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Abstract

Background Clear cell renal cell carcinoma (ccRCC) is a type of cancer characterized by a vast intracellular
accumulation of lipids that are critical to sustain growth and viability of the cells in the tumour microenvironment.
Stearoyl-CoA 9-desaturase 1 (SCD-1) is an essential enzyme for the synthesis of monounsaturated fatty acids and
consistently overexpressed in all stages of ccRCC growth.

Methods Human clear cell renal cell carcinoma lines were treated with small-molecule inhibitors of protein kinase
CK2. Effects on the expression levels of SCD-1 were investigated by RNA-sequencing, RT-gPCR, Western blot, and

in vivo studies in mice. Phase-contrast microscopy, fluorescence microscopy, flow cytometry, and MALDI-mass
spectrometry analysis were carried out to study the effects on endogenous lipid accumulation, induction of
endoplasmic reticulum stress, rescue effects induced by exogenous MUFAs, and the identity of lipid populations. Cell
proliferation and survival were investigated in real time employing the Incucyte® live-cell analysis system. Statistical
significance was determined by applying the two-tailed Student’s t test when comparing two groups of data whereas
the two-way ANOVA, multiple Tukey's test was employed for multiple comparisons.

Results Here, we show that protein kinase CK2 is critical for preserving the expression of SCD-1 in ccRCC lines
maintained in culture and heterotransplanted into nude mice. Consistent with this, pharmacological inhibition of
CK2 leads to induction of endoplasmic reticulum stress linked to unfolded protein response activation and decreased
proliferation of the cells. Both effects could be reversed by supplementing the growth medium with oleic acid
indicating that these effects are specifically caused by reduced expression of SCD-1. Analysis of lipid composition

by MALDI-mass spectrometry revealed that inhibition of CK2 results in a significant accumulation of the saturated
palmitic- and stearic acids.

Conclusions Collectively, our results revealed a previously unidentified molecular mechanism regulating the
synthesis of monounsaturated fatty acids corroborating the notion that novel therapeutic approaches that include
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CK2 targeting, may offer a greater synergistic anti-tumour effect for cancers that are highly dependent on fatty acid

metabolism.
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Background

Clear cell renal cell carcinoma (ccRCC) is the most fre-
quently diagnosed type of renal cancer and one of the
most lethal malignancies of the urinary tract. A remark-
able feature of ccRCC is the vast accumulation of glyco-
gen and lipids contained in cytoplasmic droplets which
are important for sustaining tumour cell survival and
viability [1, 2]. ccRCC is characterized by loss of hetero-
zygosity of the von Hippel Lindau (VHL) gene (90% of all
sporadic cases) due to mutation or epigenetic methyla-
tion of the VHL gene [3-5]. Lack of expression of VHL
results in the stabilization of the hypoxia inducible fac-
tors la (HIF1A) and 2a (HIF2A) under normal oxygen
levels resulting in the activation of gene expression pro-
grams including angiogenesis, anaerobic metabolism,
and inflammation [6]. These processes are thought to be
the major driving force in the development of the disease
and laid the foundation for the development of targeted
therapies currently used for the treatment of metastatic
ccRCC. Molecular aberrations observed in ccRCC also
include a high rate of mutation in genes that control the
mammalian target of rapamycin (mTOR) and the phos-
phatidylinositol-3-kinase (PI3K) pathways, downregula-
tion of protein kinase AMP-activated catalytic subunit
alpha 2 (AMPK) and upregulation of acetyl-CoA carbox-
ylase (ACC) and these changes collectively contribute to
a metabolic shift towards increased synthesis of proteins
and fatty acids [7, 8]. Upregulation of fatty acid metabo-
lism in ccRCC is supported by the accumulation of citrate
which is converted into cytosolic acetyl-CoA. Acetyl-
CoA is carboxylated into malonyl-CoA and this reaction
represents the commitment step in the biosynthesis of
fatty acids [9, 10]. Based on the number of double bonds,
fatty acids are categorized into saturated- (SFAs), mono-
unsaturated- (MUFAs) and polyunsaturated fatty acids
(PUFAs). They lead to the formation of a variety of lipid
types that can be used as bioenergy fuel under conditions
of metabolic stress and to sustain membrane biosynthesis
during rapid cell proliferation [11].

Stearoyl-CoA 9-desaturase 1 (SCD-1) is a key enzyme
in de novo fatty acid synthesis whose expression is posi-
tively regulated by several transcription factors includ-
ing sterol regulatory element-binding protein (SREBF1),
peroxisome proliferator-activated receptor-a and -y
(PPARa, PPARy), CCAAT/enhancer-binding protein
(C/EBPa), thyroid hormone receptor (TR), and liver X
receptor (LXR [12, 13]). Stimulation of SCD-1 expression
occurs concomitantly with the activation of lipogenesis,
a process primarily driven by SREBF1 which is positively

targeted by the PI3K/AKT and mTORCI1 signalling cas-
cades [14, 15].

SCD-1 catalyses the conversion of SFAs (i.e. palmitic
and stearic acids) into the corresponding MUFAs (i.e.
palmitoleic and oleic fatty acids) and abnormally high
expression levels of this enzyme is a biochemical trait
found in tissue samples from a variety of human cancers
including lung, breast, colon, and kidney [12]. Owing
to the well-documented role of this enzyme as a central
regulator of fatty acid metabolism in cancer develop-
ment, SCD-1 has become a promising molecular target
as an alternative treatment for various forms of aggres-
sive tumours [16, 17].

Protein kinase CK2 is a serine/threonine kinase consti-
tutively active and ubiquitously expressed in all eukary-
otic cells so far investigated [18—21]. CK2 can exist as a
tetrameric complex composed of two catalytic subunits
(i.e. CK2a and/or CK2a’) and two regulatory subunits
(CK2p). However, compelling evidence has indicated
that these proteins can exert functions on their own and
display different sub-cellular localizations challenging
the view of CK2 as a stable tetrameric holoenzyme [22,
23]. Elevated levels of CK2 have been observed in many
types of cancer, including kidney cancer [24, 25], and it
is thought to support cell growth, regulate pro-survival
pathways and to play a key role in many hallmarks of can-
cer [26]. CK2 has been demonstrated to be upregulated
in mouse models for obesity, but also during active adi-
pogenesis leading to obesity in humans [23, 27]. More-
over, the activity of this enzyme has been recently shown
to control key transcription factors regulating the early
phase of white adipocyte differentiation in mice sub-
jected to high fat diet [28]. Compelling evidence indicates
that CK2 also contributes to the regulation of de novo
fatty acid synthesis. Viscarra et al., reported that MED17
a protein interacting with USF1, a key transcription fac-
tor for FASN activation, is phosphorylated by CK2 and
this event is required for the transcriptional activation of
lipogenic genes in response to insulin stimulation in mice
[29]. Moreover, CK2 seems to control lipid metabolism
by regulating additional key enzymes implicated in lipo-
genesis including mTORC1 and AMPK [23]. Hence, the
interrelationship between CK2 and lipid signalling occurs
at multiple levels. Although the regulatory role of protein
kinase CK2 in lipid homeostasis and re-programming
of lipid metabolism in cancer development has recently
emerged as a forefront research field [23], the exact
molecular mechanisms through which CK2 regulates
these processes are not fully understood.
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Here, we provide the first evidence that CK2 plays a
critical role in ensuring optimal levels of expression of
SCD-1 in ccRCC to support cell growth. This previously
unknown direct link between CK2 and the synthesis
of fatty acids reinforces the notion that targeting lipid
metabolism through pharmacological inhibition of CK2
could represent an effective strategy for novel therapeu-
tic interventions that focus on specific metabolic vulner-
abilities in clear cell renal cell carcinoma.

