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Abstract. Renal cell carcinoma (RCC) is an aggressive 
genitourinary malignancy which has been associated with 
a poor prognosis, particularly in patients with metastasis, 
its major subtypes being clear cell RCC (ccRCC), papillary 
PCC (pRCC) and chromophobe RCC (chRCC). The pres‑
ence of intracellular lipid droplets  (LDs) is considered to 
be a hallmark of ccRCC. The importance of an altered lipid 
metabolism in ccRCC has been widely recognized. The 
elongation of very‑long‑chain fatty acid (ELOVL) catalyzes 
the elongation of fatty acids (FAs), modulating lipid composi‑
tion, and is required for normal bodily functions. However, 
the involvement of elongases in RCC remains unclear. In 
the present study, the expression of ELOVL2 in ccRCC was 
examined; in particular, high levels of seven ELOVL isozymes 
were observed in primary tumors. Of note, elevated ELOVL2 
expression levels were observed in ccRCC, as well as in 
pRCC and chRCC. Furthermore, a higher level of ELOVL2 
was significantly associated with the increased incidence of 
a poor prognosis of patients with ccRCC and pRCC. The 
CRISPR/Cas9‑mediated knockdown of ELOVL2 resulted in 
the suppression of the elongation of long‑chain polyunsatu‑
rated FAs and increased LD production in renal cancer cells. 
Moreover, ELOVL2 ablation resulted in the suppression of 

cellular proliferation via the induction of apoptosis in vitro 
and the attenuation of tumor growth in vivo. On the whole, the 
present study provides new insight into the tumor proliferation 
mechanisms involving lipid metabolism, and suggests that 
ELOVL2 may be an attractive novel target for RCC therapy.

Introduction

Renal cell carcinoma (RCC) is a commonly encountered 
and lethal malignancy, accounting for ~2%  of all cancer 
cases and related deaths worldwide (1), its major subtypes 
being clear cell RCC (ccRCC), papillary PCC (pRCC) and 
chromophobe RCC  (chRCC). Of all the RCC subtypes, 
ccRCC is the most common histological manifestation and its 
pathogenesis is characterized by the constitutive activation of 
hypoxia‑inducible factors (HIFs) due to the loss‑of‑function 
in the von Hippel‑Lindau (VHL) tumor suppressor gene (1). 
Various targeted therapies against vascular endothelial growth 
factor (VEGF) or mammalian target of rapamycin (mTOR) 
signaling and immune check point inhibitors for metastatic 
disease have been developed. However, disease progression is 
inevitable in the majority of patients (1,2).

A hallmark of ccRCC is the abundance of intracel‑
lular lipid droplets (LDs), consisting of a neutral lipid core 
containing triglycerides (TGs) and cholesterol‑esters (CEs) 
surrounded by a phospholipid monolayer (3). LDs are dynamic 
organelles responsible for lipid uptake and storage, and are 
used to maintain homeostasis, facilitate energy production and 
protect against various types of stress or to sustain membrane 
biogenesis during rapid tumor cell growth in several types of 
cancer (4). In fact, previous studies have demonstrated that 
LDs contribute to ccRCC progression (5,6).

The fatty acids (FAs) which comprise the main component 
of lipids have been reported to serve as substrates for energy 
storage, membrane synthesis and the production of signaling 
molecules. Elongation and desaturation are central steps of 
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the de novo synthesis of long‑chain FAs (LC‑FAs), the length 
and degree of unsaturation being determinants of FA function 
and metabolic fate (7). Stearoyl‑CoA desaturase 1 (SCD1), a 
member of the fatty acyl desaturase family, has been exten‑
sively studied in ccRCC (6,8,9). It has been demonstrated that 
increased SCD1 expression supports viability, while a SCD1 
small molecule inhibitor (A939572) has been shown to suppress 
cellular proliferation in ccRCC (8,9). Moreover, Yang et al (10) 
demonstrated that sterol regulatory element‑binding protein 1 
(SREBP1) promoted lipid desaturation through FA acid desat‑
urase 1 (FADS1) prior to the activation of NF‑κB signaling 
for the promotion of cellular proliferation in ccRCC. However, 
any potential roles of elongases in RCC remain unclear.

It has been reported that, in mammals, the initial and 
rate‑controlling FA condensation reactions are catalyzed 
by a family of elongase enzymes referred to as elongation 
of very‑long‑chain FAs (ELOVL). To date, seven ELOVL 
members have been identified, which can be generally divided 
into those specific for saturated and monounsaturated FAs 
(ELOVL1, ELOVL3, ELOVL6 and ELOVL7) or for polyun‑
saturated FAs (PUFAs; ELOVL2, ELOVL4 and ELOVL5). 
Lucarelli  et  al  (9) revealed a significant accumulation of 
PUFAs and an increased expression of ELOVL2 and ELOVL5 
in ccRCC. Of note, it has been demonstrated that systemic 
docosahexaenoic acid  (DHA) is endogenously produced 
and controls de novo lipogenesis, while also regulating lipid 
storage in a sterol regulatory element‑binding transcription 
factor 1 (SREBPF1)‑independent manner, due to ELOVL2 
ablation in mice (11). Moreover, ELOVL2 overexpression has 
been shown to promote LD accumulation with an enhanced FA 
uptake in both the preadipocyte cell line 3T3‑L1 and F442A 
cells (12). Previous in vitro studies, with DHA exogenously 
administered for cancer cells, have demonstrated that DHA 
exerts anti‑tumorigenic, anti‑inflammatory and pro‑apoptotic 
effects on cancer cells (13‑15). However, any potential role of 
ELOVL2 in ccRCC progression through the modulation of 
lipid metabolism remains largely unexplored.

