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Abstract: Resistance in clear cell renal cell carcinoma (ccRCC) against sunitinib is a multifaceted
process encompassing numerous molecular aberrations. This induces clinical complications, reducing
the treatment success. Understanding these aberrations helps us to select an adapted treatment
strategy that surpasses resistance mechanisms, reverting the treatment insensitivity. In this regard,
we investigated the dominant mechanisms of resistance to sunitinib and validated an optimized
multidrug combination to overcome this resistance. Human ccRCC cells were exposed to single or
chronic treatment with sunitinib to obtain three resistant clones. Upon manifestation of sunitinib
resistance, morphometric changes in the cells were observed. At the molecular level, the production
of cell membrane and extracellular matrix components, chemotaxis, and cell cycle progression
were dysregulated. Molecules enforcing the cell cycle progression, i.e., cyclin A, B1, and E, were
upregulated. Mass spectrometry analysis revealed the intra- and extracellular presence of N-desethyl
sunitinib, the active metabolite. Lysosomal sequestration of sunitinib was confirmed. After treatment
with a synergistic optimized drug combination, the cell metabolic activity in Caki-1-sunitinib-resistant
cells and 3D heterotypic co-cultures was reduced by >80%, remaining inactive in non-cancerous
cells. These results demonstrate geno- and phenotypic changes in response to sunitinib treatment
upon resistance induction. Mimicking resistance in the laboratory served as a platform to study
drug responses.

Keywords: acquired drug resistance; (clear cell) renal cell carcinoma; drug combination; isomeriza-
tion; metabolites; sunitinib

1. Introduction

Through sustaining proliferative signaling, evading growth suppressors, and enabling
replicative immortality, cancer cells may acquire resistance to anti-cancer drugs [1]. This is
because a tumor may adapt to chronic drug administration and avoid medication-mediated
growth control. Independent of the therapy type, i.e., chemotherapy, radiotherapy, and
targeted therapies, the incidence of treatment resistance increases, making it more difficult
to find and select the most beneficial treatment strategies [2–5]. Prevalent molecular mech-
anisms of resistance involve, e.g., genetic mutations, modifications up and downstream,
and alternating the signaling transduction via compensatory pathways [6]. However, the
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detection of biomarkers and molecular drivers of resistance further guiding the treatment
choice has not yet been fully adopted in the clinic.

Kidney cancer, especially clear cell renal cell carcinoma (ccRCC) accounts for one of
the most difficult-to-treat cancers. Displaying an intrinsic or acquired treatment resistance
determines treatment success [6]. Molecular drivers include mutated genes such as von
Hippel-Lindau (vhl), intracellular and membrane-bound signaling proteins (growth factors
and their receptors). Loss of function of the tumor suppressor gene vhl characterizes ccRCC
and induces treatment resistance through consequent upregulation of the expression
of hypoxia-inducible factor-1 (hif-1) genes. These genes code for the platelet-derived
growth factor (PDGF) and vascular endothelial growth factor (VEGF), which stimulate
angiogenesis and cell growth [4], contributing to the formation of a highly vascularized
tumor environment. Enhanced cellular signal transduction via mitogen-activated protein
kinases (MAPK) and the mechanistic target of rapamycin (mTOR) facilitate the sustained
proliferation of the cancer cells.

Approaches to block these events promoting tumor growth and resistance devel-
opment in ccRCC led to novel drugs. Small molecule-based targeted drugs, including
kinase inhibitors with anti-cancer or anti-angiogenic activity, have emerged and are used
as first-line treatment [7–9].

In 2006, the FDA approved the small molecule-based drug sunitinib (Sutent®). It
is a multitargeted receptor tyrosine kinase inhibitor [10,11] and is frequently used as a
first-line treatment for ccRCC. This drug predominantly targets the PDGF- and VEGF-
receptors [12,13]. Nevertheless, resistance can be present intrinsically or can frequently
develop after long-term treatment. In over 70% of patients initially responding to sunitinib,
resistance develops within 15 months [14–19].

While the molecular mechanisms of acquired resistance to sunitinib have been unrav-
eling rapidly, the mechanisms of intrinsic resistance remain elusive. The accurate definition
of an acquired or intrinsic mechanism promoting resistance to drug treatment in cancer
remains challenging as, differing from bacteria, no resistance-related genes or structures are
expressed. Even upon the first treatment administration, an interplay between innate and
adapted mechanisms will form. Acquired resistance to sunitinib presents itself through
the accumulation of the drug in lysosomal vesicles [20], the presence of single nucleotide
polymorphisms, the upregulated expression of proangiogenic growth factors, such as
angiopoietin, HIF-1α/β, epidermal growth factor receptor (EGFR), fibroblast growth factor
(FGF), VEGFR, as well as interleukins (IL-8), the adaptation of the tumor microenviron-
ment [21–23], and almost twenty other mechanisms. Indeed, there is a consensus that the
most critical drivers of sunitinib resistance are VHL, tyrosine-protein kinase Met (c-MET),
VEGFR, and mTOR. These proteins are naturally dysregulated in ccRCC.

One of the essential characteristics in ccRCC is the strong association between cellular
and drug metabolism [24,25]. Aberrations in metabolic pathways determine the treatment
response, as well as the overall survival of patients [25–27]. Defective metabolism of drugs
distorts pharmacokinetic and pharmacodynamics analysis in patient plasma. Inaccurate
measures can also be a consequence of drug isomerism [28,29]. In the case of cisplatin,
trans-isomerization impairs its clinical efficacy [30], while isomerization of cetirizine to
levocetirizine [28] led to the development of a safer and more effective drug alternative.

Evaluating the anti-cancer efficacy, as well as the pharmacokinetics of sunitinib and
its active metabolite (N-desethyl sunitinib), demonstrated high interpatient variability [31],
potentially linked to the light-dependent isomerism of sunitinib [31,32]. The reversible
isomerization from the (Z)- to the (E)-isomer occurs through light exposure, independent
of the dose [31–33]. How isomerization and metabolism link to sunitinib resistance is not
yet fully understood.

This study explored how resistance to sunitinib in human ccRCC cell lines can be
established in the laboratory environment to induce molecular resistance mechanisms. We
treated ccRCC cell lines for over 50 weeks repeatedly with sunitinib at increasing doses or
with a steady dose of 1 µM, corresponding to clinically relevant sunitinib concentration.
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Because of the challenges to explain intrinsic resistance, in order to obtain a comparable
cellular system, we treated cells with a single high-dose treatment (10 µM sunitinib),
corresponding to doses measured in the tumor [20,34,35]. Therefore, we worked with two
generated resistant clones and one cellular clone capable of surviving a high dose treatment,
being insensitive (most likely intrinsically resistant) to sunitinib. Molecular changes of
the chronically treated ccRCC cells were characterized by investigating the phenotypic
alterations between sunitinib-naïve and sunitinib-resistant cells and treatment response
after acquiring resistance. Using liquid chromatography coupled to high-resolution tandem
mass spectrometry (LC-HRMS/MS), we detected the intra- and extracellular metabolites
of sunitinib considered to be involved in sunitinib resistance.

Combination therapies, sunitinib re-challenge, and sequential therapy have been
investigated to overcome resistance to sunitinib [2,36–38]. We further tested an optimized
multidrug combination consisting of four tyrosine kinase inhibitors, AZD4547, osimer-
tinib, AZD8055 and pictilisib [37], to reveal whether acquired resistance to sunitinib can
be overcome.

2. Results
2.1. Establishment and Characterization of Acquired Resistance to Sunitinib in ccRCC Cell Lines

We developed sunitinib resistant (-SR) human ccRCC cell lines (Supplementary
Figure S1A) by chronically treating Caki-1, A498, and 786-O cells [37] using increasing
doses of sunitinib. We considered the cells as stably resistant once they became significantly
insensitive to high dose (10 µM) treatment and when an accumulation of sunitinib in the
cell body, more specifically in lysosomes, was confirmed (Supplementary Figure S1B–D).
Due to the presence of auto fluorescence of sunitinib (excitation: 420 ± 20 nm, emission
>470 nm) [21], we were able to image its localization without further counterstaining or
manipulation of the compound. This was the case after 30 weeks of continuous treatment
twice weekly during the passaging of the cells and was quantified through the increase in
the effective dose reducing the viability of 50% of the cells (ED50; Supplementary Mate-
rial Figure S1C). Furthermore, cells were maintained under chronic treatment with 1 µM
sunitinib at each passage until experimental use.

The morphology of the resistant cells varied from one of the sunitinib-naïve cells
(Figure 1A and Supplementary Figure S2A), deforming the cell body and demonstrating
changes at the nuclear level, i.e., the presence of multiple nuclei per cell. To determine
the size of the nuclei and the cell body, we evaluated the area covered in the view field
of the microscopic images (view field coverage–1224 × 904 pixels at 10× magnification).
Interestingly, these results show that, comparing Caki-1 and Caki-1-SR cells, the size of the
nuclei and the cell body are significantly smaller (Figure 1B). Similar results were obtained
for A498-SR, whereas 786-O-SR cell body size was not modified significantly. The nuclear
size was significantly reduced in 786-O-SR cells, in contrast to A498-SR cells, where the
size of the nuclei was increased (Supplementary Figure S2B). The analysis of abnormalities
related to the nuclei and mitosis demonstrated no significant alterations, either in A498-SR
or Caki-1-SR or 786-O-SR cells (Figure 1C and Supplementary Figure S2D). Measurement
of the expression of p21 revealed no p21 increase in Caki-1-SR cells compared to Caki-1
cells (Figure 1D), or in 786-O-SR cells (Supplementary Figure S2E, right graph). Caki-1-SR
and 786-O-SR cells did not present a phenotype that would indicate a malfunction of
mitotic events. However, in A498-SR cells, the expression of p21 was increased (231%
vs. 61% Supplementary Figure S2E, left graph). These results suggest that a dormancy-
like phenotype can be induced upon sunitinib treatment, likely dependent on the genetic
background and susceptibility of the cells [39,40].