Materials and methods

Cell culture and development of ccRCC cell lines adapted
to grow in the presence of sunitinib

The ccRCC cell lines 786-O and A-498 were purchased
from American Type Culture Collection (ATCC, Rock-
ville, MD, USA). The cell lines were cultured in RPMI
(786-0O cell line) and DMEM (A-498 cell line), respec-
tively, supplemented with 10% foetal bovine serum (Bio-
chrom AG, Berlin, Germany) at 37'C under a humidified
5% CO, atmosphere. Growth media were purchased
from Gibco (Invitrogen, Taastrup, Denmark). Resistance
to sunitinib (Sigma-Aldrich, Brendby, Denmark) was
achieved by growing cells with increasing concentrations
of the compound up to 8 uM in the case of 786-O-SR cell
line or 7 pM for the A-498-SR cell line, over a period of
six months. Cells were passaged twice a week and resis-
tance was maintained by adding sunitinib to the culture
medium, once a week. Where indicated, cells were trans-
fected with a set of four small interfering RNA duplexes
(ON-TARGET plus SMART pools, Dharmacon-Horizon
Discovery, Lafayette, CO, USA), directed against human
CK2a mRNA using Lipofectamine RNAiMAX transfec-
tion reagent (Thermo Fisher Scientific, Waltham, MA,
USA). Bovine serum albumin (BSA)-Palmitate (Cay-
man Chemical, Ann Harbour, MI, USA) and BSA-Oleate
(Sigma-Aldrich) were added to the growth medium at 80
UM concentration [30], respectively, as indicated in the
figure legends. CX-4945 (Silmitasertib) was purchased
from Selleck Chemicals (Houston, TX, USA), MG132
was obtained from EMD-Millipore (Burlington, MA,
USA) while cycloheximide (CHX) and SGC-CK2-1 were
from Sigma-Aldrich.

In vivo studies in mice

786-0 cells (2x10°%) were injected subcutaneously (s.c.)
into the right hind flank region of athymic nude mice
(6-week-old female mice from Janvier Labs, Le Genest-
Saint-Isle, France, n=4 per group). Prior to injection, cells
were grown in complete RPMI medium containing 10%
EBS. Cells were resuspended in sterile PBS and injected
in a total volume of 150 pl per mouse. When tumours
reached approx. 60 mm?, mice were randomized, and
half of the group was treated with vehicle (sterile PBS)
while the other half by intraperitoneal injection (i.p.) with
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60 mg/Kg Silmitasertib sodium salt (MedChemExpress,
Sollentuna, Sweden) dissolved in sterile PBS every 48 h
for one week. At the end of the experiment, mice were
sacrificed, and tumours were extracted and further pro-
cessed for gene expression analysis.

Cell staining, imaging, and flow cytometry

Cell proliferation was quantified by seeding cells in
96-well plates and treating them as indicated in the fig-
ure legends. Cells were imaged using the phase-contrast
channel in the IncuCyte S3 platform (Sartorius, Got-
tingen, Germany) and as described in [31]. Briefly, four
phase contrast images/well from distinct regions were
taken at regular intervals using a 10x magnification
objective. Images were analysed employing the IncuCyte
S3 image analysis software and Microsoft Excel software
as previously described [32].

Phase-contrast pictures were acquired with a DMIRB
microscope equipped with a Leica DFC420C camera
(Leica, Brondby, Denmark). Cells were stained with the
fluorescent neutral lipid dye 4,4-difluoro-1,3,5,7,8-penta-
methyl-4-bora-3a,4a-diaza-s-indacene (Bodipy 493/503,
Thermo Fisher Scientific, Molecular Probes™) to deter-
mine neutral lipid content by flow cytometry and fluores-
cence microscopy, respectively, essentially according to
Qui et al. [33]. Quantification of green-fluorescence sig-
nal was performed with a FACSCalibur flow cytometer
(BD Biosciences, Franklin Lake, NJ, USA). Acquired data
were processed by Cell Quest Pro Analysis software (BD
Biosciences). For each measurement, 10,000 events were
analysed. Imaging of cells stained with Bodipy 493/503
was carried out with a DMRBE microscope equipped
with a Leica DFC420C camera (Leica). The endoplasmic
reticulum (ER) was visualized by staining cells with ER-
Tracker™ Green (Molecular Probes, Invitrogen) accord-
ing to the manufacturer’s recommendations. Briefly,
cells were rinsed with pre-warmed Hank’s Balanced Salt
Solution with calcium and magnesium (HBSS/Ca/Mg,
Gibco) and incubated immediately afterwards, with a
staining solution consisting of 1 uM ER-Tracker™ Green
dye in HBSS. After 30 min of incubation at 37'C, cells
were briefly rinsed with HBSS and fixed with 4% parafor-
maldehyde for 2 min at 37°C. Cells were counterstained
with 2 pug/ml Hoechst 33,258 (Sigma-Aldrich) for 30 min
at 37'C prior to mounting. Imaging was performed as
described above.

Preparation of whole cell lysate, western blot analysis and
antibodies

Harvested cells were processed for Western blot analy-
sis as described in [31, 34]. Proteins were detected by
probing PVDF membranes (Roche, Basel, Switzerland)
with the following antibodies: rabbit polyclonal anti-
ACC (cat. 3662), rabbit polyclonal anti-P-ACC (S79,
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cat. 3661), rabbit polyclonal anti-AMPK (cat. 2532), rab-
bit monoclonal anti-P-AMPK (T172, cat. 2535), rabbit
monoclonal anti-FASN (cat. 3180), rabbit monoclonal
anti-NF-kB (cat. 8242), rabbit monoclonal anti-PPARy
(cat. 2435), rabbit monoclonal anti-HSF1 (cat. 12972),
and rabbit monoclonal anti-LC3A (cat. 4599) all from
Cell Signalling Technology (Danvers, MA, USA); mouse
monoclonal anti-SCD-1 (cat. ab19862), rabbit polyclonal
anti-ELOVL6/LCE (cat. ab69857), and rabbit polyclonal
anti-P-NF-xkB (S529, cat. ab47395) all from Abcam
(Cambridge, UK); mouse monoclonal anti-p-actin (cat.
A-5441) from Sigma-Aldrich (St-Louis, MO, USA); rab-
bit monoclonal anti-P-HSF1 (S326, cat. GTX61682) from
GeneTex Inc. (Irvine, CA, USA). Rabbit polyclonal anti-
CK2a was obtained as previously described [35]. ER-
stress was detected by employing the ER homeostasis
antibody kit (cat. 53898) from Cell Signalling Technology.