In the present study, the roles of ELOVL2 in ccRCC progres‑
sion were explored by performing the transcriptional profiling 
of primary ccRCC and normal kidney samples, revealing that 
ELOVL2 is overexpressed in ccRCC and is overrepresented 
among ELOVL isozymes. Of note, ELOVL2 was also overex‑
pressed in ccRCC, as well as in pRCC and chRCC, this being 
significantly associated with a poor prognosis of patients with 
ccRCC or pRCC. Moreover, it was demonstrated that ELOVL2 
inhibition affects lipid metabolism and suppresses cellular 
proliferation via the promotion of apoptosis, at least in part 
through the disruption of endoplasmic reticulum (ER) homeo‑
stasis in renal cancer cells. The results of the present study 
suggested that ELOVL2 may be a potential novel therapeutic 
target for RCC treatment.

Materials and methods

Cell lines and cultures. 293T (RCB2202) and OS‑RC‑2 
(RCB0735) cell lines were purchased from RIKEN 
BioResource Center while 786‑O and ACHN cell lines were 
purchased from ATCC; SK‑RC‑52 cells were a kind gift from 
Dr J.G. Old (Memorial Sloan Kettering Cancer Center). RPTEC 
cell line, which is derived from epithelial cells of the human 

renal proximal tubule, was purchased from Lonza Group, 
Ltd. (CC‑2553). The ACHN, 786‑O, SK‑RC‑52 and OS‑RC‑2 
cells were cultured in RPMI‑1640 medium supplemented with 
10% fetal bovine serum (FBS) at 37˚C with a 5% humidified 
CO2 atmosphere. The 293T cells were cultured in Dulbecco's 
modified Eagle's medium supplemented with 10% fetal bovine 
serum (FBS) at 37˚C with a 5% humidified CO2 atmosphere. 
The RPTEC cells were cultured in renal epithelial growth 
medium (REGM™) Bulletkit™ (CC‑3190; Lonza Bioscience) 
at 37˚C with a 5% humidified CO2 atmosphere.

Patients and ccRCC samples. RCC tissues and adjacent normal 
kidney tissues from 46 patients who received radical or partial 
nephrectomies were obtained from the University of Tsukuba 
Hospital, between 2006 and 2015 according to the protocols 
approved by the Ethics Committee of the University of Tsukuba 
(approval no. H28‑104). All patients provided written informed 
consent prior to undergoing surgery. Tumor stages were assigned 
according to the TNM staging of the Union for International 
Cancer Control  (16). Pathological grades were classified, 
according to the four‑tiered Fuhrman grading system (17). All 
patient characteristics are summarized in Table SI.

RNA extraction and cDNA synthesis. Total RNA was 
extracted from the frozen tissues and renal cancer cells using 
TRIzol® Reagent (Thermo Fisher Scientific, Inc.). Following 
RNA purification, RNA was then reverse transcribed into 
cDNA using a High‑Capacity cDNA Reverse Transcription kit 
(cat. no. 4368814; Thermo Fisher Scientific, Inc.), according to 
the manufacturer's instructions.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Gene expression levels were quantified using a 
7500 Fast Real‑Time PCR machine with Fast SYBR‑Green 
Master Mix (Thermo Fisher Scientific, Inc.). The cycling 
conditions were as follows: Initial hold at 95˚C for 20 sec, 
40 cycles at 95˚C for 3 sec and 60˚C for 30 sec, followed by 
a melting curve ranging from 95˚C for 15 sec to 60˚C for 
1 min. Hypoxanthine phosphoribosyltransferase 1 (HPRT1) 
was used as an internal control. All primer sequences are 
listed in Table  SII. In order to evaluate apoptosis‑related 
genes, the relative expression levels of the pro‑apoptotic genes, 
Bcl‑2‑associated X protein (BAX), Bcl‑2 homologous antago‑
nist/killer (BAK), phorbol‑12‑myristate‑13‑acetate‑induced 
protein 1 (PMAIP1/NOXA) and p53 upregulated modulator of 
apoptosis (BBC3/PUMA) and of the anti‑apoptotic gene BCL2 
and induced myeloid leukemia cell differentiation protein gene 
(MCL1) were analyzed. The relative gene expression levels 
were quantified using the 2‑ΔΔCq method (18).