Int. J. Mol. Sci. 2021, 22, 6467 4 of 20
Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 4 of 22 
 

 

 
Figure 1. Identification of alterations between sunitinib-naïve Caki-1 and sunitinib-resistant Caki-1-SR cells. (A) Repre-
sentative images of Caki-1 (top) and Caki-1-SR (bottom) cells fluorescently stained to visualize f-actin (green, GFP) and 
the nucleus (blue, Dapi). Scale bar = 20 µm. (B) Size of the cell body (above the dotted line) and the nuclei (below the 
dotted line) of Caki-1 and Caki-1-SR cells are expressed as the area covered in the view field. Error bars represent the SD. 
Statistical significance was calculated based on n = 3 independent experiments using Student’s t-test. ** p < 0.01, *** p < 
0.001. (C) Bar graphs representing the appearance of cellular abnormalities analyzed in Caki-1 and Caki-1-SR cells. Error 
bars represent the SD. (D) Measurement of the expression of p21, a cyclin-dependent kinase inhibitor, in Caki-1 and Caki-
1-SR cells. The protein expression was analyzed through Western blot experiments and is given as % intensity normalized 
to the maximal intensity measured as well as the housekeeping gene. (E) Cell cycle analysis demonstrating the number of 
cell given as % per cell cycle phase (G1, S, G2/M and cell death). Error bars represent the SD. Statistical significance was 
calculated based on n = 2–3 independent experiments using Student’s t-test and two-way ANOVA with unequal variances; 
* p < 0.05. (F) Histograms showing the differential expression of the surface proteins CD10 (left graph), CD31 (middle 
graph) and CD54 (right graph). The expression was detected using flow cytometry experimentation comparing the un-
stained control (grey), Caki-1 cells (light blue) and the Caki-1-SR cells (dark blue). 

Figure 1. Identification of alterations between sunitinib-naïve Caki-1 and sunitinib-resistant Caki-1-SR cells. (A) Represen-
tative images of Caki-1 (top) and Caki-1-SR (bottom) cells fluorescently stained to visualize f-actin (green, GFP) and the
nucleus (blue, Dapi). Scale bar = 20 µm. (B) Size of the cell body (above the dotted line) and the nuclei (below the dotted
line) of Caki-1 and Caki-1-SR cells are expressed as the area covered in the view field. Error bars represent the SD. Statistical
significance was calculated based on n = 3 independent experiments using Student’s t-test. ** p < 0.01, *** p < 0.001. (C) Bar
graphs representing the appearance of cellular abnormalities analyzed in Caki-1 and Caki-1-SR cells. Error bars represent
the SD. (D) Measurement of the expression of p21, a cyclin-dependent kinase inhibitor, in Caki-1 and Caki-1-SR cells. The
protein expression was analyzed through Western blot experiments and is given as % intensity normalized to the maximal
intensity measured as well as the housekeeping gene. (E) Cell cycle analysis demonstrating the number of cell given as
% per cell cycle phase (G1, S, G2/M and cell death). Error bars represent the SD. Statistical significance was calculated
based on n = 2–3 independent experiments using Student’s t-test and two-way ANOVA with unequal variances; * p < 0.05.
(F) Histograms showing the differential expression of the surface proteins CD10 (left graph), CD31 (middle graph) and
CD54 (right graph). The expression was detected using flow cytometry experimentation comparing the unstained control
(grey), Caki-1 cells (light blue) and the Caki-1-SR cells (dark blue).
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2.2. Sunitinib-Resistance in Cell Cycle Analysis and Cell Surface Protein Expression

In the next step, we analyzed the distribution of cells within the distinct phases of
the cell cycle measured by flow cytometry. Significantly fewer cells were observed in
the G1 phase upon treatment with 1 µM sunitinib (Figure 1E, Caki-1-SRCTRL and Caki-
1-SRSun). We did not detect significant changes in the cell cycle in A498-SR and 786-O-
SR cells (Supplementary Figure S2G). Connecting the data of phenotypic and mitotic
modifications in response to chronic sunitinib treatment (>30 weeks), Caki-1-SR and 786-O-
SR cells were able to adapt and resist the treatment, and thus were able to proliferate again
without restraint, although 1.5-fold slower than the parental cells. However, A498-SR cells
demonstrated aberrations related to delayed mitosis represented through an increased
nuclear size, upregulated expression of p21 in the absence of a G1 and G2/M blockade.

Characterization of the expression of cell surface proteins revealed the upregula-
tion of CD10 (cell membrane metallopeptidase), CD31 (platelet endothelial cell adhesion
molecule, PECAM-1) and CD54 (intercellular adhesion molecule 1, ICAM1) in Caki-1-SR
cells (Figure 1F and Supplementary Figure S3) compared to Caki-1 cells. The selection of
these markers was based on patient histology and pre-characterization of the cells through
flow cytometry to define the expression patterns [41–44]. Further characterization of the ex-
pression of PD-L1 on sunitinib-naïve and sunitinib-resistant ccRCC cell lines revealed that
786-O and 786-O-SR cells present a high density of PD-L1 on their cell surface. Remarkably,
the chronic treatment with sunitinib reduced the expression of PD-L1 on A498-SR and
Caki-1-SR cells compared to the sunitinib-naïve cells (Supplementary Figure S4).

2.3. Modifications in Protein and Gene Expression upon Sunitinib Resistance Induction

Selecting Caki-1 and Caki-1-SR, originated from an atypic skin metastasis of ccRCC,
as representative ccRCC cell line for all further experiments, we first evaluated the pro-
tein expression upon sunitinib resistance induction performing Western blot experiments
(Figure 2A and Supplementary Figure S5). In general, measuring the expression level of
phospho-mitogen-activated protein kinase (p-MEK) in Caki-1 and Caki-1-SR cells (CTRL)
revealed that Caki-1-SR cells expressed 1.7-fold less p-MEK (82.3 vs. 47.8). These results
indicate that signaling via p-MEK was downregulated in Caki-1-SR cells. Upon treatment
with 1 µM sunitinib for 72 h, the expression of p-MEK increased in Caki-1 cells 2.9-fold
(82.3 vs. 228.9) and Caki-1-SR cells 3-fold (47.8 vs. 143.0). Similarly, the expression of
cyclin D1, a protein promoting the cell cycle G1/S transition, was increased 1.5-fold in
Caki-1 cells while it was decreased 1.6-fold in Caki-1-SR cells. This is in agreement with
our flow cytometry analysis (Figure 1E). The expression of cathepsin B and Bcl-2, proteins
involved in apoptosis, was increased 3.8- and 4.9-fold (cathepsin B: 171.7; Bcl-2: 156.9)
in the Caki-1-SRCTRL, respectively, but remained at an equal level in the other conditions
(cathepsin B < 45; Bcl-2 < 32). All data were non-significant.
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Figure 2. Analysis of the gene and protein expression of Caki-1 vs. Caki-1-SR cells. (A) Expression of proteins (n = 2) related 
to cell signaling (phosphorylated MEK; p-MEK), mitosis (cyclin D1), proteolysis (cathepsin B), and apoptosis (Bcl-2). The 
level of expression is presented as the intensity of the bands on nitrocellulose membrane after Western blot analysis nor-
malized to the maximal intensity and the housekeeping gene β-actin. Error bars represent the SD. (B) Volcano plot show-
ing 12,940 genes, with each dot representing a gene. The red dots are significantly upregulated genes in Caki-1-SRCTRL 
compared to the Caki-1CTRL, while the blue dots down-regulated genes (thresholds: p-value with false discovery rate (FDR) 

Figure 2. Analysis of the gene and protein expression of Caki-1 vs. Caki-1-SR cells. (A) Expression of proteins (n = 2) related
to cell signaling (phosphorylated MEK; p-MEK), mitosis (cyclin D1), proteolysis (cathepsin B), and apoptosis (Bcl-2). The level
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of expression is presented as the intensity of the bands on nitrocellulose membrane after Western blot analysis normalized
to the maximal intensity and the housekeeping gene β-actin. Error bars represent the SD. (B) Volcano plot showing 12,940
genes, with each dot representing a gene. The red dots are significantly upregulated genes in Caki-1-SRCTRL compared to
the Caki-1CTRL, while the blue dots down-regulated genes (thresholds: p-value with false discovery rate (FDR) < 0.05 & FC
≥ 2). (C) Heat map of the 1050 significant differentially expressed genes (thresholds: p-value with FDR) < 0.05 and FC ≥ 2
genes comparing Caki-1 (n = 2) and Caki-1-SR cells (n = 3). Genes that are upregulated in their expression are shown in red,
while genes that are downregulated are shown in blue. For more detailed information, see Supplementary Tables S1 and
S2. (D) Demonstration of the most dominant altered genes in Caki-1-SR cells inducing a cell cycle arrest but prohibiting
apoptosis. Legend: ATM = serine/threonine kinase; MARKK, MAP2K6, MAPK14, p38 MAPK = protein kinase; p53 = tumor
suppressor protein, p21 = cyclin-dependent kinase inhibitor; Bax = Bcl2-associated X protein; Bcl-2 = B-cell lymphoma 2
protein; PUMA = p53 upregulated modulator of apoptosis.