RNA-sequencing, reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) analysis and GEPIA2
database

RNA-sequencing was carried out essentially as described
in [31, 35]. Briefly, total RNA was extracted from cells or
tumour samples using TRIzol (Fisher Scientific, Hamp-
ton, NH, USA). The RNA concentration, purity and integ-
rity was verified using the Agilent 2100 Bioanalyzer and
the RNA 6000 nano kit (Agilent Technologies, Inc., Santa
Clara, CA, USA). 500 ng of the total RNA was employed
for RNA-sequencing. rRNA was removed using the NEB-
Next rRNA depletion kit followed by RNase H and DNase
I digestion, respectively. Sample preparation was per-
formed as described in the NEBNext ultra II RNA library
prep kit (Illumina, San Diego, CA, USA). The amplified
libraries were validated by Agilent 2100 Bioanalyzer using
a DNA 1000 kit from Agilent Technologies and quanti-
fied by qPCR using the KaPa Library Kits (KaPa Biosys-
tems, Wilmington, MA, USA). The library was prepared
for sequencing using the NovaSeq 6000 SP kit v.1.5. (300
cycles, Illumina), and the samples were loaded on the
sequencing flow-cell of the NovaSeq instrument for RNA
sequencing. The RNA-seq data were analysed using a
DESeq?2 package. Preparation of total RNA samples and
subsequent qPCR analysis were performed essentially as
described in [35]. The following primers were employed
for the quantification of transcripts: SCD-1: GCAAACA
CCCAGCTGTCAAA (forward) and AAGCCAGGTTT
GTAGTACCTCC (reverse), SREBFIc: CTGCAGCCCC
ACTTCATCA (forward) and CTCACCAGGGTCGGC
AAAG (reverse), PPAR0GGTCATCACGGACACGCTT
(forward, exon 7-8) and CCTTGTCCCCGCAGATTCT
A (reverse, exon 8), PPARy: TTATTCTCAGTGGAGAC
CGCC (forward, exon 4-5) and TGAGGACTCAGGGT
GGTTCA (reverse, exon 5), YBX-1: TGAAGGAGAAAA
GGGTGCGQG (forward, exon 4-5), ATGGTTACGGTCT
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GCTGCAT (reverse, exon 5), C/EBPS: GGGAATCTTTT
CCGTTTCAAGCA (forward), TGCCCCCAAAAGGCT
TTGTA (reverse) and TBP: GTGACCCAGCATCACTG
TTTC (forward, exon 1-2), GCAAACCAGAAACCCTT
GCG@ (reverse, exon 2).

The online database Gene Expression Profiling Interac-
tive Analysis 2 (GEPIA2) was used to analyse the mRNA
differential expression levels of SCD-1 between ccRCC
tumour and normal tissues, respectively.

Lipidomic analysis

Cells were seeded in 10 cm Petri dishes (1076 cells/dish)
and treated with 10 uM CX-4945 after 24 h from seed-
ing followed by harvesting after additional 24 h of incu-
bation. For lipidomic analysis, the following reagents
were employed: 1,6-diphenyl-1,3,5-hexatriene (DPH) and
a-cyano-hydroxycinnamic acid (CHCA) were purchased
from Sigma-Aldrich (Oakville, ON, Canada); high per-
formance liquid chromatography-grade tetrahydrofuran
(THF), LC-MS-grade acetonitrile (ACN), LC-MS-grade
water, LC-MS-grade hexane, LC-MS-grade isopropa-
nol, and LC-MS-grade formic acid were purchased from
Sigma Aldrich (Oakville, ON, Canada). Linoleic Acid-
C13 used as internal standard, was purchased from Cay-
man Chemicals. For fatty acid extraction, cell pellets
were resuspended in 300 uL of cold hexane/isopropanol
(3:2 v/v, 4 C). Fatty acids extraction was then performed
for 1 h at 4'C by gentle vortexing (600 rpm). The pellets
were, next, spun at 100xg for 5 min at RT. The superna-
tants were transferred into clean 1.5 mL vials without
disturbing the cell pellets. Additional 300 pL of hexane/
isopropanol (3:2) and 0.1% formic acid were added, the
pellets were gently vortexed to lift the cells off the bot-
tom of the vials and spun at 100xg for 5 min at RT. The
supernatants were transferred into pre-designated 1.5
mlL vials without disturbing the cell pellets. The fatty acid
extracts were vacuum dried at RT. For standard prepara-
tion, three replicates of each treatment group were anal-
ysed. All extracts were re-dissolved in 1 mL of 37% ACN,
63% LC-MS water, and 0.02% formic acid. For stearic and
palmitic acid analyses the final dilution of the samples
was 1:100 and final concentration of 5 ug/mL of internal
standard was used. For oleic and palmitoleic acid the final
dilution of the samples was 1:4 and final concentration of
2.5 ug/mL for internal standard was used. Samples were
mixed 1:1 with 8 mg/mL of DPH matrix and 0.65 puL was
spotted onto the steel plate in two layers. Three spots per
sample replicate were spotted and there were 10 acquisi-
tions per spot. MALDI MS data were obtained using the
AB Sciex 5800 MALDI TOF/TOF mass spectrometer
(Framingham, MA, USA). TOF-TOF Series explorer soft-
ware from Sciex was used. A 349 nm Nd: YLF “OptiBeam
On-Axis” laser with a pulse rate of 400 Hz was used. Per-
cent laser intensity used to acquire spectra was 53 and a



Guerra et al. Cancer Cell International (2024) 24:432

total of 750 shots/spectrum were collected. CHCA was
used for external calibration performed at +/- 50 ppm in
a mass reflectron negative mode. Here, 0.65 puL of 5.5 mg/
mL CHCA solution prepared in 50% ACN, 50% water,
and 0.1% TFA was spotted, and the mass calibration was
based on the following ions: [CHCA-H]- at 188.03 Da,
[CHCA+Na-2 H] at 210.01 Da, [2CHCA-CO2-H]- at
333.08 Da, and [2CHCA +Na-2 H]- at 399.05 Da. Data
Explorer (SCIEX) was used to process the data, Microsoft
Excel was used to normalize peak areas to the internal
standard area and GraphPad was employed for plotting
graphs and performed statistical analyses.

Statistical analyses

Graphs represents means +/- standard deviation
(STDEV). Significance was determined by applying the
two-tailed Student’s ¢ test when comparing two groups of
data. We performed two-way ANOVA, multiple Tukey’s
test on results in Fig. 9. Unless indicated, all experiments
were repeated independently at least three times.

Results

Molecular profiling of ccRCC cells sensitive or resistant to
sunitinib treatment

To investigate the regulatory role of protein kinase CK2
in fatty acid synthesis we employed ccRCC cells that
are sensitive or resistant to sunitinib, which is a small-
molecule receptor tyrosine kinase inhibitor currently
employed in the clinics for treatment of metastatic renal
cell carcinoma [36]. We generated the two sunitinib-
resistant (SR) cell lines, 786-O-SR and A-498-SR, by
chronic exposure of the corresponding parental cells to
increasing concentrations of the drug over the course of
several months. In agreement with previous studies, sig-
nificant hypertrophy was developed in SR-cells with an
increased cell surface visible by phase contrast micros-
copy (Fig. 1A [37, 38]). Analysis of cell proliferation by
the IncuCyte S3 live-cell system, revealed that cells resis-
tant to 8 uM sunitinib (786-O-SR) or 7 uM sunitinib
(A-498-SR) showed no significant differences in growth
rate and no evidence of cell death, as compared to the
corresponding parental cell lines, indicating that the cells
had adapted to sunitinib treatment at the indicated con-
centrations (Fig. 1B [38, 39]).