Western blot analysis. Western blot analysis was carried out 
as previously described (19). Cells were lysed in lysis buffer 
(20 mM Tris‑HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 
1% SDS and protease inhibitor) and sonicated on ice. The 
lysates were centrifuged at 1,000 x g for 20 min at 4˚C and the 
supernatants were collected as samples. The protein quantifi‑
cation of samples was performed using Quick Start Bradford 
Protein assay (cat. no. 5000202JA; Bio‑Rad Laboratories, Inc.). 
Samples were subjected to 10% SDS‑PAGE and separated 
products were subsequently transferred to PVDF membranes. 
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The membranes were blocked with ECL Prime blocking agent 
(cat. no. RPN418V; Cytiva) for 60 min at room temperature. 
The membranes were then incubated overnight at 4˚C with 
the following antibodies: Anti‑serine/threonine‑protein 
kinase/endoribonuclease inositol‑requiring enzyme  1α 
(anti‑IRE1α; 1:200; #3294, Cell Signaling Technology, Inc.), 
anti‑phosphorylated IRE1α (anti‑p‑IRE1α; 1:200; NB100‑2323, 
Novus Biologicals, LCC), anti‑C/EBP homologous protein 
(anti‑CHOP; 1:200; MA1‑250, Thermo Fisher Scientific, Inc.). 
Anti‑rabbit or anti‑mouse immunoglobulin G HRP‑linked, 
whole donkey Ab (cat. no. NA934V, NA931VS; GE Healthcare; 
Cytiva) were used at 1:10,000 as  secondary antibodies. 
The western blots were visualized with ImmunoStar® Zeta 
(FUJIFILM Wako Pure Chemical Corporation) using a 
Fujifilm LAS‑4000 imager and LAS400IR (FUJIFILM Wako 
Pure Chemical Corporation). β‑actin was used as the internal 
control (1:10,000, cat. no. A5316; Sigma‑Aldrich).

Bioinformatics analysis of gene expression. Clinical and 
RNA‑sequencing (RNA‑seq) data of primary tumors collected 
from patients with RCC in The Cancer Genome Atlas (TCGA) 
database were downloaded from the Genomic Data Commons 
(GDC) Data Portal (20). A total of 1,005 (880 diseased and 
125 control) samples were examined, including 530 diseased 
and 71 control samples for the kidney renal clear cell carci‑
noma cohort (KIRC; ccRCC), 286 diseased and 31 healthy 
samples for the cervical kidney renal papillary cell carcinoma 
cohort (KIRP; pRCC), and 64 diseased and 23 healthy samples 
for the kidney chromophobe cohort (KICH; chRCC).

ELOVL2 gene expression in the genitourinary cancer 
samples was analyzed using the Gene Expression database of 
Normal and Tumor tissues (GENT2). Gene expression data 
were downloaded from the gene expression omnibus (GEO) 
public repository of the U133 Plus  2 (GPL570) platform 
(http://gent2.appex.kr/gent2/) (21).

Plasmids and lentiviral transduction. Small hairpin 
RNAs (shRNAs) for ELOVL2 characterized in previous 
studies  (22,23) were subcloned into the lentiviral vector 
pLKO.1 (plasmid #8453; Addgene, Inc.). The oligonucleotide 
sequences used in the construction of the shRNA vector are 
listed in Table SIII. Lentiviruses were generated in 293T cells 
by co‑transfecting four  plasmids in trans, including the 
lentiviral vector (pLKO‑shControl or pLKO‑shELOVL2), 
pMDLg/pRRE (plasmid  #12251; Addgene,  Inc.), 
pRSV‑Rev (plasmid #12253; Addgene, Inc.), and pMD2.G 
(plasmid #12259; Addgene, Inc.) using Lipofectamine 2000® 
transfection reagent (Thermo  Fisher Scientific, Inc.). At 
48 h post‑transfection, virus‑containing supernatants were 
collected and filtered through a 0.45‑µm filter for infection. For 
viral transductions, pLKO‑shControl or pLKO‑shELOVL2 
lentiviruses were incubated with the 786‑O, ACHN and 
SK‑RC‑52 cells overnight at 37˚C in a humidified cell culture 
incubator. Cells were selected in the presence of puromycin at 
24 h post‑infection. To stabilize subclones, cells were cultured 
in medium with puromycin for 1 month at 37˚C in a humidi‑
fied cell culture incubator and surviving pools were utilized 
for express ion and proliferation analyses.

For overexpression experiments, the OSRC‑2 cells were trans‑
fected with pCMV6 empty vector (plasmid #PS100001; Origene 

Technologies, Inc.) or pCMV6‑ELOVL2 (plasmid #RC209232; 
Origene Technologies, Inc.) at 37˚C in a humidified cell culture 
incubator, using Lipofectamine 3000® transfection reagent 
(Thermo Fisher Scientific, Inc.), according to the manufacturer's 
instructions. The cells were used for the indicated assays at 48 h 
post‑transfection.

