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Background: Treatment with tyrosine kinase inhibitors (TKIs) significantly improves survival of patients with renal cell carcinoma
(RCC). However, about one-quarter of the RCC patients are primarily refractory to treatment with TKIs.

Methods: We examined viability of RCC and endothelial cells treated with low-density lipoprotein (LDL) and/or TKIs. Next, we
validated the potential role of PI3K/AKT signalling in LDL-mediated TKI resistance. Finally, we examined the effect of a high-fat/
high-cholesterol diet on the response of RCC xenograft tumours to sunitinib.

Results: The addition of LDL cholesterol increases activation of PI3K/AKT signalling and compromises the antitumour efficacy of TKIs
against RCC and endothelial cells. Furthermore, RCC xenograft tumours resist TKIs in mice fed a high-fat/high-cholesterol diet.

Conclusions: The ability of renal tumours to maintain their cholesterol homoeostasis may be a critical component of TKI resistance
in RCC patients.

Renal cell carcinoma (RCC) is the most common form of kidney
cancer. It is categorised into various subtypes, with clear cell RCC
(ccRCC) representing about 85% of all RCC tumours (Shuch et al,
2015). The use of tyrosine kinase inhibitors (TKIs) has resulted in
doubling of the progression-free survival and significant gains
in the overall survival (Rini, 2010). However, complete and
durable responses have been noted in only a few cases (Buczek
et al, 2014). Furthermore, 26% out of 1056 patients treated with
sorafenib and sunitinib were primarily refractory to treatment
(Park et al, 2012).

In addition to the inhibition of angiogenesis, TKIs also exert a
direct cytotoxic effect on tumour cells (Gotink and Verheul, 2010;
Makhov et al, 2012). Notably, intra-tumour sunitinib levels are

much higher than peak serum levels (Gotink et al, 2011; Makhov
et al, 2012; Adelaiye et al, 2015). Our current findings demonstrate
that low-density lipoprotein (LDL)-mediated activation of PI3K/
AKT signalling coincides with the compromised activity of TKIs
against RCC and endothelial cells. Furthermore, the present study
establishes, for the first time, the role of hyperlipidaemia in TKI
resistance in an animal model of human RCC.

MATERIALS AND METHODS

Cells and culture conditions. The SK-45 human ccRCC cell line
(Canter et al, 2011) was a kind gift of Dr Testa (Fox Chase Cancer
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Center (FCCC)). The PNX0010 human ccRCC cell line (Kirsanov
et al, 2014) was a kind gift of Dr Vladimir Khazak (Priaxon Inc.).
The HUVEC cell line was obtained from ATCC. Cells were
cultured as described previously (Golovine et al, 2008).

Antibodies and reagents. Antibody against b-actin, AKT inhi-
bitor IV, LY294002, and 2-hydroxypropyl-b-cyclodextrin (HPCD)
were obtained from Santa Cruz Biotechnology (Dallas, TX, USA).
Antibodies to Akt, p-Akt (S473 and T308), p-MEK1/2, MEK,
p-ERK1/2, ERK, and p-4E-BP1 were obtained from Cell Signaling
Technology (Beverly, MA, USA). Low-density lipoprotein was
obtained from Alfa Aesar (Tewksbury, MA, USA). Sunitinib,
sorafenib, pazopanib, and lapatinib were obtained from LC
Laboratories (Woburn, MA, USA).

Western blot analysis. Western blot analysis was performed as
described previously (Golovine et al, 2008).

Cell viability. Cell viability was analysed by CellTiter Blue assay
(Promega, Madison, WI, USA).

In vivo studies. All animal studies were performed under approval
from the FCCC Institutional Animal Care and Use Committee,
and followed FCCC and NIH guidelines. Six-week-old male C.B17/
Icr-scid mice were placed on either regular 2018SX diet or high-fat/
high-cholesterol TD.96121 diet (Harlan Teklad, Indianapolis, IN,
USA). Two weeks later, 1� 106 PNX0010 cells were inoculated s.c.
in the flank region of the mice. When tumours reached a mean
volume of about 100 mm3, the mice were randomly assigned to the
treatment and control groups (n¼ 5 mice per group). The mice
were treated with either PBS (vehicle) or sunitinib (40 mg kg� 1,
5 days per week, p.o.) as described earlier (Makhov et al, 2012).
Tumours were measured twice weekly and their volumes were
calculated by the formula: (volume¼ 0.52� (width)2� length).
Serum LDL and total cholesterol levels were examined at Charles
River Laboratories (Wilmington, MA, USA). Formalin-fixed and