A defining morphological hallmark of ccRCC is the
abundant accumulation of lipids, which results from a
significant metabolic reprogramming of the cells involv-
ing activation of several bioenergetic pathways [40, 41].
Fatty acid synthase (FASN) and stearoyl-CoA 9-desatu-
rase 1 (SCD-1) are two key enzymes implicated in fatty
acid synthesis [42]. FASN produces palmitic acid (C16:0)
while SCD-1 catalyses the formation of palmitoleic
acid (C16:1) and, primarily, oleic acid (C18:1), this lat-
ter from the desaturation of stearic acid (Fig. 2A). Their
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expression was evaluated by Western blot. As shown in
Fig. 1C, resistance to sunitinib did not lead to significant
changes in the expression of FASN. Conversely, cells that
had acquired resistance to sunitinib displayed slightly
decreased levels of SCD-1, although this was not con-
sistently observed. AMPK is a highly conserved protein
kinase, which controls overall cellular lipid metabolism
through direct phosphorylation of acetyl-CoA carboxyl-
ase (ACC) and thereby inhibiting fatty acid synthesis and,
concurrently, activating fatty acid oxidation [43]. Western
blot analysis of whole cell lysates indicated that acquisi-
tion of sunitinib resistance is accompanied by decreased
phosphorylation of AMPK at the activating amino acid
residue T172 and its downstream target ACC at residue
S79, thus, enabling the activation of ACC in both cell
lines (Fig. 1C).

Overall, these results show that the transition of the
cells from being sunitinib-sensitive to sunitinib-resistant
is accompanied by upregulation of ACC-mediated de
novo fatty acid synthesis.

Protein kinase CK2 is required for optimal expression levels
of SCD-1 in sunitinib-sensitive and -resistant ccRCC cells

We recently showed by gene expression profiling of non-
transformed cells that the shRNA-mediated silencing
of protein kinase CK2a is accompanied by decreased
expression levels of specific enzymes that control de
novo fatty acid synthesis. Particularly, this analysis high-
lighted a strong correlation between the level of expres-
sion of CK2a and SCD-1 [35]. Interestingly, SCD-1 has
been shown to be consistently upregulated in ccRCC at
mRNA and protein levels and across all stages of the dis-
ease as compared to matched normal tissues (Fig. 2B [16,
44]). As we found that downregulation of CK2a results
in significantly reduced expression of SCD-1 transcripts,
we investigated whether the kinase activity of CK2 was
responsible for this effect and whether this correlated
with decreased expression levels of the SCD-1 protein in
ccRCC cells. For this, we employed CX-4945 (Silmitaser-
tib), a selective and orally bioavailable ATP-competitive
inhibitor of CK2 and determined the maximum-tolerated
concentration [45]. Here, we analysed the proliferation
rate of the four cell lines with the IncuCyte S3 live-cell
system over an extensive period (Suppl. Fig. S1). Treat-
ment with 10 pM CX-4945 effectively inhibited the
kinase activity of endogenous CK2 while still allow-
ing cellular growth. Next, we carried out a time-course
experiment and determined the effect of CK2 inhibition
on the expression levels of SCD-1 (Fig. 2C). The ability
of CX-4945 to inhibit CK2 in the cells was verified by
analysing the phosphorylation levels of NF-kB at $529
an amino acid target of endogenous CK2 [46]. In all cell
lines, inhibition of CK2 was accompanied by significantly
decreased expression of SCD-1 most evident after 24 h
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Fig. 1 Generation of ccRCC cell lines adapted to grow in the presence of sunitinib. (A) Phase-contrast microscopy pictures of live cells, i.e. 786-O, 786-
O-SR (adapted to grow in the presence of 8 uM sunitinib), A-498 and A-498-SR (adapted to grow in the presence of 7 uM sunitinib). Sunitinib-resistant
(SR) cells show hypertrophic features indicated by their increased size as compared to the corresponding parental cell lines. Pictures were taken at 10x
magnification. Scale bar =100 um. (B) The effect on cell growth of increasing concentrations of sunitinib (Sun) was analysed by the IncuCyte S3 live-cell
system. Measurements were performed every four hours. Data represent mean values +/- STDEV (n=9 replicates) and expressed in percentage. Control
cells were grown in the presence of DMSO. Control” denotes cells adapted to grow in the presence of 8 uM sunitinib (786-0-SR) or 7 uM sunitinib (A-
498-SR). (C) Analysis by Western blot of whole cell lysates from 786-O, 7860SR, A-498 and A-498-SR cell lines. Harvested cells were processed as described
in the materials and methods section and whole cell lysates were analysed by probing Western blot membranes with antibodies directed against the
indicated proteins. Western blot band intensity of the indicated proteins was determined using ImageJ densitometry analysis (NIH). Values are expressed
in percentage. All experiments were performed at least three times and yielded similar results. One representative experiment is shown. 3-actin detection
served as loading control
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Fig. 2 Pharmacological inhibition of CK2 reduces the expression levels of SCD-1 in a time-dependent manner. (A) Scheme summarizing the major steps
involved in the intracellular de novo synthesis of fatty acids and cholesterol. HMGCS1: hydroxymethylglutaryl-CoA synthase 1, HMGCR: 3-hydroxy-3-meth-
ylglutaryl-CoA reductase, ACAT: acyl-CoA: cholesterol acyltransferase, AMPK: AMP-activated protein kinase, ACC: acetyl-CoA carboxylase, FASN: fatty acid
synthase, CPT1: carnitine palmitoyltransferase 1, SCD-1: stearoyl-CoA 9-desaturase 1, ELOVL6: elongation of long fatty acid protein 6. (B) Significantly
upregulated gene expression levels of SCD-1 in ccRCC tissue as compared to normal kidney tissue. The analysis was performed utilizing the GEPIA2 online
tool. (C) Western blot analysis of whole cell lysate for proteins indicated in the figure. Experiments were carried out treating cells with vehicle (DMSO,
Control) or 10 uM CX-4945 for increasing lengths of time. (D) Densitometric analysis of SCD-1 protein band signal relative to the experiments shown in
(C), was carried out using ImageJ software (NIH) and calculated in percentage. (E) Downregulation of CK2a was carried out as described in the materials
and methods section. Cells were harvested and whole lysates analysed by Western blot after 72 h from transfection. (F) Densitometric analysis of SCD-1
protein band signal was as in (D) and calculated in percentage by assigning a value of 100% to the intensity of protein band signal from A-498 control
experiment. P=0.01, "P=0.002. In all cases, similar results were obtained from three independent experiments. One representative experiment is shown.

B-actin detection was used as loading control

of incubation with CX-4945 (Fig. 2C and D). This effect
diminished concomitantly with a slightly decreased inhi-
bition of CK2 at 48—72 h of incubation time possibly due
to a dilution effect of the inhibitor present in the growth
medium. However, our analysis of elongation of very
long fatty acids protein 6 (ELOVL6) expression, which
is a key lipogenic enzyme catalysing the elongation of
palmitic acid or palmitoleic acid (Fig. 2A [47]), showed
no decrease, suggesting that the kinase activity of CK2
in ccRCC cells specifically maintains the expression of
SCD-1. To ascertain how specific the effects of CK2 inhi-
bition were, we analysed the expression of SCD-1 follow-
ing siRNA-mediated downregulation of CK2a. Results in
Fig. 2E and F show that also lack of expression of CK2a
results in significantly reduced levels of SCD-1. We
additionally tested the effect of SGC-CK2-1 which is a
recently identified more selective and potent inhibitor of
CK2 [48]. While demonstrating that SGC-CK2-1 inhib-
ited more efficiently CK2 than CX-4945 as previously
reported [48], its usage also confirmed that adequate
kinase activity of CK2 is essential for ensuring proper
expression levels of SCD-1 (Suppl. Fig. S2).