CRISPR/Cas9 design and cloning. The pX330‑U6‑Chi‑
meric_BB‑CBh‑hSpCas9 (pX330) plasmid was a gift from 
Feng Zhang (Addgene, Inc.; plasmid #42230) (24). CRISPR 
single‑guide (sg) sequences for ELOVL2 were specifically 
targeted to exon 2 (sgELOVL2 #1) and exon 3 (sgELOVL2 #2 
and  #3) of ELOVL2 using the CRISPR Design Tool 
(GE Healthcare Dharmacon, Inc.; http://dharmacon.horizon‑
discovery.com/gene‑editing/crispr‑cas9/crispr‑design‑tool/), 
prior to cloning into pX330. The CRISPR guide sequence for 
single‑guide control (sgControl) was previously designed (25). 
The oligonucleotide sequences of the single‑guide RNAs 
(sgRNAs) are listed in Table SIII.

The ACHN cells were then seeded into 6‑well plates 
(1.4x105 cells/well) and co‑transfected 2 h later with 2 µg of 
pX330‑expresed sgRNAs and 0.2 µg pCI‑neo vector (Promega 
Corporation; cat.  no. E1841) at 37˚C in a humidified cell 
culture incubator, using FuGENE HD (Promega Corporation; 
cat. no. E2312). At 24 h post‑transfection, 400 µg/ml G418 were 
applied for 7 to 10 days and the cells were allowed to recover 
for 2 or 3 days. When the cells were approaching conflu‑
ency, they were reseeded sparsely in 10 cm dishes. After 2 or 
3 weeks, discernible colonies were isolated by using cloning 
discs (MilliporeSigma; cat. no. Z374431‑100EA). Individual 
clones were expanded and evaluated for knockout status by 
Sanger sequencing for the target area.

Cellular proliferation assays. Cellular proliferation was 
assessed using MTT assay with a Cell Counting Kit‑8 
(CCK‑8; Dojindo Molecular Technologies, Inc.) according to 
the manufacturer's instructions. Briefly, the cells were seeded 
into 96‑well plates and 10 µl of WST‑8 were added after 72 h. 
OD460 was measured following a 1‑h incubation at 37˚C.

Subcutaneous xenografting. BALB/c nude (nu/nu) female 
mice (n=12; 6‑8 weeks old) were purchased from Charles 
River Laboratories, Inc.. The mice were housed under specific 
pathogen‑free conditions, under a 12‑h light/dark cycle, with 
ad libitum access to food and water. For subcutaneous xeno‑
graft assays, 1x107 cells suspended in 100 µl PBS were injected 
subcutaneously into the right flank by using a 24G needle 
and the tumor volumes were measured once a week. Tumor 
volume was calculated by the formula: mm3 = length x widt
h x height x 0.52 (26). After 90 days, all animals were sacri‑
ficed, and the xenograft tumors were excised. Animals were 
anesthetized with 2% isoflurane before being euthanized by 
cervical dislocation.

Formalin‑fixed and paraffin‑embedded (FFPE) specimens 
of the xenograft tumors were cut into 4‑µm‑thick sections, 
prior to deparaffinization and rehydration. For antigen 
retrieval, the  sections were pretreated by microwave for 
21  min in a citric acid buffer. After the antigen retrieval 
procedure, endogenous peroxidase activity was blocked with 
3% H2O2 for 25 min and the slides were incubated with Ki‑67 
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antibody (1:200; Dako; Agilent Technologies, Inc.; M7240) at 
4˚C overnight. The immunohistochemical reaction was visu‑
alized using the secondary antibody Histofine Simple Stain 
MAX PO® (Nichirei Biosciences, Inc,; cat. no. 424151) by 
using diaminobenzidine as the chromogen.

All animal studies were approved by the Animal 
Experiment Committee of the University of Tsukuba and all 
experiments were performed in accordance with the guide‑
lines of the University of Tsukuba's Regulations of Animal 
Experiments (approval no. 20‑370).

Apoptosis assays. Apoptosis was assessed using the 
Caspase‑Glo®  3/7 Assay System (Promega Corporation; 
cat.  no.  G8090), Annexin‑V‑FLUOS staining kit (Roche 
Diagnostics; cat. no. 11858777001), and JC‑1 Mitochondrial 
Membrane Potential Assay kit (Cayman Chemical Company; 
cat. no. 10009172), according to the manufacturer's instruc‑
tions.

Staining of LDs. Cells were seeded on glass coverslips in 
60mm dishes and cultured with oleic acid (200 µM)‑containing 
medium at 37˚C overnight in a 5% CO2 incubator. The medium 
was then aspirated, and the cells were washed twice with PBS 
before fixation with 4% formaldehyde (FUJIFILM Wako Pure 
Chemical Corporation) for 5 min at room temperature. The 
cells were then washed twice with PBS, and incubated with 
0.5 µM Lipi‑Green (Dojindo Molecular Technologies, Inc.) for 
30 min in the dark at 37˚C. Thereafter, the cells were washed 
twice with PBS and the coverslips were mounted on glass 
slides using VECTASHIELD® Antifade Mounting Medium 
with DAPI (Vector Laboratories, Inc.; cat. no. H‑1200). Images 
of the stained cells were acquired with a BZ‑X710 fluorescence 
microscope (Keyence Corporation).

