taken together, it appears necessary to suppress 
mTORC2 for RCC treatment.

Sunitinib, a tyrosine kinase inhibitor (TKI), is an anti–angiogenic 
agent that induces vascular destruction, hypoxia and tumor necrosis, 
and it has been approved as a first-line treatment for advanced RCC.4 
However, sunitinib cannot eliminate tumors because resistance to 
sunitinib often occurs through various mechanisms.45 In this study, 
we compared the therapeutic effects of RapaLink-1 with temsiroli-
mus in SUR-RCC cells that were established in vivo. We showed that 
Rapalink-1 inhibited proliferation, migration, invasion and colony 
formation in RCC cells, including SU-R-RCC cells, by inducing apop-
tosis and G1 arrest, and was more effective than temsirolimus. In 
addition, Rapalink-1 blocked the phosphorylation downstream from 
both mTORC1 and mTORC2, including p70S6K, 4EBP1 and AKT. In 
contrast, temsirolimus completely inhibited the phosphorylation of 
p70S6K but phosphorylation of 4EBP1 was not significantly inhib-
ited. Rapamycin potently inhibits long-term p70S6K activity, but 4E-
BP1 restores phosphorylation within 6 hours and causes rapamycin 

F I G U R E  5   Rapalink-1 suppressed cell proliferation in vitro and showed antitumor effects in sunitinib-resistant renal cell carcinoma (RCC) 
cells. A, Cell proliferation was determined by XTT assays with temsirolimus or Rapalink-1 in SU-R-A498, SU-R-ACHN and SU-R-caki1 cell 
lines from 24 to 96 h. All experiments were performed in triplicate. *P < 0.0001. B, Tumor-bearing nude mice (n = 5 per group) using SU-
R-A498, SU-R-ACHN or SU-R-caki1 cells were given i.p. injections of vehicle (daily), temsirolimus (1.5 mg/kg, daily) or Rapalink-1 (1.5 mg/kg, 
every 5 d). *P < 0.05; **P < 0.01; ***P < 0.001
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resistance.32,33 Therefore, temsirolimus could not sufficiently inhibit 
protein phosphorylation in PI3K/AKT/mTOR signaling, whereas 
Rapalink-1 inhibited them. The same tumor-inhibitory effect of 
Rapalink-1 was demonstrated in vivo, where we used the suni-
tinib-resistant 786-o cell line5 as well as 3 newly established SU-R 
RCC cell lines (SU-R-A498, SU-R-ACHN and SU-R-caki1). In addition, 
Rapalink-1 was superior to temsirolimus in terms of less frequency of 
administration (every 5 days vs daily).

We conducted RNA sequencing of SUR-cells to evaluate the 
mechanisms associated with the tumor-suppressive effects of 
Rapalink-1. The data showed that Rapalink-1 suppressed a por-
tion of the MAPK signaling pathway, whereas temsirolimus did 
not. Interestingly, long-term treatment with sunitinib induces epi-
genetic silencing of the PTEN gene,46 a negative regulator of the 

PI3K/AKT/mTOR signaling pathway. Moreover, there is an inverse 
correlation between PTEN expression and sunitinib resistance in 
RCC cells.47 In addition, the expression of IL-8 stimulates VEGF 
expression via the MAPK pathway and the PI3K/AKT/mTOR path-
way in sunitinib-resistant RCC cells. Suppression of IL-8 inhibition 
is tumor-suppressive.48 Therefore, the tumor suppressive effects 
of Rapalink-1 against sunitinib-resistant RCC might occur through 
inhibition of the PI3K/AKT/mTOR pathway. The RNA sequenc-
ing analyses also indicated that the ErbB signaling pathway and 
ATP-binding cassette transporters were suppressed by Rapalink-1 
in SUR-cells. Note also that upregulation of the ErbB recep-
tor activates the ErbB/PI3K/AKT signaling pathway,37 and that 
ATP-binding cassette (ABC) transporters contribute to drug resis-
tance.38,49 Thus, the suppression of these pathways by Rapalink-1 

TA B L E  1   Top 15 downregulated pathways in renal cell carcinoma cells treated by Rapalink-1

KEGG
ID Annotations

Number 
of genes

Corrected 
P-value Genes

4010 MAPK signaling pathway 28 0.000812 CACNA2D1, PPM1B, MEF2C, IL1R2, IL1R1, MAPT, FGFR3, TGFB3, RASA2, 
CACNA2D2, ARRB2, PLA2G6, MAPK10, MAPK8, EGF, MAP3K5, PAK1, 
MECOM, CACNA1G, NR4A1, MKNK1, MAPK14, RASGRF1, STK3, 
CACNB2, PRKACB, MAP3K8, PLA2G10