To characterize global transcriptome and molecular changes in response to chronic
sunitinib treatment, we performed RNA sequencing comparing Caki-1 and Caki-1-SR
cells. The analysis demonstrated differential gene expression on 1193 genes (adj. p-value
<0.05). This accounts for 37% of upregulated and 63% downregulated transcripts. Pathway
analysis revealed that the affected transcripts belong to various signaling pathways and
cellular functionalities, i.e., lysosomal chemotaxis (Figure 3 and Supplementary Table S1),
positive regulation of Wnt/β-catenin signaling (Supplementary Figure S6), DNA damage
control at the stage of G2/M checkpoint control, and activation of p53 (Supplementary
Figure S7). Following GeneOntology and Kyoto Encyclopedia of Genes and Genomes
database analysis, we were able to cluster another 46 significantly dysregulated genes in
the calcium signaling pathway, as well as in the interaction process of cytokine-cytokine
receptors (Figure 2B–C). Highlighting the signaling pathways regulating DNA damage
control and p53 activation demonstrated that molecules promoting the cell cycle progres-
sion were upregulated, i.e., p38 MAPK, cyclins. In contrast, molecules inducing apoptosis
were downregulated, i.e., p53, Bax, Bcl-2 (Figure 2D). We further elucidated that various
adhesion molecules became dysregulated (Figure 3 and Supplementary Table S2).

The RNA sequencing data showed changes in the RNA levels of VHL, c-MET, VEGF,
mTOR and PDGF(R) (Supplementary Table S3), but they were not significant. These
proteins are used as biomarkers for the detection of ccRCC and are targets of sunitinib.

Additional dominant cellular changes after resistance to sunitinib was acquired by
Caki-1-SR cells are demonstrated in Figure 3. The data revealed that resistance to suni-
tinib is related to lysosomal storage, (i) potentially altering the lysosome-mediated drug
efflux and (ii) activating autophagy. The production of lysophatidic acid modified the
signal transduction via lysophosphatidic acid receptors (LPAR) coupled to G-protein sig-
naling. Determined by the activated signaling pathway, various cellular functions were
downregulated; as a consequence of the upregulation of the small GTPase protein RhoA,
the cellular capacity to remodel the cytoskeleton was decreased. Downregulation of the
proto-oncogene tyrosine-protein kinase Src, the serine/threonine-protein kinase GSK3 and
protein kinase C (PKC) diminished cellular adhesion, chemotaxis, and angiogenesis. The
formation of new vessels, called angiogenesis, is not performed but promoted by cancer
cells. After chronic sunitinib treatment, genes were downregulated, participating in the
production of angiogenesis-promoting stimuli. The anti-angiogenic effects of targeted
small molecule-based drugs, i.e., sunitinib and axitinib, are mediated by the direct blockade
of VEGFR and PDGFR expressed on cancer and especially on endothelial cells [35]. Even
if the most potent activity is an anti-angiogenic one on the endothelial cells, it affects the
cancer cells by targeting exactly those genes participating in enhancing angiogenesis in
the tumour.
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Ras/MAPK and PKC through binding to the ATP-binding site of numerous cell membrane receptors, i.e., PDGFR, c-KIT, 
FLT-3, RET, VEGFR. Lysosomal accumulation: Lysosomes store sunitinib, where the acidic pH inhibits the reconversion 
from (E) to (Z). Cells might have intrinsic selectivity to stereoisomers, which could be linked to efflux. Lysosomal storage 
further induces autophagy by dysregulating autophagy-related proteins, i.e., LAMP, LAMTOR, MAPK and MTOR acti-
vator and LC3. Lysophatidic acid: Sunitinib treatment induces the production of lysophatidic acid, which binds to lyso-
phosphatidic acid receptors (LAPR) that are linked to G-protein signaling. Dependent on the subsequent signaling path-
way, cellular functions, i.e., cytoskeleton remodeling, adherens junction assembly, angiogenesis-influencing proteins and 
chemotaxis, will be downregulated. Legend: ATP = adenosine triphosphate; CD36 = integral membrane protein; c-Src = 
protein kinase; FAK = focal adhesion kinase; FKHR = Forkhead box protein O1 (FOXO1); FLT3 = fms like tyrosine kinase 
3; GSK3 = serine/threonine protein kinase (Glycogen synthase kinase 3); HDAC = histone deacetylase; KIT = tyrosine ki-
nase; LAMP = lysosome associated membrane protein; LAMTOR = endosomal/lysosomal adaptor and mitogen activated 
protein kinase; LAPR = lysophosphatidic acid receptor; MAPK = mitogen activated protein kinase; PDGFR = platelet de-
rived growth factor receptor; LC3 = light chain 3; PKC = protein kinase C; PRKD = serine/threonine protein kinase; RET = 
tyrosine protein kinase receptor; RhoA = Ras homolog family member A; Tiam = T-lymphoma invasion and metastasis-
inducing protein 1; VEGFR = vascular endothelial GFR. 

Figure 3. Cellular changes induced through chronic treatment with sunitinib resulting in sunitinib resistance. Schematic
representation of induced cellular changes in response to sunitinib treatment, mainly focusing on autophagy, chemotaxis and
stereoisomerisation after lysosomal accumulation. Sunitinib inhibits the signal transduction via Akt/mTOR, Ras/MAPK
and PKC through binding to the ATP-binding site of numerous cell membrane receptors, i.e., PDGFR, c-KIT, FLT-3, RET,
VEGFR. Lysosomal accumulation: Lysosomes store sunitinib, where the acidic pH inhibits the reconversion from (E) to
(Z). Cells might have intrinsic selectivity to stereoisomers, which could be linked to efflux. Lysosomal storage further
induces autophagy by dysregulating autophagy-related proteins, i.e., LAMP, LAMTOR, MAPK and MTOR activator and
LC3. Lysophatidic acid: Sunitinib treatment induces the production of lysophatidic acid, which binds to lysophosphatidic
acid receptors (LAPR) that are linked to G-protein signaling. Dependent on the subsequent signaling pathway, cellular
functions, i.e., cytoskeleton remodeling, adherens junction assembly, angiogenesis-influencing proteins and chemotaxis,
will be downregulated. Legend: ATP = adenosine triphosphate; CD36 = integral membrane protein; c-Src = protein
kinase; FAK = focal adhesion kinase; FKHR = Forkhead box protein O1 (FOXO1); FLT3 = fms like tyrosine kinase 3;
GSK3 = serine/threonine protein kinase (Glycogen synthase kinase 3); HDAC = histone deacetylase; KIT = tyrosine kinase;
LAMP = lysosome associated membrane protein; LAMTOR = endosomal/lysosomal adaptor and mitogen activated protein
kinase; LAPR = lysophosphatidic acid receptor; MAPK = mitogen activated protein kinase; PDGFR = platelet derived
growth factor receptor; LC3 = light chain 3; PKC = protein kinase C; PRKD = serine/threonine protein kinase; RET = tyrosine
protein kinase receptor; RhoA = Ras homolog family member A; Tiam = T-lymphoma invasion and metastasis-inducing
protein 1; VEGFR = vascular endothelial GFR.
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2.4. Stereoisomers of Sunitinib and Metabolites in Caki-1-SR Cells

Investigation of the conversion of sunitinib in Caki-1-SR cells through LC-HRMS/MS
was performed and showed two peaks corresponding to its (E) and (Z)-isomer
(m/z = 399.2183; Figure 4A and Supplementary Figure S8A). Diverse studies showed the
presence of both stereoisomers, (E)-sunitinib and (Z)-sunitinib [23,31,33]. Attribution was
made by comparing the retention times and stereoisomeric ratios with the literature [32] and
a standard solution in methanol (Supplementary Figure S8A). (E)-sunitinib (Figure 4A, 1)
appears to be clinically inactive, and its isomerization occurs through light exposure [31,33].
(Z)-sunitinib (Figure 4A, 2) is clinically relevant and active. The two stereoisomers could be
detected at the same ratios in the supernatant, independent of the dose of sunitinib, with
the percent of stereoisomeric excess (see Materials and Methods) being approximatively
85% (Z/E) at all concentrations (Supplementary Figure S8B), which is slightly lower than the
values reported in the literature [31,33]. The increasing percentage of stereoisomeric excess
at low concentrations can be attributed to the limit of detection of peak 1 (see Materials
and Methods).