Live cells were incubated with 0.5 µM Lipi‑Green in Hanks' 
Balanced Salt Solution (HBSS) for 30 min before washing 
twice in HBSS, resuspended in 1 mM EDTA/PBS (pH 8.0) 
with 0.5% BSA, and passed through a cell strainer. Cells were 
analyzed on a Gallios flow cytometer (Beckman‑Coulter, 
Inc.) and data were analyzed using FlowJo  v10 software 
(FlowJo LLC).

ER tracker staining. The ACHN cells (ACHN/sgControl, 
ACHN/sgELOVL2‑1 and ACHN/sgELOVL2‑2) were seeded 
on glass coverslips in 60‑mm dishes and cultured at 37˚C for 
48 h in a 5 % CO2 incubator. The medium was then aspi‑
rated, and the cells were washed twice with HBSS before 
fixation with 4%  formaldehyde (FUJIFILM Wako Pure 
Chemical Corporation) for 5 min at room temperature. The 
cells were then washed twice with HBSS and incubated with 
500 nM ER Tracker Red (Thermo Fisher Scientific, Inc.; 
cat. no. E34250) for 2 h in the dark at 37˚C. Subsequently, 
the cells were washed twice with PBS and the coverslips 
were mounted on glass slides. Images of the stained cells 
were acquired with a BZ‑X710 fluorescence microscope 
(Keyence Corporation).

Live cells were incubated with 500 nM ER Tracker in 
HBSS for 30 min before washing twice in HBSS, re‑suspended 
in 1 mM EDTA/PBS (pH 8.0) with 0.5% BSA, and passed 
through a cell strainer. Cells were analyzed on a Gallios flow 
cytometer and data were analyzed using FlowJo v10 software.

Gas chromatography‑mass spectrometry (GC‑MS). The 
extraction of total lipids from cell pellets was performed as 
previously described (27). The hydrolysis and derivatization 
of the extracts to FA methyl esters (FAMEs) was performed. 
For the internal standards of conjugated FAs, C20:4 (ω‑6), 
C20:5 (ω‑3), C22:5 (ω‑6), C22:5 (ω‑3) and C22:6 (ω‑3) FAMEs 
were purchased from MilliporeSigma or Cayman Chemical 
Company.

GC‑MS analysis was performed using a GCMS‑TQ8040 
(Shimadzu Corporation) with an Omegawax® Capillary GC 
Column (MilliporeSigma; cat. no. 24136). The temperature 
gradient was initially increased from 70 to 150˚C at a rate of 
20˚C per min and from 150 to 280˚C at a rate of 8˚C per min 
before decreasing from 280 to 200˚C at a rate of 15˚C per min. 
Sample injection was performed in splitless mode with 1.0 µl 
of sample injected. For MS analysis, the ion source and inter‑
face temperature were set to 200˚ and 270˚C, respectively. 
The data were acquired in full scan mode (30‑600 m/z) under 
70 eV of ionization voltage. FAMEs were identified according 
to retention time and electron ionization‑MS (EI‑MS) spec‑
trum matching with reference FAME standards. The relative 
amount of FAMEs was calculated by comparing average 
peak area per sample mass. Each sample was independently 
measured three times.

Statistical analysis. Data are expressed as the mean ± SD. All 
statistical analyses were performed using JMP 10 software 
(SAS Institute, Inc.), GraphPad Prism8 (GraphPad Software, 
Inc.) or R package (version 4.0.2; RStudio, Inc.). The signifi‑
cance of the differences between the two groups was assessed 
using the unpaired Student's t‑test or Mann‑Whitney test. The 
significance of the differences between the three or more 
groups was assessed using one‑way ANOVA with post hoc 
comparisons using Dunnett's test or Kruskal‑Wallis test 
followed by a Dunn's post hoc test with Bonferroni correc‑
tion. Survival curves were constructed using the Kaplan‑Meier 
method and the difference between the curves was evaluated 
using the log‑rank test. Patients were divided into two groups, 
a low expression or high expression group, using the cutoff of 
median expression values. P<0.05 was considered to indicate a 
statistically significant difference.

Results

ELOVL2 is highly overexpressed in RCC. The abundance of 
seven ELOVL isozymes in corresponding normal and tumor 
tissues was first examined in the present cohort, revealing 
that the ELOVL1, ELOVL2, ELOVL5 and ELOVL7 expres‑
sion levels were elevated in ccRCC tissues (Fig.  1A). To 
validate these results, ELOVL isozyme gene expression in 
corresponding normal and tumor tissues was examined using 
TCGA database (KIRC cohort). It was confirmed that ELOVL2 
mRNA expression was most highly and significantly elevated 
in ccRCC tissues (Fig. 1B; P<0.0001). Subsequently, ELOVL2 
mRNA expression was investigated further among three major 
histological subtypes of RCC using TCGA database (KIRC, 
KIRP and KICH cohorts). This revealed that ELOVL2 was 
overexpressed in the pRCC and chRCC tissues; however, its 
expression in ccRCC tissues was the highest among the histo‑
logical subtypes (Fig. 1C). Moreover, the ELOVL2 mRNA 
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expression levels were markedly elevated in the ACHN, 786‑O 
and SK‑RC‑52 cell lines, although the mRNA expression levels 
in OS‑RC‑2 cell line were lower as compared with those in the 
RPTEC cell line (Fig. 1D).