5152 Tuberculosis 21 0.000836 CAMK2D, CIITA, IRAK4, CASP8, CREB1, SPHK2, ATP6V0A1, TGFB3, 
CASP9, MAPK10, MAPK8, FCGR2A, MAPK14, CLEC7A, CAMK2G, TLR1, 
CD209, JAK2, NFYC, RFX5, KSR1

4012 ErbB signaling pathway 13 0.002664 CAMK2D, CIITA, IRAK4, CASP8, CREB1, SPHK2, ATP6V0A1, TGFB3, 
CASP9, MAPK10, MAPK8, FCGR2A, MAPK14, CLEC7A, CAMK2G, TLR1, 
CD209, JAK2, NFYC, RFX5, KSR1

2010 ABC transporters 9 0.002805 CAMK2D, NRG1, NRG4, MAPK10, PIK3R3, MAPK8, EGF, PAK1, PTK2, 
PAK3, CAMK2G, STAT5A, CBLB

5200 Pathways in cancer 29 0.003110 AXIN2, PIAS2, CTNNA3, RUNX1T1, LAMA2, COL4A5, CASP8, FGFR3, 
RAD51, AR, TGFB3, CASP9, TCF7, MAPK10, PIK3R3, MAPK8, EGF, 
MECOM, WNT5B, CSF2RA, PTK2, TCF7L2, ZBTB16, TRAF3, PLD1, MLH1, 
DAPK2, STAT5A, CBLB

4144 Endocytosis 20 0.004717 STAMBP, SH3KBP1, DNM1, FGFR3, PIP5K1A, TGFB3, ARAP3, CXCR2, 
ARRB2, DNM3, GIT2, EGF, PRKCZ, ZFYVE16, IQSEC2, ARAP2, PLD1, 
LDLRAP1, PSD, CBLB

4360 Axon guidance 15 0.007101 ROBO1, LRRC4C, SEMA6D, NTNG1, EPHA6, SEMA4D, ABLIM1, UNC5B, 
PAK1, SEMA3E, PLXNC1, RGS3, PTK2, NFAT5, PAK3

4120 Ubiquitin mediated 
proteolysis

15 0.011088 ANAPC10, HERC3, KLHL13, PIAS2, DET1, UBA7, UBE3A, CDC27, ANAPC7, 
RHOBTB1, UBE2D4, FANCL, UBE2U, CBLB, TRIM37

5145 Toxoplasmosis 14 0.011838 CIITA, IRAK4, LAMA2, CASP8, TGFB3, CASP9, PLA2G6, MAPK10, PIK3R3, 
MAPK8, MAPK14, JAK2, PDK1, PLA2G10

5412 Arrhythmogenic 
right ventricular 
cardiomyopathy (ARVC)

10 0.015495 CACNA2D1, CTNNA3, LAMA2, SLC8A1, CACNA2D2, TCF7, DMD, TCF7L2, 
ITGB4, CACNB2

5210 Colorectal cancer 9 0.016725 AXIN2, TGFB3, CASP9, TCF7, MAPK10, PIK3R3, MAPK8, TCF7L2, MLH1

5414 Dilated cardiomyopathy 11 0.017279 CACNA2D1, LAMA2, TTN, SLC8A1, TGFB3, CACNA2D2, DMD, ITGB4, 
GNAS, CACNB2, PRKACB

5213 Endometrial cancer 8 0.018332 AXIN2, CTNNA3, CASP9, TCF7, PIK3R3, EGF, TCF7L2, MLH1

4666 Fc gamma R-mediated 
phagocytosis

11 0.019509 DNM1, SPHK2, PIP5K1A, PLA2G6, DNM3, PIK3R3, GSN, PRKCE, FCGR2A, 
PAK1, PLD1

130 Ubiquinone and other 
terpenoid-quinone 
biosynthesis

3 0.028763 COQ2, COQ6, COQ3
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may enhance its tumor-suppressive effects. Further studies are 
needed to clarify the genetic or epigenetic mechanisms associated 
with Rapalink-1 in the setting of drug resistance.

In conclusion, Rapalink-1 had better antitumor effects than did 
temsirolimus in the treatment of sunitinib-sensitive and sunitinib-re-
sistant RCC cells in vitro and vivo. We also found that Rapalink-1 sig-
nificantly inhibited not only PI3K/AKT/mTOR signaling but also ErbB 
signaling and ABC transporters. To the best of our knowledge, this 
is the first paper suggesting that Rapalink-1 is a new option for the 
treatment of RCC patients who have acquired resistance to tradi-
tional molecularly targeted drugs. Early clinical trials with Rapalink-1 
for the treatment of RCC are expected.
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