When comparing the supernatant and the cellular extract, remarkable differences
in the ratios of (Z)-sunitinib and its stereoisomer were observed. While stereoisomeric
excess of the (Z)-form was observed (>96%) in both Caki-1-SRCTRL and supernatants of
sunitinib-treated Caki-1-SR cells (Caki-1-SRSun) (Supplementary Figure S8) [31,33], in the
cell extract, the stereoisomeric excess decreased to 45% and 30%, respectively. The presence
of (Z)-N-desethyl sunitinib and (E)-N-desethyl sunitinib in the cell extract of Caki-1-SR
cells cultured for 24 h in the culture medium treated with 1 µM sunitinib was detected,
whereas, in the supernatant, only the (Z)-form could be detected (Figure 4B). After 24 h of
treatment, the concentration of sunitinib and its N-desethyl metabolite was higher in the
cell extract than in the supernatant (Supplementary Figure S8C).

2.5. Combination Treatment Overcomes Resistance in Different Sunitinib-Resistant Caki-1 Clones

We used the three distinct sunitinib-resistant Caki-1 clones (Supplementary Figure S1)
to explore the insensitivity to sunitinib in 2D (Figure 5A). Measuring the ATP levels as a
reflection of cell viability, all clones were insensitive to treatment with sunitinib at doses
between 1 and 10 µM. At a dose of 30 µM, the ATP levels of clone 1 were decreased by
>95%, whereas the ATP levels of clone 2 and 3 indicated that >70% of the cells were able to
resist the high dose of 30 µM.

In parallel, we evaluated the activity of an optimized low-dose synergistic drug com-
bination (ODC), previously optimized by us in Caki-1-SR cells [37]. This drug combination
was developed using the validated phenotypic approach called Therapeutically Guided
Multidrug Optimization [37,38,45,46] and consisted of four tyrosine kinase inhibitors [37],
namely AZD4547, osimertinib, AZD8055, and pictilisib (Supplementary Table S4). This
ODC was optimized to selectively target Caki-1-SR clone 1. We cross-validated the activity
of this ODC in all ccRCC cells (Figure 5B) and in non-cancerous cells ECRF24 (endothelial
cells) and HEK-293T (human-embryonic kidney, Figure 5C). The results demonstrate that
the ODC reduced the ATP levels of all ccRCC cells by 66.7% on average. Simultaneously,
the ODC showed anti-angiogenic activity, reducing the ATP levels of ECRF24 cells by
60.3%. In contrast, HEK-293T cells were not targeted by the treatment.

In the next step, we used the sunitinib-resistant Caki-1 clones to establish the het-
erotypic 3D co-cultures (3Dcc), including human endothelial cells (ECRF24) and human
fibroblasts (NHDFα) closely mimicking the physiologic characteristics of ccRCC (Figure 5D,
left graph, Supplementary Figure S9) [37,47,48].
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Figure 4. Liquid chromatography-high resolution tandem mass spectrometry analysis of sunitinib-related compounds
in Caki-1-SR cells. (A) LC-HRMS/MS analysis (base peak intensity chromatograms) of the cell extract of Caki-1-SR in
the absence (Caki-1-SRCTRL) and presence of 1 µM sunitinib (Caki-1-SRSun) to demonstrate the presence of the (E)- and
(Z)-stereoisomers of sunitinib and its N-desethyl metabolites. (B) Peak area of sunitinib and (N)-desethyl sunitinib isomers
in the extract of Caki-1-SRCTRL and Caki-1-SRSun (n = 3). Error bars represent the SD. Statistical significance was calculated
by using a two-way ANOVA with unequal variances; ** p < 0.01, *** p < 0.001. (C) Bar graphs demonstrating the % isomeric
excess (Z/E) of the sunitinib isomers and their N-desethyl metabolites in cell extract (n = 3) of Caki-1-SR cells cultured for
24 h in culture medium (CTRL) or in culture medium supplemented with 1 µM sunitinib.

Interestingly, 3Dcc based on clones 2 and 3 were more sensitive to increasing doses
of sunitinib than clone 1, which was the opposite in monolayer conditions. These results
further indicate that one treatment with a high dose of sunitinib (50 µM) harmed all three
3Dcc, strongly decreasing the ATP levels by >70% (Figure 5D, left graph). These data
highlighted that 3Dcc was similarly affected by sunitinib treatment than the cancer cells
cultured solely in 2D. The same culture model was used to evaluate the efficacy of the
ODC and interestingly, all three clones cultured in 3Dcc were similarly affected by the ODC
treatment, reducing the ATP levels significantly (Figure 5D, right graph).
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Figure 5. Tumor growth of Caki-1 and Caki-1-SR in vivo and ex vivo use for testing of optimized drug combinations. (A)
Viability, measured as ATP levels, of sunitinib-resistant clones in a 2D monolayer (2D). (B) Response of sunitinib-naïve and
-resistant ccRCC cells to an optimized multidrug combination treatment (ODC) containing AZD4547 (0.4 µM), osimertinib
(osi, 0.4 µM), AZD8055 (0.03 µM), and pictilisib (pic, 2 µM). (C) Effect of the ODC on non-cancerous cells ECRF24 and
HEK-293T. (D) Viability, measured as ATP levels, of sunitinib-resistant clones in heterotypic 3D co-culture (3Dcc) with 10%
endothelial cells (ECRF24) and 20% fibroblasts (NHDFα cells) in response to increasing doses to sunitinib (left graph) and
the ODC (right graph). Error bars represent the SD. (E) Representative bright-field images of murine ex vivo spheroids
taken on days 2 and 5 (2–5 d) after seeding. ODC treatment was applied onto the spheroids on 2 d and maintained for 72 h
until 5 d.). Sunitinib was applied at a concentration of 1 µM. Scale bar = 100 µm. (F) Size measurements of the diameter of
the murine ex vivo spheroids in time. Spheroids remained untreated (CTRL) or were treated with either the ODC or 1 µM
sunitinib. Error bars represent the SD of six spheroids per condition (n = 6). (G) Bar graphs representing the ATP levels
(viability) as % compared to the CTRL in response to 72 h treatment with ODC and sunitinib. Error bars represent the SD of
six spheroids per condition (n = 6). Statistical significance was calculated based on n = 6 independent experiments by using
a one-way ANOVA with unequal variances; *** p < 0.001.
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2.6. Optimized Multidrug Combinations overcome Sunitinib Resistance in Ex Vivo Organoid-Like
Cultures of Caki-1-SR Organoids

We inoculated the Caki-1 and Caki-1-SR clone 1 subcutaneously in male and female
Swiss nu/nu mice (Supplementary Figure S10A) to evaluate the capacity to form tumors
in vivo. Tumors were allowed to develop, and the kinetic growth was comparable in time
(Supplementary Figure S10B). Mice with Caki-1-SR clone 1 tumors received treatment with
20 mg/kg sunitinib, a dose known to reduce the tumor growth of Caki-1-based tumors
by approx. 50% [49] and that was inactive in Caki-1-SR-based tumors (Supplementary
Figure S10B).

In the next step, we used dissected Caki-1-SR tumor tissues to obtain organoid-like
cultures after tissue dissociation. We did not isolate distinct cell populations but maintained
all cell cohorts present in the subcutaneously grown tumor. By preserving all the different
cell types, we were able to form organoid-like cultures with a similar appearance as in vitro
3D co-cultures. The organoid-like cultures were maintained for 2 days and afterward
re-dissociated to obtain a single cell suspension to prepare more homogeneous organoid-
like structures (Figure 5E and Supplementary Figure S10C) that were used for optimized
drug combination validation. Incubation of organoids with ODC treatment for 72 h
reduced the growth of the organoids significantly compared to the positive control (1 µM
sunitinib), the sham-control (culture medium supplemented with 0.05% DMSO) and the
single drug treatments (Figure 5F and Supplementary Figure S10D). We analyzed the
viability of the organoid-like cultures through the ATP level measurements, revealing the
anti-cancer activity of ODC (ATP level reduction by 90%; Figure 5G) and its monotherapies
(Supplementary Figure S10E).

3. Discussion

In this study, we evaluated the consequences of sunitinib resistance induction in
human RCC cell lines at molecular, morphometric, and functional levels. Our findings
align with resistance mechanisms described in vitro and in patient tissue [2,14,15,22,50–53].
The production of cell membrane and extracellular matrix components, chemotaxis, and
cell cycle progression were dysregulated compared to sunitinib-naïve cells.

Sunitinib resistance induction led to morphometric changes in RCC cells, such as alter-
ations in the cellular and nuclear size (Figure 1 and Supplementary Figure S2). Our
group [37] and others have previously reported on apparent morphometric changes
in treatment-resistant cells, i.e., heterotrophy [52,54,55], enhanced cell–cell interactions
through an increased number of short- and long-distance cell–cell contacts profoundly
stabilizing focal adhesions [56], or the formation of tunneling nanotubes [57,58]. These
morphometric changes were accompanied by deformations of the actin cytoskeleton de-
shaping the cell body. In this study, we show that over 70 genes related to cell adhesion
were dysregulated significantly upon chronic sunitinib treatment. In particular, anchoring
proteins, i.e., collagen, fibronectin, and laminin, connecting cells with the extracellular
matrix or the microenvironment were downregulated (Figure 2 and Supplementary Table
S2). The downregulation of extracellular matrix receptors and cell adhesion pathways were
reported by Li et al.by proteomic analysis after 4 years of treatment with sunitinib [59].
Furthermore, the production of cell plasma components, signaling, and lysosomal function
appeared to be affected (Figure 3).