paraffin-embedded xenograft tumours were cut in five micron
sections and immunostained with anti-phospho-Akt (S473) or
anti-phospho-4E-BP1 (T37/46) antibodies at the FCCC Histo-
pathology Facility. Imaging was performed using Nicon Eclipse 80i
microscope. Images were acquired using � 20 atmospheric lens
and analysed by NIS-Elements BR4.13.00 software package (Nikon
Instruments Inc., Melville, NY, USA).

Statistical analysis. Statistical analysis was performed using a two-
sided Student’s t-test. A P-value of o0.05 was considered
statistically significant.

RESULTS

Our recent studies demonstrate that the augmented activation
of PI3K/AKT signalling promotes resistance to sunitinib in
genitourinary tumours. The addition of purified LDL dramatically
increased AKT phosphorylation in established SK-45 and patient-
derived PNX0010 ccRCC cell lines in a dose- and time-dependent
manner (Figure 1A). The activation of AKT was validated by
augmented phosphorylation of its downstream target proteins,
GSK-3b and p70S6K (Figure 1A). Next, we investigated whether
LDL-mediated activation of AKT signalling interferes with the
antitumour activity of TKIs. To demonstrate that our observations
are not limited to the specific pharmacological agent, we
treated cells with several clinically relevant TKIs such as
sorafenib, pazopanib, lapatinib, and sunitinib. The addition of
LDL markedly rescued viability of SK-45 cells treated with all
TKIs (Figure 1B). This effect was specific for TKIs as the
antitumour efficacy of doxorubicin and docetaxel was not
compromised in the presence of LDL (Figure 1C). Low-density
lipoprotein also rescued the viability of HUVEC cells treated
with sorafenib (Figure 1D). These findings are of particular
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Figure 1. LDL activates AKT signalling and compromises the antitumour efficacy of TKIs. (A) Dose- and time-dependent activation of AKT by LDL.
SK-45 and PNX0010 RCC cells were treated with the indicated concentrations of LDL for 1.5 h or with LDL (100mg ml� 1) for the indicated periods
of time. (B) LDL restores viability of SK-45 RCC cells treated with TKIs. Cells were cultured with the indicated concentrations of TKIs in the presence
or absence of LDL (100mg ml� 1) for 72 h. Cell viability was analysed by CellTiter Blue assay. Results are expressed as the mean (n¼3)±s.e.m.
(C) LDL does not reinstate viability of RCC cells treated with either doxorubicin or docetaxel. SK-45 cells were cultured with the indicated
concentrations of doxorubicin or docetaxel in the presence or absence of LDL (100mg ml� 1) for 72 h. (D) LDL (100mg ml� 1) rescues the viability of
HUVEC cells treated with sorafenib. RFU, relative fluorescence units.
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importance given the dual anti-angiogenic and direct antitumour
mechanisms of TKIs action (Xin et al, 2009; Gotink and Verheul,
2010; Makhov et al, 2012).

Low-density lipoprotein may compromise the antitumour
activity of TKIs by interfering with TKIs’ cellular uptake. To
address this issue, SK-45 RCC cells were pre-treated with sorafenib
for 3 h followed by the addition of LDL, or in the reverse order.
There was no significance in the order of treatment (Figure 2A).
Importantly, the pre-treatment with sorafenib had no effect on the
LDL-mediated AKT phosphorylation (Figure 2B). The addition of
either AKT inhibitor IV or PI3K inhibitor LY294002 completely
inhibited the viability of SK-45 and PNX0010 cells simultaneously
treated with sorafenib and LDL (Figure 2C). The addition of LDL
also increased PI3K-dependent activation of MEK/ERK signalling
in SK-45 and PNX0010 cells (Figure 2D). However, the potential
role of MEK/ERK signalling in LDL-mediated TKI resistance can
be ruled out as the concomitant treatment with AKT inhibitor IV
restored sensitivity of RCC cells to sunitinib in the presence of LDL

(Figure 2C), but failed to block LDL-induced activation of MEK/
ERK signalling (Figure 2D).