The expression of SCD-1 is largely regulated at the
transcriptional level [12]. Several transcription factors
have been shown to bind the promoter region of SCD-1
controlling gene expression including SREBF1c, PPARq,
PPARY, YBX-1 and C/EBPa [12, 13, 49, 50]. It has also
been established that post-translational modifications are
essential for preserving the expression of SCD-1 [12, 51—
53]. Hence, we investigated by RNA sequencing whether
pharmacological inhibition of CK2 affected the mRNA
levels of transcription factors regulating SCD-1 expres-
sion. This provided two types of information. Firstly,
acquisition of resistance to sunitinib was accompanied
by significantly decreased levels of SCD-1 transcripts and
a concomitant reduction in the expression of PPARG,
SREBFI and CEBPB (Fig. 3). Reverse transcription quan-
titative polymerase chain reaction (RT-qPCR) carried
out employing total RNA extracted from cells confirmed
the transcriptome analyses for the expression of SCD-
1 and the three transcription factors mentioned above
(Fig. 4A and C). Secondly, treatment of cells with 10

UM CX-4945 for 24 h resulted in significantly decreased
levels of SCD-1 transcripts and significant reduction of
PPARG and SREBFI in both cell lines (Fig. 3). However,
results obtained by RT-qPCR indicated reduction of only
PPARG transcripts (Fig. 4C). Interestingly, analysis by
RT-qPCR of total RNA from ccRCC tumours grown in
nude mice also shown that pharmacological inhibition
of CK2 impairs the expression of SCD-1 in vivo (Fig. 4B).
Finally, consistent with a previous report [54], western
blot analysis of whole cell lysates showed that the expres-
sion of PPARy is markedly higher in A-498 cells than in
the corresponding sunitinib-resistant cell line where the
band signal is barely detectable. Correspondingly, inhi-
bition of CK2 resulted in detectable reduced levels of
expression of the transcription factor only in the paren-
tal cell line (Fig. 4D). Overall, these data support the
notion that changes in the expression of PPARG could be
responsible for the decreased levels of SCD-1 transcripts
as seen in ccRCC cells following treatment with CX-4945.
Of note, treatment with CX-4945 augmented PPARA
transcript levels in A-498 and A-498-SR cells although
the increased expression was significant only in the
parental cell line (Fig. 4C). As the expression of PPARA
is known to promote lipid degradation and p-oxidation of
fatty acids [55, 56], this supports the notion that suppres-
sion of CK2 activity could, in fact, be linked to activation
of lipid catabolism.

Next, we asked whether the kinase activity of CK2
controls the stability of SCD-1. To answer this question,
cells were incubated with vehicle or 2.5 pM CX-4945 for
16 h to produce a slightly decreased expression of SCD-1.
SCD-1 protein levels were compared in the presence or
absence of the inhibitor after treatment with cyclohexi-
mide (CHX), to induce arrest of de novo protein synthesis.
As shown in Fig. 5, densitometric analysis of the protein
band signal revealed that the rate at which SCD-1 pro-
tein levels decreased after inhibition of protein synthesis
was significantly higher in cells pre-treated with CX-4945
prior to the addition of 100 pg/ml CHX. The expression
levels of SCD-1 after 45 min of incubation with CHX
was reduced by approx. 25% in 786-O cells as compared
to cells harvested at 0 min (line graph). Conversely, the
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expression of SCD-1 in 786-0 cells treated with CX-4945
was reduced by approx. 50% after 45 min of incubation
with CHX. In the case of A-498 cells, the expression of
SCD-1 decreased approx. 25% in cells treated with vehi-
cle for 75 min. as compared to cells harvested at 0 min
(line graph), while the exposure to CX-4945 led to a 50%

reduction of SCD-1 levels after treatment with CHX for
75 min. We then investigated the accumulation of SCD-1
when its degradation is blocked in the presence of pro-
teosome inhibitor MG132. The results in Fig. 5B show
that the levels of SCD-1 increase in response to MG132
treatment in both cell lines. Treatment with MG132 also
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Fig. 4 Small molecule-mediated inhibition of CK2 affects the expression of PPARy. (A) RT-gPCR analysis of SCD-1 gene expression in ccRCC cells treated
with vehicle (DMSO, Control) or 10 uM CX-4945 for 24 h. TATA box binding protein (TBP)-coding gene was employed as reference gene. Values on the
Y-axis are expressed as the ratio between the level of the gene of interest and the reference gene. Experiments were performed three times in triplicates.
Average values are shown +/- STDEV. (B) RT-gPCR analysis of SCD-1 gene expression in ccRCC cells heterotransplanted into nude mice treated with
vehicle or Silmitasertib sodium salt (n=4 per group). (C) Analysis of the mRNA levels of the indicated transcription factors expressed in cells treated as
indicated in (A). (D) Whole cell lysates from cells treated as in (A) were analysed by Western blot probing the membrane with anti-PPARy antibody. 3-actin

detection was used as loading control

restores the expression of SCD-1 in CX-4945-treated
cells to levels comparable to SCD-1 levels observed in
untreated cells. Overall, these results are consistent with
a role of CK2 in protection of SCD-1 from ubiquitin-
mediated proteasomal degradation. Taken together, these
findings indicate that the kinase activity of CK2 is essen-
tial for preserving the stability of SCD-1 at post-transla-
tional levels.

Dynamics of lipid droplet formation in ccRCC cells supports
the role of CK2 in regulating the expression of SCD-1

One of the major features of ccRCC is the vast accumula-
tion of lipid droplets in the cytoplasm of the cells that can
be attributed to loss of heterozygosity of the von Hippel-
Lindau tumour suppressor gene (VHL) and alteration in
key metabolic genes [57, 58]. SCD-1 is the key enzyme in
the synthesis of MUFAs and its expression is consistently
upregulated in ccRCC and maintained throughout the
progression of the disease [16, 59]. Having demonstrated
that CK2 is required for preserving adequate expression
of SCD-1, we further tested whether inhibition of this
kinase affects the intracellular levels of lipid droplets.

Staining of A-498 and A-498-SR cell lines with Bodipy
493/503 dye and their analysis by fluorescence micros-
copy revealed a distinct green fluorescence signal emis-
sion indicating the presence of neutral lipid droplets in
the cytoplasm of the cells. The signal appeared stronger
in the sunitinib-resistant cells suggesting a higher content
of neutral lipid droplets (Fig. 6A). Interestingly, incuba-
tion of cells with CX-4945 resulted in reduced accumu-
lation of lipid droplets in both cell lines as compared to
cells treated with vehicle (Control).

The main fatty acids in the human body are palmitic
acid (SFA) and oleic acid (MUFA) [60, 61]. Oleic acid is
the principal product of SCD-1-mediated dehydrogena-
tion of stearate. However, this enzyme can also catalyse
the conversion of palmitic acid into palmitoleic acid
(Fig. 6B [62]). As we observed decreased accumulation of
neutral lipid droplets in cells incubated with CX-4945, we
asked whether this effect is linked to decreased expres-
sion levels of SCD-1. For this, we tested the dynamic of
lipid droplets formation by adding to the growth medium
a stable form of palmitic acid (PA) or oleic acid (OA) and
verified whether the addition of these fatty acids would
reverse the effects induced by pharmacological inhibi-
tion of CK2. Flow cytometry analysis of cells stained with
Bodipy 493/503 dye confirmed the higher lipid content

of A-498-SR cells as compared to the parental cell line
(Fig. 6C) and as observed by fluorescence microscopy
(Fig. 6A). Moreover, treatment of cells with CX-4945
confirmed significantly decreased accumulation of lipid
droplets in both cell lines. The addition of palmitic acid
(PA) contributed to increase the lipid content in A-498
cell line by approximately four times as compared to
control cells. Interestingly, a marked reduction of neu-
tral lipid droplets content was observed in A-498 cells
following treatment with CX-4945 with respect to cells
grown in the presence of PA (Fig. 6C). A similar trend
was observed in A-498-SR cells, although the predicted
changes were not statistically significant upon addi-
tion of PA. This is most likely due to the high levels of
neutral lipid content in control cells making it difficult
to detect meaningful differences upon addition of PA.
Experiments as described above carried out utilizing a
stable form of oleic acid (OA), the principal product of
SCD-1-mediated catalysis [42], did not lead to results as
seen when cells were incubated with PA (Fig. 6C). Over-
all, these data demonstrate that CK2 specifically regulates
the expression of SCD-1 and contributes to preserve ade-
quate levels of neutral lipid droplets in ccRCC cells.