The upregulation of CD10, CD31 and CD54 after sunitinib treatment with especially
CD31 and CD54 participating in cell–cell interactions and cell attachment. CD10, also
known as neprilysin, is a zinc-dependent metalloprotease that cleaves peptides and has
shown to be associated with treatment resistance in head and neck squamous cell carci-
noma [42,60].

Sequestration of sunitinib in lysosomes is one of the known sunitinib resistance
mechanisms (Supplementary Figure S1) [20,21,23]. Lysosomal accumulation occurs mainly
during the administration of low concentrations of sunitinib [20,23]. The release of sunitinib
from the lysosomes can be induced through light exposure, re-activating the anti-cancer
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efficacy [21]. The photoactivated release was obtained through irradiation (λ = 420 nm) with
two different doses (34 and 130 J/cm2) [21], whereas isomerization occurs through exposure
to white light [31]. We measured changes in lysosomal trafficking through RNA sequencing
and alterations in the expression of the lysosomal protease CTSB (cathepsin B; Figure 2). It
has been shown that the downregulation of cathepsin B led to incomplete autophagy by
inducing the formation of autolysosomes [23]. The role of autolysosome formation and the
stability of lysosomes in response to sunitinib treatment have further been demonstrated
in pancreatic cancers. Upon treatment with sunitinib, pancreatic cancer cell lines increased
autophagy in vitro, presented through the upregulation of LC3B-II levels [61]. It has
been also shown that the inhibition of autophagy, by downregulating the expression of
lysosome-associated membrane protein (LAMP2; Figure 3 and Supplementary Table S1),
simultaneously reduces the expression of autophagy-related protein 5 and 7, enhancing
the treatment efficacy of sunitinib [34,61]. Modifications of autophagy are often linked to
modifications in mitosis and apoptosis.

Flow cytometry analysis did not reveal significant changes when comparing the cell
cycle distribution of sunitinib-naïve and sunitinib-resistant cells, indicating that resistant
cells can continue to proliferate by progressing mitosis. Connecting this result with RNA
sequencing data showed the upregulation of mitosis promoting proteins (p21, cyclins;
Figure 2) and simultaneous downregulation of apoptosis-inducing proteins (p53, Bax, Bcl-2;
Figure 2). As resistance to sunitinib is multifaceted and depends on the mode of application,
alterations in mitotic processes can vary, involving G2/M arrest or G1 blockade [23,52].
Independent of the drug administration and the occurrence of these events, resistant cells
manage to snap out of these impediments and start to proliferate unrestrainedly.

Sunitinib and its active metabolite (N-desethyl sunitinib) are prone to spontaneous
isomerization induced through light exposure. Two stereoisomeric forms are known and
have been detected in our study (Figure 4), the E (trans) and Z (cis) isomer [31–33]. The
isomerization limits the accurate quantification of both stereoisomeric forms in cellular
extracts or the plasma of patients. It has been shown that light-induced isomerization can
be reversed through pH, heat, and light protection. The concentration of sunitinib did
not appear to impact the process of (re-)isomerization [32]. Using liquid chromatography
coupled to high-resolution tandem mass spectrometry (LC-HRMS/MS), we detected both
stereoisomers as well as their metabolites in Caki-1-SR cells. Sato et al. postulated that
sunitinib resistance in RCC could be analyzed by monitoring changes in metabolites, lead-
ing to the identification of new therapeutic targets [33]. Our results indicate that Caki-1-SR
cells first accumulate sunitinib and then ‘secrete’ it into the supernatant, independently
of the treatment. The percent of stereoisomeric excess of the (Z)-form was 2-fold lower in
the cell extracts than in the supernatant, thus suggesting that cells store the (E)-form pref-
erentially. Stereoselective compound stability might be due to fine compartment-specific
milieus, i.e., acidic lysosomes and neutral medium. Currently, there is no explanation of
the biological processing of the (Z)- versus the (E)-form, but we are confident that based
on our findings, continued research will assist in understanding resistance to sunitinib
and explain stereoselectivity. We assume that cellular ‘self-protection’ mechanisms depend
on the accumulation and secretion of sunitinib, as well as the reconversion inhibition
through acidic pH in lysosomes. During re-challenge with 1 µM sunitinib, the metabolic
conversion of sunitinib to N-desethyl sunitinib occurred. Further studies are needed to
elucidate the stereospecific storage, metabolism, and secretion processes of sunitinib in
sunitinib-resistant cells. After sunitinib was administered for 24 h, a higher concentration
of the parental compound and the metabolite were measured in the cell extract in confront
to the supernatant (Supplementary Figure S8). If sunitinib uptake, storage and metabolism
are certain, efflux remains to be evaluated. Dependent on intra- and extracellular efflux,
compound inter-and extracellular ratios of the compounds might change and long-term
experiments need to be conducted to investigate these mechanisms.

Establishing individual sunitinib-resistant clones served in the development of a
multifaceted cellular platform, which represents intrinsic and acquired resistance towards
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sunitinib in RCC. Using adapted protocols to facilitate the evolution of resistance led to
the understanding that the sensitivity to treatment can be dependent or independent of
the geno-/ phenotype. Our results demonstrate that 3D co-cultures were more sensitive
to increasing doses of sunitinib (Figure 5), which can be a cause of altered cell signaling
or interactions with other cells in the format of a heterotypic 3D co-culture. This is in
agreement with studies reporting a dominant modification in receptor tyrosine kinase
signaling via the Akt-mTOR pathway in homotypic 3D cultures modeling colon and breast
cancer [62–65]. Depending on the culture technique and the support through a scaffold
or specified condition medium, the response to drug regimens may vary by culturing
RCC-based homotypic 3D co-cultures in a stem cell medium [66].

The validation of an optimized drug combination consisting of tyrosine kinase in-
hibitors [37] showed that targeting Caki-1-SR cells had a potent anti-cancer activity and was
able to overcome sunitinib resistance mechanisms. The blockade of the mitogen-activated
kinase signaling pathway at various levels of the signaling cascade significantly reduced
the viability of the Caki-1-SR clones and ex vivo cultured Caki-1-SR cells. Our previous
study demonstrated the roust anti-cancer efficacy of seven different TKI-based ODCs in
three sunitinib-naïve, three sunitinib-resistant ccRCC cell lines, and the anti-angiogenic
efficacy in one endothelial cell line [37]. Analyzing the TK activity in RCC cell line and
patient samples, Haake et al. revealed numerous unique tyrosine phosphosites in EGFR,
MET, JAK2, and FAK [67], highlighting the strong potential for therapeutic targeting. Fur-
thermore, TKI resistance can be induced through the dominant signaling via VEGFR, other
TKs, or downstream pathways. Therefore, the multi-target blockade through combination
therapies became promising strategies for RCC treatment [68]. Our data revealed the
importance of inhibiting extra- and intracellular targets of TK signaling [69–75].

In summary, we demonstrated that sunitinib resistance was represented accurately
in vitro in human ccRCC cell lines and was overcome through the treatment with an
optimized drug combination targeting TK signaling. Molecular changes acquired through
resistance induction were characterized by evaluating phenotypic and mitotic alterations.
Through LC-HRMS/MS, we detected sunitinib metabolites involved in sunitinib resistance
in both intra- and extracellular extracts. Our results indicate that sunitinib induction can
be reliably induced in laboratory settings, and those sunitinib-resistant cells may serve as a
platform to study drug responses.

4. Materials and Methods
4.1. Cells

A498, Caki-1 and 786-O, human renal cell carcinoma cell lines, were purchased from
ATCC. All cells were cultured in a humidified incubator with 5% CO2 at 37 ◦C. A498
and Caki-1 cells were kept in DMEM medium (Thermofisher, Basel, Switzerland, Gibco,
31966021), 786-O in RPMI medium (Gibco, 61870010).

4.2. Drugs

Sunitinib was kindly donated by the University Hospital of Geneva, dissolved in
sterile DMSO (Sigma-Aldrich, Buchs, Switzerland, D8418-50ML), and diluted in a culture
medium. Compounds used in the ODC were purchased, dissolved, and stored as previ-
ously described [37]. As all compounds were dissolved in DMSO and upon dilution, a
concentration of 0.05% was present in the treated conditions, and we used 0.05% DMSO
in culture medium as sham-control (CTRL). This sham-control was used to normalize the
treatment results referred to as % CTRL.

4.3. Fluorescence staining and cell cycle distribution

Cells were fixed, permeabilized, and stained on 24-well plate glass inserts, as previ-
ously described [37]. Cells were double-stained, applying 1:200 dilution of Alexa Fluor
488 conjugated phalloidin (Invitrogen, Carlsbad, CA, USA, A12379) and afterwards 1:2500
dilution of Dapi. Images were taken with a Biotek Citation 3 (BioTek Instruments, Sursee,
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Switzerland) with corresponding software at the default settings. Pictures were analyzed
with CellProfilerTM and Adobe® Photoshop.

Cells were stained with FxCycleTM PI/RNase staining solution (Invitrogen, F10797)
to analyze the cycle distribution on an AttuneTM NxT flow cytometer (Thermofisher) with
corresponding software.