Subsequently, the cancer‑associated alteration of ELOVL2 
gene expression in various types of cancer was investigated 
using the GENT2 database (Fig. 1E). Compared with normal 
tissues, ELOVL2 expression was found to be significantly 
higher in kidney, prostate, lung and colon cancers, whereas 
ELOVL2 expression was similar in bladder or breast cancers. 
These results suggested that the roles of ELOVL isozymes 
differed by cancer type and that ELOVL2 overexpression may 
be associated with the carcinogenesis or disease progression of 
RCC, particularly ccRCC.

ELOVL2 overexpression is associated with the progression 
of RCC. The association between the gene expression of 
ELOVL2 and tumor‑node‑metastasis (TNM) stages in the 
KIRC cohort was examined, in order to clarify the clinical 
significance of ELOVL2 in ccRCC. ELOVL2 expression was 
higher in locally advanced and metastatic disease, although its 
expression was not associated with the lymph node metastasis 
status (Fig.  2A‑C). Collectively, ELOVL2 expression was 
increased according to clinical stage (Fig. 2D).

Subsequently, the association between the expression 
of ELOVL2 and the prognosis of patients with RCC was 
evaluated, in order to elucidate the clinical impact of ccRCC. 
According to Kaplan‑Meier analysis, it was revealed that the 
high expression of ELOVL2 was significantly associated with 
a poor prognosis in the present cohort (P=0.0015, Fig. 2E). To 
validate these results, the association between the expression of 

ELOVL2 and the prognosis of patients with ccRCC was exam‑
ined further in the KIRC cohort and it was demonstrated that, 
similarly, the high expression of ELOVL2 was significantly 
associated with a poor prognosis (P<0,01, Fig. 2F). Moreover, a 
high expression of ELOVL2 was significantly associated with 
a poor prognosis of patients with pRCC (P<0.0001, Fig. 2G). 
However, this was not observed in patients with chRCC 
(Fig. 2H). In total, the aforementioned results indicated that 
ELOVL2 may mediate ccRCC and pRCC disease progression, 
at least partially.

ELOVL2 promotes the proliferation of renal cancer cells. To 
assess the function of ELOVL2 in the proliferation of RCC 
cells, the shRNA knockdown of ELOVL2 in 786‑O, ACHN 
and SK‑RC‑52 cells was performed. The effects of each 
shRNA were evaluated using RT‑qPCR and a significant 
decrease in ELOVL2 expression was confirmed (Fig. 3A). 
MTT assays were then performed to examine the effects of 
ELOVL2 knockdown on cellular proliferation. It was observed 
that the knockdown of ELOVL2 inhibited the proliferation 
of all cells compared with the cells transfected with control 
shRNA (Fig. 3B).

By contrast, ELOVL2 overexpression was induced in 
the OS-RC‑2 cells, a cell line with a lower basal expression 
of ELOVL2. The transfection efficacy was evaluated using 
RT‑qPCR and significantly increased expression of ELOVL2 
was confirmed (Fig. 3C). MTT assays revealed that the prolif‑
eration of ELOVL2‑overexpressing cells was significantly 
promoted, in comparison with the control group (Fig. 3D), 
indicating that ELOVL2 may be a promoter of the prolifera‑
tion of renal cancer cells.

Figure 1. The abundance of seven ELOVL isozymes in RCC tissues and RCC cell lines. (A) ELOVL isozyme mRNA expression in the present cohort (n=46). 
(B) ELOVL isozyme mRNA expression in the TCGA KIRC cohort (n=71). (C) ELOVL2 mRNA expression in the TCGA KIRC (n=71), KIRP (n=31) and KICH 
cohorts (n=23). (D) ELOVL2 mRNA expression in RCC cell lines. (C and D) P‑values were assessed using ANOVA with post hoc comparisons using Dunnett's 
test. **P<0.01 and ***P<0.001, vs. RPTEC cells. (E) ELOVL2 gene expression patterns comparison between normal and tumor tissues in tumor samples. 
P‑values were assessed using a Mann‑Whitney test. ELOVL, very‑long‑chain fatty acid; RCC, renal cell carcinoma; TCGA, The Cancer Genome Atlas; KIRC; 
kidney renal clear cell carcinoma cohort; KIRP, cervical kidney renal papillary cell carcinoma cohort; KICH, kidney chromophobe cohort.
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ELOVL2 ablation suppresses tumor growth in  vivo, the 
synthesis of PUFAs and the production of LDs in renal 
cancer cells. To further clarify the roles of ELOVL2 in RCC 
progression, an ELOVL2‑knockout ACHN cell line was 
established, by using a CRISPR/Cas9 system (sgELOVL2‑1 
and sgELOVL2‑2) (Fig. S1). In vitro, cellular proliferation was 
significantly decreased by ELVOVL2 ablation in the ACHN 
cells (Fig. S1). More importantly, the CRISPR/Cas9‑mediated 
ablation of ELOVL2 suppressed tumor growth when the 
cells were implanted subcutaneously into mice (Fig.  4A). 
The maximum volumes of the subcutaneous xenograft 
tumors in the ACHN/sgControl and ACHN/sgELOVL2‑2 at 
the day of sacrifice were 241 and 109 mm3, respectively. Of 
note, all xenograft tumors in the ACHN/sgELOVL2‑1 group 
spontaneously regressed at 14 days following transplantation 
and were not detected at the time of extirpation. The Ki‑67 

index was also examined in the xenograft tumors transfected 
with sgControl or sgELOVL2 and it was observed that the 
ACHN/sgELOVL2‑2 cells exhibited a significantly lower 
Ki‑67 index than the ACHN/sgControl cells (Fig. 4B and C). 
These results further supported the possibility that ELOVL2 
augments tumor growth in vivo.