Lipid rafts mediate AKT-dependent pro-survival signalling
(Zhuang et al, 2002; Oh et al, 2007). The disruption of lipid rafts
with HPCD completely ablated LDL-mediated AKT phosphoryla-
tion in SK-45 and PNX0010 cells (Figure 2E), suggesting the
promising potential of lipid rafts as therapeutic targets. We also
noted that the addition of PI3K inhibitor LY294002 completely
inhibited LDL-induced AKT phosphorylation in both cell lines
(Figure 2E).

Finally, we examined the effect of a high-fat/high-cholesterol
diet on the growth of RCC xenograft tumours in mice treated with
sunitinib. Mice fed TD.96121 diet (21% milk fat with 1.25% added
cholesterol) had elevated serum LDL and total cholesterol levels
compared to mice fed regular 2018SX diet (Figure 3A). Treatment
with sunitinib was effective in inhibiting the growth of PNX0010
xenograft tumours in mice on 2018SX diet (Figure 3B). In contrast,
the same treatment was ineffective against PNX0010 tumours
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Figure 2. Inhibition of PI3K/AKT signalling enhances the antitumour efficacy of TKIs in the presence of LDL. (A) SK-45 cells were pre-treated with
sorafenib (1mM) for 3 h followed by the addition of LDL (100mg ml�1), or in the reverse order. Cell viability was analysed by CellTiter Blue assay.
(B) Sorafenib does not affect LDL-induced activation of AKT. SK-45 cells were pre-treated with sorafenib (2.5mM) for 1 h followed by the addition
of LDL (100 mg ml�1) for 1 h. (C) SK-45 and PNX0010 cells were pre-incubated with AKT inhibitor IV (1 mM) or PI3K inhibitor LY294002 (10 mM)
for 1 h followed by incubation with sorafenib (1 mM) and/or LDL (100 mg ml� 1) for 72 h. Cell viability was analysed by CellTiter Blue assay.
(D) The addition of LDL activates MEK/ERK signalling. SK-45 and PNX0010 cells were pre-incubated with AKT inhibitor IV (1 mM) or LY294002
(10 mM) followed by the addition of LDL (100 mg ml�1) for 1 h. (E) The effect of HPCD on LDL-mediated AKT activation in RCC cells. SK-45 and
PNX0010 cells were pre-treated with LDL (100 mg ml� 1) for 1 h followed by the addition of HPCD (10 mM) for 2 h. LY294002 (10 mM) was used as a
control in this experiment.
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growing in mice on TD.96121 diet (Figure 3B). Notably, AKT
signalling was increased in tumours grown in mice fed TD.96121
diet, compared to mice fed 2018SX diet (Figure 3C).

DISCUSSION

The results of our experiments suggest that LDL compromises
TKI-mediated cytotoxicity at least in part via augmented activation
of PI3K/AKT signalling. The precise mechanism of cholesterol-
mediated AKT activation is unclear. Studies by Preiss et al (2007)
reveal a critical role for classical PKC in activating AKT by
phospholipase-modified LDL. Conversely, studies by Adam et al
(2007) demonstrate that AKT itself is cholesterol sensitive as a result
of the localisation of an AKT subpopulation within lipid raft
microdomains. Cancer cells adapt to maintain high intracellular
cholesterol levels through various mechanisms including augmented
endogenous production of cholesterol regulated by the sterol response

element-binding proteins (SREBPs) and increased cellular uptake of
LDL (Gabitova et al, 2014). Increased sterol concentrations activate
sterol-sensing liver X receptors (LXRs). Activated LXRs reduce
intracellular cholesterol through the expression of cholesterol efflux
proteins (El Roz et al, 2013; Gabitova et al, 2014). Liver X receptors
also reduce uptake of the LDL cholesterol via the transcription of an
E3 ubiquitin ligase, inducible degrader of LDLR (Scotti et al, 2013;
Gabitova et al, 2014). All these features make SREBP and LXR
pathways attractive potential targets for anticancer therapy.

Future studies will be needed to investigate if lowering blood
levels of LDL cholesterol could benefit the RCC patients in
conjunction with the TKIs-based therapeutic regimens.
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