4.4. Fluorescence-Activated Cell Sorting

A total of 1 × 105 to 5 × 105 cells were harvested for fluorescence-activated cell sorting
(FACS) analysis. Cells were washed twice with PBS before the addition of antigen-specific
anti-human monoclonal antibodies (Supplementary Table S5). Analysis was performed
on a Beckton Dickinson (BD)LSRFortessa (5 lasers; Franklin Lakes, NJ, USA) and BD
FACSDivaTM software.

4.5. ATP Level Measurements

CellTiter-Glo solution (Promega, Dübendorf, Switzerland, G7572) following the prod-
uct instructions was used to analyze the ATP using a luminescence-based read-out. The
luminescence read-out was performed on a Biotek Citation 3 (BioTek instruments) with
corresponding software (Gen5, version 3.04) at the default settings.

4.6. Three-Dimensional Heterotypic Spheroid Cultures from Cell Lines

Scaffold-free heterotypic spheroidal cultures of 700 ccRCC cells, 200 NHDFα, and 100
ECRF24 cells were prepared in 96-well low attachment U-bottom plates (GreinerBio, 650970)
All bright field and fluorescence images were obtained using a Biotek Citation 3 (BioTek
instruments) with corresponding software (Gen5, version 3.04) with the default settings.

4.7. Western Blot

A total of 1 × 106 single cells (2D) were harvested, washed twice with ice-cold PBS, and
lysed in 1× RIPA buffer containing protease inhibitor cocktail (Roche, Basel, Switzerland)
and PhosSTOP (Roche, Basel, Switzerland). Protein concentrations were quantified with
Bradford assay (Thermo Fischer Scientific, Waltham, MA, USA). Fifty micrograms of
whole protein for each condition were loaded on 4%–12% polyacrylamide gels (Invitrogen,
Waltham, MA, USA), separated at 120 V for 1.5 h, and blotted at 25 V for 2 h via wet-transfer
onto nitrocellulose membranes. Membranes were blocked for 1 h at RT using Odyssey
blocking buffer (LI-COR Biosciences, Lincoln, NE, USA) before overnight incubation with
primary antibodies (Supplementary Table S6). After four washing steps, membranes were
incubated with secondary antibodies for 1 h at RT. Bands from immunoreactive proteins
were visualized by an Odyssey infrared imaging system at 700 nm for α-mouse and 800 nm
for α-rabbit-stained proteins. Analysis was performed using Image StudioTM Lite software.

4.8. RNA Sequencing

Total RNA content was isolated using the RNA easy® Plus Kit (74134, Qiagen, Hilden,
Germany) following the manufacturer’s instructions. The RNA quality control was done
together with library preparation using TruSeqHT Stranded mRNA (Illumina). RNA
samples were sequenced on an Illumina HiSeq 4000 System using 100-bp single-end reads
protocol. Quality control was done with FastQC v.0.11.5. All reads were outlined to the
human genome (UCSC hg38) using STAR v.2.5.3a software [76] with an average alignment
at 92%. PicardTools v.2.9.0 was used to incorporate biological quality control. HTSeq v.0.9.1
was used to obtain raw counts [76]. Normalization and differential expression analysis
were performed with the R/Bioconductor package edgeR v.3.24.3 [77], and statistical
significance was assessed applying a general linear model, negative binomial distribution,
and quasi-likelihood F test. Genes with a fold change >2 and p-value < 0.05 (with a false
discovery rate of 5%) were considered differentially expressed.

Genes that were up- and downregulated when comparing Caki-1 and Caki-1-SR cells
were analyzed through gene ontology enrichment analysis in Enrichr (http://amp.pharm.

http://amp.pharm.mssm.edu/Enrichr
http://amp.pharm.mssm.edu/Enrichr
http://amp.pharm.mssm.edu/Enrichr
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mssm.edu/Enrichr, accessed on 3 February 2021). The RNA-Seq data were deposited
in GSE172165.

Molecular network and pathway analysis was performed using the MetaCoreTM [78],
a web-based tool from CortellisTM hosted by ClarivateTM (https://clarivate.com/cortellis/,
accessed on 3 February 2021).

4.9. LC-HRMS/MS Analysis

A total of 1 × 106 cells were seeded in 150 × 15 mm Petri dishes (Corning, 351058)
24 h before the administration of fresh medium containing 0.05% DMSO or 1 µM sunitinib.
After 24 h, samples were collected through (i) directly removing 1 mL supernatant and (ii)
the addition of 1 mL methanol on top of the cell pellet to extract the cell content.

Chromatographic separation was performed on a Waters Acquity UPLC system
interfaced to a Q-Exactive Focus mass spectrometer (Thermo Scientific, Bremen, Germany),
using a heated electrospray ionization (HESI-II) source. Thermo Scientific Xcalibur 3.1
software was used for instrument control. The LC conditions were as follows: column,
Waters BEH C18 50 × 2.1 mm, 1.7 µm; mobile phase, (A) water with 0.1% formic acid; (B)
acetonitrile with 0.1% formic acid; flow rate, 600 µL·min−1; injection volume, 2 µL; gradient,
a linear gradient of 5–100% B over 7 min and isocratic at 100% B for 1 min. The optimized
HESI-II parameters were as follows: source voltage, 3.5 kV (pos); sheath gas flow rate (N2),
55 units; auxiliary gas flow rate, 15 units; spare gas flow rate, 3.0; capillary temperature,
350.00 ◦C, S-Lens RF Level, 45. The mass analyzer was calibrated using a mixture of
caffeine, methionine–arginine–phenylalanine–alanine–acetate (MRFA), sodium dodecyl
sulfate, sodium taurocholate, and Ultramark 1621 in an acetonitrile/methanol/water
solution containing 1% formic acid by direct injection. The data-dependent MS/MS events
were performed on the three most intense ions detected in full scan MS (Top3 experiment).
For the metabolites only, MS1 data were considered. The MS/MS isolation window width
was 1 Da, and the stepped normalized collision energy (NCE) was set to 15, 30 and 45 units.
In data-dependent MS/MS experiments, full scans were acquired at a resolution of 35,000
FWHM (at m/z 200) and MS/MS scans at 17,500 FWHM both with an automatically
determined maximum injection time. After being acquired in a MS/MS scan, parent
ions were placed in a dynamic exclusion list for 2.0 s. Custom exclusion list to remove
background ions was used.

The MS data were converted from the RAW (Thermo) standard data format to
mzXML format using the MSConvert software, part of the ProteoWizard package [79].
The converted files were treated using the MZMine software suite v. 2.38 [80]. After pri-
mary investigation, a targeted list was built for the detection of sunitinib stereoisomers
([M + H]+ in positive ion mode 399.2191 m/z ± 10 ppm) and their N-desethyl-forms
(371.1878 m/z ± 10 ppm) (0.1 min retention time tolerance). Peaks containing fewer than 6
data points were rejected. Percent of stereoisomeric excess was calculated as follows:

% stereoisomeric excess (Z/E) = ((Peak area Z-form)–(Peak area E-form))/((Peak area
Z-form) + (Peak area E-form)) × 100

4.10. In Vivo Model and 3D Heterotypic Spheroid Cultures from Murine Tumor Tissue

Briefly, female and male Swiss nu/nu mice (NU(Ico)-Foxn1nu) aged 6–8 weeks were
obtained from Charles River (Écully, France). For subcutaneous xenografts, mice were
inoculated in the left flank with 5 × 106 Caki-1 or Caki-1-SR cells suspended in 100 µL of
DMEM medium, supplemented with 1% FCS. One hundred microliters of cell suspension
per mouse were injected.

Treatment with 20 mg/kg sunitinib was initiated when palpable tumors had formed
(approximately 30 mm3) and applied orally for 21 days. After dissection of the tumor, single-
cell suspension was prepared in StemPro medium [81]. Cells were kept in culture for 6 days
to promote cell aggregation, proliferation, and the natural formation of spheroids and
organoid-like constructs. To perform the analysis of treatment response, these aggregates

http://amp.pharm.mssm.edu/Enrichr
http://amp.pharm.mssm.edu/Enrichr
https://clarivate.com/cortellis/
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were re-dissociated to obtain a single cell suspension and seeded following the same
protocol as 3D cultures from cell lines, distributing 1000 cells into each well.

4.11. Statistical Analysis

The data are presented as the mean of multiple independent experiments. Error bars
represent the standard error unless otherwise specified. Statistical analysis was performed
in Graphpad Prism®, version 7.04). Calculation of statistically significant values are given
in each figure legend specifically marking p-values with *** p < 0.001, ** p < 0.01 or * p < 0.05.