As ELOVL2 is located on chromosome 6p24.2 and 
encodes for an endoplasmic reticulum transmembrane protein 
controlling the elongation of C20–C24 PUFAs  (7), total 
FA levels were then evaluated in the ACHN/sgControl and 
ACHN/sgELOVL2 cells using GC‑MS analysis (Fig. S2). 
The alteration of LC‑PUFA levels is demonstrated in Fig. 4D. 
ELOVL2 is an essential enzyme in the endogenous production 
of docosahexaenoic acid (DHA, C22:6 n‑3) (28,29) and, as 
expected, the DHA levels were significantly decreased by the 
ablation of ELOVL2 in the renal cancer cells. Moreover, the 

Figure 2. Association between ELOVL2 gene expression and clinical significance in patients with RCC. (A) The association between the mRNA expression 
of ELOVL2 isozymes and T stage in the TCGA KIRC cohort (n=530). (B) Association between the mRNA expression of ELOVL2 isozymes and N stage in 
the TCGA cohort (n=256). N stage data not available in 274 patients. (C) Association between the mRNA expression of ELOVL2 isozymes and M stage in the 
TCGA cohort (n=498). M stage data not available in 32 patients. (D) Association between ELOVL2 isozyme mRNA expression and clinical stage in the TCGA 
cohort (n=527). Clinical stage data were not available for 3 patients. (E) Kaplan‑Meier curves of the overall survival of 46 ccRCC patients in the present cohort 
with respect to the ELOVL2 mRNA level. (F) Kaplan‑Meier curves of the overall survival of 530 ccRCC patients in the TCGA KIRC cohort with respect to 
ELOVL2 mRNA levels. (G) Kaplan‑Meier curves of the overall survival of 286 pRCC patients in the TCGA KIRP cohort with respect to ELOVL2 mRNA 
levels. (H) Kaplan‑Meier curves of the overall survival of 64 chRCC patients in the TCGA KICH cohort with respect to ELOVL2 mRNA levels. P‑values 
were assessed using a Mann‑Whitney test (B and C), or the Kruskal‑Wallis test followed by a Dunn's post hoc test with Bonferroni correction (A and D) or the 
log‑rank test (E‑H). ELOVL, very‑long‑chain fatty acid; TCGA, The Cancer Genome Atlas; KIRC; kidney renal clear cell carcinoma; KIRP, cervical kidney 
renal papillary cell carcinoma; KICH, kidney chromophobe cohort ccRCC, clear cell RCC; pRCC, papillary PCC; chRCC, chromophobe RCC.



ONCOLOGY REPORTS  47:  23,  2022 7

amounts of other LC‑PUFAs species, including arachidonic 
acid (AA, C20:4 n‑6), eicosapentaenoic acid (EPA) and docos‑
apentaenoic acid (DPA), were also significantly decreased. On 
the other hand, the production of DPA was not consistently 
altered in the ACHN/sgELOVL2 cells. The amount of DPA in 
the ACHN cells was very low and was not detected in several 
samples (Fig. S2).

Since previous studies have demonstrated that ELOVL2 
promotes the accumulation of LDs through the production of 
DHA (11,12), the storage of LDs was further assessed using 
neutral lipid staining. Of note, the abundance of LDs in the 
ACHN/sgELOVL2 cells was significantly decreased compared 
with the ACHN/sgControl cells (Fig. 4E‑4G), suggesting that 
the alteration of lipid metabolism by ELOVL2 overexpression 
may affect RCC cell proliferation.

ELOVL2 ablation induces the apoptosis of renal cancer 
cells. Previous studies have revealed that the production of 
intracellular LDs promotes apoptosis under stressful tumor 
microenvironments (4). Therefore, in the present study, apop‑
tosis was evaluated in ACHN/sgControl or ACHN/sgELOVL2 
cells and a significantly elevated activity of caspase 3/7 was 
detected in the ACHN/sgELOVL2 cells (Fig. 5A). Similarly, 
a greater number of apoptotic ACHN/sgELOVL2 cells 
compared with ACHN/sgControl cells was identified, as 
evidenced by Annexin V/PI staining (Fig. 5B). Depending on 

cellular stress, intrinsic apoptosis (30) leads to the loss of mito‑
chondrial membrane potential; thus, the present study further 
assessed the mitochondrial transmembrane electric potential 
of ACHN/sgControl or ACHN/sgELOVL2 cells using fluo‑
rescent JC‑1. The aggregate/monomer ratio was significantly 
decreased in the ACHN/sgELOVL2 cells (Fig. 5C), indicating 
the promotion of mitochondrial transmembrane polariza‑
tion and the activation of the intrinsic apoptotic pathway by 
ELOVL2 ablation. More precisely, pro‑apoptotic gene (BAX, 
BAK, PUMA and NOXA) expression levels were significantly 
increased, while anti‑apoptotic gene (BCL2 and MCL1) 
expression levels were significantly decreased due to ELOVL2 
ablation (Fig.  5D). These results indicated that ELOVL2 
contributes to cellular survival through the inhibition of 
theapoptosis of renal cancer cells.