Since SCD-1 is a key regulatory enzyme control-
ling SFA and MUFA homeostasis, and that small mole-
cule-mediated inhibition of CK2 results in significantly
decreased intracellular levels of neutral lipid droplets, we
performed MALDI-mass spectrometry analysis to quan-
tify total levels of specific SFAs and MUFAs in A-498
cells sensitive and resistant to sunitinib treatment. As
shown in the mass spectra in Fig. 7, cells with acquired
resistance to sunitinib displayed a significantly higher
content of SFAs (i.e., palmitic acid and stearic acid) than
the parental cells consistent with results obtained by
FACS analysis (Fig. 6). However, no significant differ-
ences were seen with respect to the levels of detected
MUFAs. Pharmacological inhibition of CK2 specifically
resulted in significantly higher levels of palmitic acid and
stearic acid but slightly reduced levels of MUFAs (i.e.,
oleic acid and palmitoleic acid) as compared to control
experiments. Taken together, these data demonstrate that
accumulation of lipid saturation seen following inhibition
of CK2, denotes the essential role of this protein kinase
to maintain adequate levels of expression of SCD-1 in
ccRCC cells. However, it appears that accumulation of
SFAs is not accompanied by significantly decreased levels
of MUFAs under the applied experimental conditions.
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Fig.5 CK2isimportant for preserving the stability of SCD-1 in ccRCC cells. (A) Cells were incubated with vehicle (DMSO) or 2.5 uM CX-4945 for 16 h prior
to the addition of 100 pg/ml cycloheximide (CHX) for the indicated times. Whole cell lysates were subjected to Western blot analysis. 3-actin detection
was used as loading control. One representative experiment is shown. Densitometric analysis of SCD-1 protein band signals were plotted against time
assigning for each cell line 100% to values corresponding to control cells at time 0 (bar graphs), or to control cells and CX-4945-treated cells, respectively,
at time 0O (line graphs). Average values are expressed in percentage +/- STDEV. Experiments were performed at least three times yielding similar results.
(B) Cells were incubated with vehicle or 2.5 uM CX-4945 for 16 h prior to the addition of 50 uM MG132 for 6 h. Whole cell lysates were processed as in
(A). Detection of phosphorylated heat shock factor 1 (P-HSF-1) at $S326 was carried out to verify induction of cellular stress in the presence of proteasome
inhibitors [85]. Values from the densitometric analysis of SCD-1 protein band signals are expressed in percentage assigning 100% to values corresponding

to cells treated with MG132. Experiments were performed two times. *P < 0.05, **P < 0.005, ***P < 0005

Pharmacological inhibition of CK2 induces SCD-1-
mediated endoplasmic reticulum-associated stress and
activation of unfolded protein response

Adequate levels of desaturation of membrane lipids are
an absolute requirement to sustain cell growth and viabil-
ity. In this respect, it has previously been shown that loss
of SCD-1 enzymatic activity is accompanied by increased
expression levels of genes associated with endoplasmic
reticulum (ER) stress- and activation of an adaptive sig-
nalling pathways called the unfolded protein response
(UPR [17, 63]). Analysis by phase contrast microscopy
of the four cell lines (i.e. 786-O, 786-O-SR, A-498, and
A-498-SR) treated with 10 uM CX-4945 for 48 h revealed
a distinct pattern of large perinuclear and cytoplasmic
vacuoles formation resembling induction of endoplas-
mic reticulum (ER) stress (Suppl. Fig. S3). Most impor-
tantly, vacuolation appeared significantly reduced when
cells were additionally treated with OA (Suppl. Fig. S3).
To verify the involvement of the endoplasmic reticulum
in the formation of vacuoles in the presence of CX-4945,
cells were stained with ER-Tracker™ Green (Bodipy FL
Glibenclamide) a permeant and live-cell staining highly
selective for the ER. As shown in Fig. 8A, Suppl. Fig. S4A
and S4B, cells treated with CX-4945 displayed enlarged
vacuoles indicative of dilatation of the ER lumen. How-
ever, when cells were additionally incubated with OA,
this pattern of vacuole formation was largely prevented
as seen by phase contrast microscopy (Suppl. Fig. S3).
To confirm these findings, we analysed the expression
of selected markers for ER stress induction by RNA-seq
and Western blot (Fig. 8B and C). Western blot analysis
of whole crude extract derived from the four cell lines
showed that the expression of CCPG1, a ER-phagy adap-
tor activated in ER stress and largely expressed in kidney
cells [64], was significantly higher in cells with inhibited
CK2 as compared to control cells (Fig. 8C) corroborating
data obtained by the transcriptome analysis (Fig. 8B). In
support of these results, we could also confirm that the
levels of CCPGI1 are increased when the expression of
CK2a is reduced following its siRNA-mediated downreg-
ulation in 786-O and A-498 cell lines (Suppl. Fig. S4C).
The level of PERK-mediated phosphorylation of e-IF2a
at S51 was found significantly increased in cells exposed
to CX-4945 as compared to cells treated with vehicle or
OA alone, while the additional presence of OA in the

growth medium reduced this effect. Increased levels of
spliced XBP-1 (XBP-1s) indicating stimulation of IRE1
during activation of the unfolded protein response [65,
66], was observed in A-498-SR and 786-O-SR cell lines
treated with CX-4945. This effect was not seen in the cor-
responding parental cell lines (Fig. 8C).

ER stress and macroautophagy (hereafter referred to as
autophagy) are two interconnected processes that share
several common features including the protection of cells
from extreme conditions. Alteration of one of these sys-
tems can influence the other [66]. Hence, we determined
the impact of CK2 inhibition on the latter process by ana-
lysing the expression levels of LC3-II which is considered
a marker protein for autophagy detection [66]. Analysis
by Western blot of whole crude lysate from the four cell
lines revealed a time-dependent increasing activation of
this process, which was more pronounced in the 786-O
cell line, as indicated by the increasing detection of the
lipidated form of LC3A-I (i.e., LC3A-II) as early as after
24 h of incubation with CX-4945 (Suppl. Fig. S5). Con-
sistent with experiments linked to the unfolded protein
response, supplementing the growth medium with OA
attenuated the autophagic process in cells incubated with
10 uM CX-4945 for 48 h (Suppl. Fig. S5).

Altogether, these results indicate that ER stress is
strongly induced in ccRCC cells upon inhibition of CK2,
and this effect is attenuated in the presence of OA. More-
over, as autophagy is dynamically interconnected with ER
stress and can either stimulate or inhibited this process,
our data show that autophagy positively participates in
the activation of unfolded protein response.