5. Patents

P.N.-S. and M.R. are the inventors of WO2021058587 patent on methods of drug
com-bination therapy.
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5. Juengel, E.; Makarević, J.; Tsaur, I.; Bartsch, G.; Nelson, K.; Haferkamp, A.; Blaheta, R.A. Resistance after chronic application
of the HDAC-inhibitor valproic acid is associated with elevated Akt activation in renal cell carcinoma in vivo. PLoS ONE 2013,
8, e53100. [CrossRef] [PubMed]

6. Sarmento-Ribeiro, A.B.; Scorilas, A.; Gonçalves, A.C.; Efferth, T.; Trougakos, I.P. The emergence of drug resistance to targeted
cancer therapies: Clinical evidence. Drug Resist. Updates 2019, 47, 100646. [CrossRef] [PubMed]

7. Liang, F. Optimising first-line treatment for metastatic renal cell carcinoma. Lancet 2020, 395, e8. [CrossRef]
8. Kapoor, A. First-line treatment options in metastatic renal cell cancer. Can. Urol. Assoc. J. 2016, 10, S236–S238. [CrossRef]

[PubMed]
9. Hahn, A.W.; Klaassen, Z.; Agarwal, N.; Haaland, B.; Esther, J.; Ye, X.Y.; Wang, X.; Pal, S.K.; Wallis, C.J.D. First-line Treatment of

Metastatic Renal Cell Carcinoma: A Systematic Review and Network Meta-analysis. Eur. Urol. Oncol. 2019, 2, 708–715. [CrossRef]
[PubMed]

https://www.mdpi.com/article/10.3390/ijms22126467/s1
https://www.mdpi.com/article/10.3390/ijms22126467/s1
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1158/1535-7163.MCT-17-1299
http://doi.org/10.2174/1574362409666140206223014
http://doi.org/10.1007/s11523-016-0463-4
http://doi.org/10.1371/journal.pone.0053100
http://www.ncbi.nlm.nih.gov/pubmed/23372654
http://doi.org/10.1016/j.drup.2019.100646
http://www.ncbi.nlm.nih.gov/pubmed/31733611
http://doi.org/10.1016/S0140-6736(19)32594-2
http://doi.org/10.5489/cuaj.4307
http://www.ncbi.nlm.nih.gov/pubmed/28096934
http://doi.org/10.1016/j.euo.2019.09.002
http://www.ncbi.nlm.nih.gov/pubmed/31588018


Int. J. Mol. Sci. 2021, 22, 6467 18 of 20

10. Rock, E.P.; Goodman, V.; Jiang, J.X.; Mahjoob, K.; Verbois, S.L.; Morse, D.; Dagher, R.; Justice, R.; Pazdur, R. Food and Drug
Administration drug approval summary: Sunitinib malate for the treatment of gastrointestinal stromal tumor and advanced
renal cell carcinoma. Oncologist 2007, 12, 107–113. [CrossRef] [PubMed]

11. Motzer, R.J.; Escudier, B.; Gannon, A.; Figlin, R.A. Sunitinib: Ten Years of Successful Clinical Use and Study in Advanced Renal
Cell Carcinoma. Oncologist 2017, 22, 41–52. [CrossRef] [PubMed]

12. Coppin, C. Sunitinib for advanced renal cell cancer. Biologics 2008, 2, 97–105. [CrossRef] [PubMed]
13. Vakkalanka, B.K.; Rini, B.I. Targeted therapy in renal cell carcinoma. Curr. Opin. Urol. 2008, 18, 481–487. [CrossRef]
14. Morais, C. Sunitinib resistance in renal cell carcinoma. J. Kidney Cancer VHL 2014, 1, 1–11. [CrossRef] [PubMed]
15. Abdel-Aziz, A.K.; Abdel-Naim, A.B.; Shouman, S.; Minucci, S.; Elgendy, M. From Resistance to Sensitivity: Insights and

Implications of Biphasic Modulation of Autophagy by Sunitinib. Front. Pharmacol. 2017, 8, 718. [CrossRef] [PubMed]
16. Grande, E.; Alonso Gordoa, T.; Reig Torras, O.; Esteban, E.; Castellano, D.; Garcia del Muro, X.; Mendez Vidal, M.J.; García-

Donas, J.; Arranz, J.A.; Suarez Rodriguez, C. INMUNOSUN-SOGUG trial: A prospective phase II study to assess the efficacy
and safety of sunitinib as second-line (2L) treatment in patients (pts) with metastatic renal cell cancer (RCC) who received
immunotherapy-based combination upfront. J. Clin. Oncol. 2020, 38, 5060. [CrossRef]

17. Kim, S.; Ding, W.; Zhang, L.; Tian, W.; Chen, S. Clinical response to sunitinib as a multitargeted tyrosine-kinase inhibitor (TKI) in
solid cancers: A review of clinical trials. OncoTargets Ther. 2014, 7, 719–728. [CrossRef]

18. Choueiri, T.K.; Heng, D.Y.C.; Lee, J.L.; Cancel, M.; Verheijen, R.B.; Mellemgaard, A.; Ottesen, L.H.; Frigault, M.M.; L’Hernault,
A.; Szijgyarto, Z.; et al. Efficacy of Savolitinib vs Sunitinib in Patients with MET-Driven Papillary Renal Cell Carcinoma: The
SAVOIR Phase 3 Randomized Clinical Trial. JAMA Oncol. 2020, 6, 1247–1255. [CrossRef] [PubMed]

19. Tannir, N.M.; Figlin, R.A.; Gore, M.E.; Michaelson, M.D.; Motzer, R.J.; Porta, C.; Rini, B.I.; Hoang, C.; Lin, X.; Escudier, B.
Long-Term Response to Sunitinib Treatment in Metastatic Renal Cell Carcinoma: A Pooled Analysis of Clinical Trials. Clin.
Genitourin. Cancer 2018, 16, 6–12.e4. [CrossRef]

20. Gotink, K.J.; Broxterman, H.J.; Labots, M.; de Haas, R.R.; Dekker, H.; Honeywell, R.J.; Rudek, M.A.; Beerepoot, L.V.; Musters,
R.J.; Jansen, G.; et al. Lysosomal sequestration of sunitinib: A novel mechanism of drug resistance. Clin. Cancer Res. 2011, 17,
7337–7346. [CrossRef]

21. Nowak-Sliwinska, P.; Weiss, A.; van Beijnum, J.R.; Wong, T.J.; Kilarski, W.W.; Szewczyk, G.; Verheul, H.M.W.; Sarna, T.; van
den Bergh, H.; Griffioen, A.W. Photoactivation of lysosomally sequestered sunitinib after angiostatic treatment causes vascular
occlusion and enhances tumor growth inhibition. Cell Death Dis. 2015, 6, e1641. [CrossRef] [PubMed]

22. Joosten, S.C.; Hamming, L.; Soetekouw, P.M.; Aarts, M.J.; Veeck, J.; van Engeland, M.; Tjan-Heijnen, V.C. Resistance to sunitinib in
renal cell carcinoma: From molecular mechanisms to predictive markers and future perspectives. Biochim. Biophys. Acta 2015,
1855, 1–16. [CrossRef]

23. Giuliano, S.; Cormerais, Y.; Dufies, M.; Grepin, R.; Colosetti, P.; Belaid, A.; Parola, J.; Martin, A.; Lacas-Gervais, S.;
Mazure, N.M.; et al. Resistance to sunitinib in renal clear cell carcinoma results from sequestration in lysosomes and inhibition of
the autophagic flux. Autophagy 2015, 11, 1891–1904. [CrossRef]

24. Van der Mijn, J.C.; Panka, D.J.; Geissler, A.K.; Verheul, H.M.; Mier, J.W. Novel drugs that target the metabolic reprogramming in
renal cell cancer. Cancer Metab. 2016, 4, 14. [CrossRef] [PubMed]

25. Weiss, R.H. Metabolomics and Metabolic Reprogramming in Kidney Cancer. Semin. Nephrol. 2018, 38, 175–182. [CrossRef]
[PubMed]

26. Hakimi, A.A.; Reznik, E.; Lee, C.H.; Creighton, C.J.; Brannon, A.R.; Luna, A.; Aksoy, B.A.; Liu, E.M.; Shen, R.; Lee, W.; et al. An
Integrated Metabolic Atlas of Clear Cell Renal Cell Carcinoma. Cancer Cell 2016, 29, 104–116. [CrossRef] [PubMed]

27. Kaddurah-Daouk, R.; Weinshilboum, R.; The Pharmacometabolomics Research Network. Metabolomic Signatures for Drug
Response Phenotypes: Pharmacometabolomics Enables Precision Medicine. Clin. Pharmacol. Ther. 2015, 98, 71–75. [CrossRef]

28. Chhabra, N.; Aseri, M.L.; Padmanabhan, D. A review of drug isomerism and its significance. Int. J. Appl. Basic Med. Res. 2013, 3,
16–18. [CrossRef] [PubMed]

29. Wainer, I.W. Stereoisomers in clinical oncology: Why it is important to know what the right and left hands are doing. Ann. Oncol.
1993, 4 (Suppl. 2), 7–13. [CrossRef]

30. Galea, A.M.; Murray, V. The anti-tumour agent, cisplatin, and its clinically ineffective isomer, transplatin, produce unique gene
expression profiles in human cells. Cancer Inform. 2008, 6, 315–355. [CrossRef] [PubMed]

31. Matsunaga, N.; Kitahara, T.; Yamada, M.; Sato, K.; Kodama, Y.; Sasaki, H. The influence of light sources on sunitinib measurements
with photoisomerization. Biomed. Chromatogr. 2019, 33, e4407. [CrossRef] [PubMed]

32. Posocco, B.; Buzzo, M.; Giodini, L.; Crotti, S.; D’Aronco, S.; Traldi, P.; Agostini, M.; Marangon, E.; Toffoli, G. Analytical aspects of
sunitinib and its geometric isomerism towards therapeutic drug monitoring in clinical routine. J. Pharm. Biomed. Anal. 2018, 160,
360–367. [CrossRef] [PubMed]

33. Sato, T.; Kawasaki, Y.; Maekawa, M.; Takasaki, S.; Morozumi, K.; Sato, M.; Shimada, S.; Kawamorita, N.; Yamashita, S.;
Mitsuzuka, K.; et al. Metabolomic Analysis to Elucidate Mechanisms of Sunitinib Resistance in Renal Cell Carcinoma. Metabolites
2020, 11, 1. [CrossRef] [PubMed]

34. Rovithi, M.; de Haas, R.R.; Honeywell, R.J.; Poel, D.; Peters, G.J.; Griffioen, A.W.; Verheul, H.M.W. Alternative scheduling of
pulsatile, high dose sunitinib efficiently suppresses tumor growth. J. Exp. Clin. Cancer Res. 2016, 35, 138. [CrossRef] [PubMed]

35. Hao, Z.; Sadek, I. Sunitinib: The anti-angiogenic effects and beyond. OncoTargets Ther. 2016, 9, 5495–5505. [CrossRef] [PubMed]

http://doi.org/10.1634/theoncologist.12-1-107
http://www.ncbi.nlm.nih.gov/pubmed/17227905
http://doi.org/10.1634/theoncologist.2016-0197
http://www.ncbi.nlm.nih.gov/pubmed/27807302
http://doi.org/10.2147/BTT.S1834
http://www.ncbi.nlm.nih.gov/pubmed/19707433
http://doi.org/10.1097/MOU.0b013e32830a70cf
http://doi.org/10.15586/jkcvhl.2014.7
http://www.ncbi.nlm.nih.gov/pubmed/28326244
http://doi.org/10.3389/fphar.2017.00718
http://www.ncbi.nlm.nih.gov/pubmed/29066973
http://doi.org/10.1200/JCO.2020.38.15_suppl.5060
http://doi.org/10.2147/OTT.S61388
http://doi.org/10.1001/jamaoncol.2020.2218
http://www.ncbi.nlm.nih.gov/pubmed/32469384
http://doi.org/10.1016/j.clgc.2017.06.005
http://doi.org/10.1158/1078-0432.CCR-11-1667
http://doi.org/10.1038/cddis.2015.4
http://www.ncbi.nlm.nih.gov/pubmed/25675301
http://doi.org/10.1016/j.bbcan.2014.11.002
http://doi.org/10.1080/15548627.2015.1085742
http://doi.org/10.1186/s40170-016-0154-8
http://www.ncbi.nlm.nih.gov/pubmed/27418963
http://doi.org/10.1016/j.semnephrol.2018.01.006
http://www.ncbi.nlm.nih.gov/pubmed/29602399
http://doi.org/10.1016/j.ccell.2015.12.004
http://www.ncbi.nlm.nih.gov/pubmed/26766592
http://doi.org/10.1002/cpt.134
http://doi.org/10.4103/2229-516X.112233
http://www.ncbi.nlm.nih.gov/pubmed/23776834
http://doi.org/10.1093/annonc/4.suppl_2.S7
http://doi.org/10.4137/CIN.S802
http://www.ncbi.nlm.nih.gov/pubmed/19259415
http://doi.org/10.1002/bmc.4407
http://www.ncbi.nlm.nih.gov/pubmed/30315654
http://doi.org/10.1016/j.jpba.2018.08.013
http://www.ncbi.nlm.nih.gov/pubmed/30119000
http://doi.org/10.3390/metabo11010001
http://www.ncbi.nlm.nih.gov/pubmed/33374949
http://doi.org/10.1186/s13046-016-0411-2
http://www.ncbi.nlm.nih.gov/pubmed/27604186
http://doi.org/10.2147/OTT.S112242
http://www.ncbi.nlm.nih.gov/pubmed/27660467


Int. J. Mol. Sci. 2021, 22, 6467 19 of 20

36. Nagyiványi, K.; Budai, B.; Gyergyay, F.; Küronya, Z.; Bíró, K.; Géczi, L. Sunitinib Rechallenge after Other Targeted Therapies in
Metastatic Renal Cell Carcinoma Patients: A Single-Center, Retrospective Study. Clin. Drug Investig. 2019, 39, 577–583. [CrossRef]

37. Rausch, M.; Weiss, A.; Achkhanian, J.; Rotari, A.; Nowak-Sliwinska, P. Identification of low-dose multidrug combinations for
sunitinib-naive and pre-treated renal cell carcinoma. Br. J. Cancer 2020, 123, 556–567. [CrossRef] [PubMed]

38. Rausch, M.; Weiss, A.; Zoetemelk, M.; Piersma, S.R.; Jimenez, C.R.; van Beijnum, J.R.; Nowak-Sliwinska, P. Optimized Combina-
tion of HDACI and TKI Efficiently Inhibits Metabolic Activity in Renal Cell Carcinoma and Overcomes Sunitinib Resistance.
Cancers 2020, 12, 3172. [CrossRef] [PubMed]

39. Townson, J.L.; Chambers, A.F. Dormancy of solitary metastatic cells. Cell Cycle 2006, 5, 1744–1750. [CrossRef]
40. Phan, T.G.; Croucher, P.I. The dormant cancer cell life cycle. Nat. Rev. Cancer 2020, 20, 398–411. [CrossRef] [PubMed]
41. Rausch, M.; Blanc, L.; Silva, O.D.S.; Dormond, O.; Griffioen, A.W.; Nowak-Sliwinska, P. Characterization of Renal Cell Carcinoma

Heterotypic 3D Co-Cultures with Immune Cell Subsets. Cancers 2021, 13, 2551. [CrossRef]
42. Louhichi, T.; Saad, H.; Dhiab, M.B.; Ziadi, S.; Trimeche, M. Stromal CD10 expression in breast cancer correlates with tumor

invasion and cancer stem cell phenotype. BMC Cancer 2018, 18, 49. [CrossRef] [PubMed]
43. Yang, J.F.; Shi, S.N.; Xu, W.H.; Qiu, Y.H.; Zheng, J.Z.; Yu, K.; Song, X.Y.; Li, F.; Wang, Y.; Wang, R.; et al. Screening, Identification and

validation of CCND1 and PECAM1/CD31 for predicting prognosis in renal cell carcinoma patients. Aging 2019, 11, 12057–12079.
[CrossRef] [PubMed]

44. Chevrier, S.; Levine, J.H.; Zanotelli, V.R.T.; Silina, K.; Schulz, D.; Bacac, M.; Ries, C.H.; Ailles, L.; Jewett, M.A.S.; Moch, H.; et al.
An Immune Atlas of Clear Cell Renal Cell Carcinoma. Cell 2017, 169, 736–749.e18. [CrossRef]

45. Weiss, A.; Le Roux-Bourdieu, M.; Zoetemelk, M.; Ramzy, G.M.; Rausch, M.; Harry, D.; Miljkovic-Licina, M.; Falamaki, K.;
Wehrle-Haller, B.; Meraldi, P.; et al. Identification of a Synergistic Multi-Drug Combination Active in Cancer Cells via the
Prevention of Spindle Pole Clustering. Cancers 2019, 11, 1612. [CrossRef] [PubMed]

46. Zoetemelk, M.; Ramzy, G.M.; Rausch, M.; Koessler, T.; van Beijnum, J.R.; Weiss, A.; Mieville, V.; Piersma, S.R.; de Haas, R.R.;
Delucinge-Vivier, C.; et al. Optimized low-dose combinatorial drug treatment boosts selectivity and efficacy of colorectal
carcinoma treatment. Mol. Oncol. 2020, 14, 2894–2919. [CrossRef] [PubMed]

47. Farber, N.J.; Kim, C.J.; Modi, P.K.; Hon, J.D.; Sadimin, E.T.; Singer, E.A. Renal cell carcinoma: The search for a reliable biomarker.
Transl. Cancer Res. 2017, 6, 620–632. [CrossRef] [PubMed]

48. Hsieh, J.J.; Purdue, M.P.; Signoretti, S.; Swanton, C.; Albiges, L.; Schmidinger, M.; Heng, D.Y.; Larkin, J.; Ficarra, V. Renal cell
carcinoma. Nat. Rev. Dis. Primers 2017, 3, 17009. [CrossRef] [PubMed]

49. Nowak-Sliwinska, P.; van Beijnum, J.R.; Griffioen, C.J.; Huijnen, Z.R.; Grima Sopesens, N.; Schulz, R.; Dings, R.P.M.; Jenkins, S.V.;
Groenendijk, F.; Bernards, R.; et al. Proinflammatory activity of VEGF-targeted treatment through reversal of tumor endothelial
cell anergy. under review.

50. Butz, H.; Ding, Q.; Nofech-Mozes, R.; Lichner, Z.; Ni, H.; Yousef, G.M. Elucidating mechanisms of sunitinib resistance in renal
cancer: An integrated pathological-molecular analysis. Oncotarget 2017, 9, 4661–4674. [CrossRef] [PubMed]

51. Makhov, P.; Naito, S.; Haifler, M.; Kutikov, A.; Boumber, Y.; Uzzo, R.G.; Kolenko, V.M. The convergent roles of NF-κB and ER
stress in sunitinib-mediated expression of pro-tumorigenic cytokines and refractory phenotype in renal cell carcinoma. Cell Death
Dis. 2018, 9, 374. [CrossRef] [PubMed]
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