CK2 promotes ccRCC cells growth by ensuring SCD-1-
dependent synthesis of MUFAs

SCD-1 has been shown to support cell growth and pro-
mote the progression of several cancer types including
colorectal carcinoma and lung cancer [52, 67]. As we
observed significant reduction of vacuoles formation
in cells co-treated with CX-4945 and OA, we sought to
investigate whether CK2 promotes cell growth in ccRCC
cells by regulating SCD-1 expression levels. We employed
the Incucyte S3 live-cell analysis system to determine
cell proliferation differences under experimental condi-
tions indicated in Fig. 9. CX-4945 treatment significantly
compromised the proliferation of A-498 cells. This effect
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Fig. 6 CK2-dependent dynamics of lipid droplets accumulation in ccRCC lines. (A) Fluorescence images of cells treated with vehicle (DMSO, Control) or
10 pM CX-4945 for 24 h. Cells were stained with Bodipy 493/503 dye as described in the materials and methods section. Cells were counterstained with
Hoechst 33,258 dye. Photos were taken at 20x magnification. Scale bar =50 um. (B) Scheme summarizing the initial steps in the synthesis of MUFAs from
SFAs. (C) Cells were treated as described in (A). 80 uM BSA-Palmitic acid (PA) or 80 uM BSA-Oleic acid (OA) were added to the culture medium 30 min
after CX-4945. Quantification of fluorescence emission is expressed in percentage and was determined by flow cytometry after staining with Bodipy
493/503 reagent. Experiments were performed three times and results are shown in arbitrary units +/- STDEV. *P < 0.05, **P < 0.005. NC: negative control;

Fl: fluorescence intensity

could be rescued as early as 24 h from the beginning of
the measurements in the presence of OA. However,
the rescue effect appeared marginal when the growth
medium was supplemented with PA. A-498-SR cells
displayed a higher proliferation rate as compared to the
parental cell line when treated with CX-4945 underlying
their resilience. However, co-treatment with OA signifi-
cantly enhanced the proliferation rate of the cells at 44 h
of incubation time with CX-4945 and until the conclu-
sion of the experiment. Taken together, these findings
demonstrate that the CK2-mediated signalling axis is
critical for maintaining proper levels of lipid unsaturation
in the cells and provide novel insights into a regulatory
mechanism by which CK2 supports kidney cancer cell
growth.

Discussion

Upregulation of SCD-1 expression is considered a hall-
mark of ccRCC as this enzyme is consistently found
to be amplified across all stages of the disease. SCD-1
positively modulates lipogenic metabolism which is a
requirement for the onset of malignant traits such as
accelerated cell growth, increased survival, and invasive-
ness [16, 68]. By increasing the conversion of SFAs into
MUFAs, SCD-1 supports mitogenic events imposing a
barrier against lipid-mediated cytotoxicity and induction
of cell death. Given its central role in the maintenance of
lipid homeostasis, SCD-1 has therefore been proposed as
a molecular target for numerous types of cancers includ-
ing ccRCC [16].

The expression of SCD-1 is controlled by several tran-
scription factors and upregulated in hypoxia in several
cancer types including glioblastoma and kidney can-
cer [12]. In ccRCC, increased SCD-1 levels are thought
to be mediated by the hypoxia inducible factors (HIFs)
-1 and —2. These proteins become constitutively active
because of loss of expression of the von-Hippel-Lindau
protein (pVHL) the master regulator of HIF expres-
sion [69]. Interestingly, compelling evidence has dem-
onstrated that SCD-1 stability is also controlled by
post-translational modifications [52]. In this study, we
have uncovered a novel molecular mechanism regulat-
ing MUFAs synthesis in ccRCC cells by showing that
CK2 is essential for preserving SCD-1 stability to pro-
mote renal cancer cells growth. To study the role of CK2
in de novo lipogenesis, we employed two ccRCC cell
lines (i.e. 786-O and A-498) from which we established

corresponding sunitinib-resistant cell lines (i.e. 786-
O-SR and A-498-SR). Analysis of the expression of key
enzymes regulating lipid metabolism revealed that acqui-
sition of sunitinib resistance is accompanied by pheno-
typical and molecular changes which distinguish the
resistant cells from the parental cell lines. These changes
can be summarized with increased expression levels of
enzymes controlling fatty acid synthesis. We show that
upregulation of fatty acid synthesis is supported by (i)
decreased phosphorylation of AMPK at the activating
amino acid residue T172, being AMPK a crucial energy
sensor to maintain energy homeostasis [70], and of (ii)
its main downstream substrate target ACC at the inhibi-
tory residue S79 [71]. This is in line with previous studies,
showing that adaptation to sunitinib treatment results in
inhibition of AMPK and significantly reduces levels of
phosphorylation of ACC [72-74]. Overall, these results
support the notion that enhanced lipid biosynthesis is
necessary to (i) sustain a higher demand of membrane
synthesis and biomass generation, (ii) support adaptive
resistance, and (iii) help sunitinib-resistant cells to prolif-
erate at an increased rate.

We show that pharmacological inhibition of CK2 or its
siRNA-mediated downregulation are accompanied by
reduced levels of SCD-1. Although it is not fully under-
stood how CK2 regulates the expression of the desaturase
at the transcriptional levels, results shown in Fig. 5 indi-
cate that CK2 might exert a major role in the control of
SCD-1 expression by ensuring its stability. In this respect,
different scenarios can be envisaged. For instance,
CK2 could indirectly regulate the expression of SCD-1
through EGFR. EGFR binds and phosphorylates SCD-1
at Y55 preserving the stability of the latter [52] and phar-
macological inhibition of CK2 has been shown to reduce
the expression of EGFR in glioblastoma and pancreatic
cancer cells resistant to conventional chemotherapy
[75]. Alternatively, CK2 could control the expression
of SCD-1 through nuclear factor kB (NF-kB). Signifi-
cantly increased levels of unsaturated lipids were found
linked to the expression of lipid desaturases directly
regulated by NF-kB in ovarian cancer stem cells [53].
Hence, pharmacological inhibition of CK2 by decreas-
ing the phosphorylation of NF-kB at residue $529, which
results in attenuation of the transcription factor’s activ-
ity [75-77], could exert an additional level of control of
SCD-1 expression. Furthermore, a possible direct regu-
latory link between CK2 and SCD-1 cannot be excluded
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Fig. 7 Lipid profiling by MALDI-MS of ccRCC cells revealed accumulation of SFAs upon treatment with CX-4945. Analysis of specific lipid species in A-498
(SS) or A-498-SR (SR) cells treated with vehicle or 10 uM CX-4945 (CX) for 24 h. Values refer to the quantification of palmitic acid, stearic acid, palmitoleic
acid, and oleic acid among four treatment groups (n=3 per group), respectively. One-Way ANOVA with post hoc Tukey’s HSD; ****P <0.0001, ***P < 0.001,

**P<0.01,*P<0.05, NS=not significant
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(See figure on previous page.)

Fig. 8 Inhibition of CK2 leads to ER stress and activation of the unfolded protein response (UPR). (A) Fluorescence images of cells treated with vehicle
(DMSO, Control) or 10 pM CX-4945 for 48 h. Where indicated, cells were additionally grown in the presence of 80 uM OA. Cells were stained with ER-
Tracker™ Green dye as described in the materials and methods section. Arrows indicate detection of cytoplasmic vacuolation which appears to be dila-
tion of ER cisternae. Cells were counterstained with Hoechst 33,258 dye. Photos were taken at 40x magnification. Scale bar =50 um. (B) RNA-seq analysis
was as described in Fig. 3. Boxplots show the mRNA levels of specific proteins controlling ER stress response. (C) Whole cell lysate from cells treated with
vehicle (DMSO, Control) or CX-4945 for 48 h were analysed by Western blot. Where indicated, cells were additionally grown in the presence of 80 uM
OA. Western blot analysis shows the expression of the indicated proteins. Experiments were repeated three times obtaining similar results. Detection of

B-actin served as loading control

and remains to be tested. The amino acid sequence of
SCD-1 contains a putative CK2 phosphorylation site at
S203. This highly conserved amino acid residue resides
within the second cytoplasmic domain of SCD-1, which
is part of the Cap domain involved in metal binding and
substrate recognition [78], and could represent a suitable
target for CK2.

Cancer cells continuously synthesize SFAs and con-
vert them into MUFAs to support biological processes
that favour cellular growth, motility and invasiveness
while constraining cellular stress response. The conver-
sion of SFAs into MUFAs is a tightly regulated process
as excessive accumulation of SFAs triggers changes in
plasma membrane micro-fluidity that could have a pro-
found impact on resident cell signalling cascades and
lead to lipid-mediated cytotoxicity [12, 79]. Previous
studies have shown that loss of SCD-1 leads to accumu-
lation of SFAs and induces ER stress while desaturation
of fatty acids is thought to counteract this effect [16].
In this study, we show that CK2 promotes cell growth
and proliferation by specifically supporting the expres-
sion of SCD-1 in ccRCC cells. Pharmacological inhibi-
tion of CK2 abrogates SCD-1 expression and induces
ER stress by increasing the amount of major SFAs rela-
tive to MUFAs (Figs. 7 and 8 and Suppl. Figs. S3 and
S4). Consistently, Incucyte-based experiments (Fig. 9)
show that supplementing the growth medium with OA
could revert ER stress response and boost cell prolifera-
tion. Conversely, treatment with PA does not result in a
similar effect in line with previous investigations showing
that abrogation of SCD-1 expression markedly sensitizes
cancer cells to cytotoxic effects caused by exogenous

palmitic acid [80, 81]. Oleic acid has been shown to be
selectively toxic for cells incapable of storing it as triglyc-
eride. This has been demonstrated in mice with disrupted
expression of DGAT, the enzyme that catalyses the final
step in mammalian triglyceride synthesis [82]. Interest-
ingly, the rescue effect exerted by OA as seen in cells with
inhibited CK2, excludes impaired triglyceride formation
and reinforces the notion that SCD-1 expression is pro-
tective in ccRCC cells and positively correlates with CK2
activity.

Previous studies have shown that CK2 controls adi-
pose tissue dynamics and found that this enzyme is con-
sistently upregulated in obese mice and in the adipose
tissue from obese humans [27]. While a clear link has
been established between CK2 and obesity, the underly-
ing molecular mechanisms have so far remained elusive.
We predict that upregulation of CK2 expression and
activity as invariably seen in ccRCC cells [24], is essen-
tial for maintaining the expression of SCD-1. This, in
turn, would ensure elevated levels of MUFAs and energy
storage of cancer tissues. Accordingly, sustained levels of
SCD-1 would exert a positive allosteric effect on ACC,
the key regulatory enzyme in de novo fatty acid synthesis
by removing saturated fatty acyl-CoAs, which are major
inhibitors of ACC activity [62]. Finally, we and others
have shown that inhibition of CK2 is followed by acti-
vation of AMPK in vitro and in vivo [23, 83, 84]. Recent
work also indicated that abrogation of SCD-1 leads to the
phosphorylation and activation of AMPK kinase [42].
Overall, these data suggest that CK2 could promote lipo-
genesis by preserving SCD-1 expression limiting at the
same time activation of AMPK signalling.
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Fig. 9 Oleic acid restores compromised proliferation of the cells following pharmacological inhibition of CK2. Dose-response growth curves of cells
treated with vehicle (DMSO, Control), 80 uM OA, 80 uM PA, 10 uM CX-4945, and a combination of CX-4945/0A or PA, respectively. Data represent mean
values +/- STDEV (n=9 replicates) and expressed in percentage. Statistically significant differences between CX-4945 treatments and CX-4945/0A treat-
ments were calculated using one-way ANOVA

Conclusions expression levels of SCD-1. Although the mechanism
In summary, our study uncovers a novel molecular mech-  remains to be fully elucidated, there is a strong indica-
anism by which CK2 ensures a higher demand of intra-  tion that CK2 is primarily involved in the preservation of
cellular MUFAs in ccRCC cells by preserving adequate =~ SCD-1 stability. As CK2 sustains the cellular biosynthesis
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of desaturated lipids for which kidney cancer is highly
dependent, this reinforces the notion that this protein
kinase is an important molecular target for the treatment
of ccRCC. Potent and specific small-molecule inhibitors
of CK2 have been recently identified and CX-4945 is the
subject of ongoing clinical trials for different types of
cancers [23]. Pharmacological inhibition of CK2 should,
therefore, be investigated as a therapeutic option in
combination with approved tyrosine kinase inhibitors in
patients with advanced or metastatic ccRCC displaying
resistance towards established treatment regimens.

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512935-024-03611-y.

Supplementary Material 1: Suppl. Figure S1. Dose-response prolifera-
tion curves of ccRCC cells treated with vehicle (DMSO, Control) or increas-
ing concentrations of CX-4945. Measurements were performed every
four hours. Data represent mean values +/- STDEV (n=5 replicates) and
expressed in percentage.

Supplementary Material 2: Suppl. Figure S2. Effect of pharmacologi-
cal inhibition of CK2 in the presence of SGC-CK2-1. 786-O and A-498 cell
lines were treated with vehicle, CX-4945 or SGC-CK-1 at the indicated con-
centrations and for 24 h. Detection of the indicated proteins was carried
out by Western blot employing whole cell lysates. Detection of $-actin
served as loading control.

Supplementary Material 3: Suppl. Figure S3. Phase-contrast micros-
copy pictures. Cells were treated as described in Fig. 8. Arrows indicate the
presence of intracellular vacuoles. Pictures were taken at 20x magnifica-
tion. Scale bar =50 um.

Supplementary Material 4: Suppl. Figure S4. Analysis of the induc-
tion of ER stress in ccRCC cell lines. (A) A-498 cells were subjected to
treatments essentially as described in Fig. 8A. Staining with ER-Tracker™
Green dye was omitted (negative control, NC). (B) Fluorescence images of
7860 and 786-O-SR cells treated as described in Fig. 8A. Cells were stained
with ERTracker™ Green dye as described in the materials and methods
section. Negative control (NC) refers to cells where the staining with the
dye was omitted. All cell pictures were taken at 40x magnification. Scale
bar =100 um. (C) Western blot analysis of CCPG1 and CK2aq, respectively,
employing whole crude extracts from cells treated as described in Fig. 2D.
Detection of B-actin served as loading control.

Supplementary Material 5: Suppl. Figure S5. CX-4945-mediated ER
stress induction is accompanied by activation of autophagy in a time-
dependent fashion in ccRCC cells. Increased autophagosome formation
was verified in the four cell lines by measuring changes in LC3A lipidation
levels (LC3A-I) in cells treated with vehicle (DMSO) or 10 uM CX-4945 for
increasing amounts of time as indicated in the figure. Experiments that
included cell treatment with 80 uM OA, had a 48 h incubation time.
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