The degradation of lipid storage capacity in LD form can 
lead to the collapse of ER homeostasis, triggering the unfolded 
protein response (UPR) and cellular apoptosis (4,5). Therefore, 
in order to support the hypothesis of the involvement of 
ELOVL2 expression in ER homeostasis, ER tracker staining 
was performed in ACHN/sgControl or ACHN/sgELOVL2 
cells. Subsequent ER imaging (Fig. 5E) and quantification 
using flow cytometry (Fig. 5F and G) indicated ER expansion 
in the ACHN/sgELOVL2 cells, due to ER stress. Additionally, 
ELOVL2 ablation promoted the phosphorylation of IRE1α, an 
activator of UPR sensors (Fig. 5H), while the expression of 

Figure 3. ELOVL2 promotes cellular proliferation in renal cancer cells in vitro. (A) ELOVL2 mRNA expression in renal cancer cells infected with scramble 
or ELOVL2 shRNA. (B) Analysis of cell proliferation by using MTT assay in renal cancer cells infected with scramble or ELOVL2 shRNA after 72 h. 
(C) The mRNA expression of ELOVL2 in OSRC‑2 cells transfected with control or ELOVL2 overexpression vectors. (D) Analysis of cellular proliferation 
by MTT assay in OSRC‑2 cells transfected with control or ELOVL2 overexpression vectors after 120 h. P‑values were assessed using ANOVA with post hoc 
comparisons using Dunnett's test (A and B) or the Student's t‑test (C and D). **P<0.01 and ***P<0.001, vs. control. ELOVL, very‑long‑chain fatty acid.
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CHOP, which plays a main role in ER stress‑induced apoptosis, 
was upregulated by ELOVL2 ablation (Fig. 5H). Collectively, 
these results demonstrated that ELOVL2 mediated‑lipid 
metabolism suppresses cell apoptosis in renal cancer cells and 
suggested that disruption of ER homeostasis may be a poten‑
tial mechanism of induction.

Discussion

The present study demonstrated that ELVOL2 may alter lipid 
metabolism and promote tumor growth via the inhibition of 
the apoptosis of renal cancer cells. Moreover, it was observed 
that ELOVL2 expression in RCC tissues was elevated and that 
the higher expression of ELOVL2 was significantly associated 
with a poor prognosis of patients with RCC.

There are limited studies available on the roles of ELOVL2 
in cancer progression (22,31,32) and their results are controver‑
sial. Gimple et al (22) demonstrated that ELOVL2 promoted 

LC‑PUFA synthesis, supporting efficient EGFR signaling 
and the proliferation of glioblastoma stem cells. By contrast, 
Kang et al (31) reported that ELOVL2 ablation may promote 
cell migration and the colony formation of breast cancer cells 
and revealed that a decreased ELOVL2 expression was associ‑
ated with a poorer prognosis of patients with breast cancer. 
Furthermore, Ding et al (32) reported that ELOVL2 suppresses 
the proliferation of neuroblastoma cells and was associated 
with favorable survival rates. According to the conflicting 
findings reported in previous studies, a multi‑role function for 
ELOVL2 in cancer progression has been demonstrated, that 
clearly varies by cancer type.

An altered lipid metabolism greatly affects cancer progres‑
sion, an effect observed in the results of the present study, 
being in line with research depicting the role of ELOVL2 as 
a primary controller of the elongation process of LC‑PUFAs 
and a critical enzyme in DHA biosynthesis (7). In the present 
study, it was demonstrated that endogenous LC‑PUFAs, 

Figure 4. CRISPR/Cas9‑mediated knockdown of ELOVL2 inhibits tumor growth in vivo and alters lipid metabolism of ACHN cells. (A) Sequential changes 
of subcutaneous xenograft tumors from ACHN/sgControl or ACHN/sgELOVL2 cells. (B) Representative images of Ki‑67 staining of xenograft tumors in 
ACHN/sgControl or ACHN/sgELOVL2‑2 cells. Scale bar, 50 µm. (C) Ki‑67 labeling index of xenograft tumors in ACHN/sgControl or ACHN/sgELOVL2‑2 
cells. (D) LC‑PUFA measurement by GC‑MS in ACHN/sgControl or ACHN/sgELOVL2 cells. (E) Representative images of lipid droplets in ACHN/sgControl 
or ACHN/sgELOVL2 cells. Scale bar 50 µm. (F) Representative flow cytometry dot plots of LipiGreen staining in ACHN/sgControl or ACHN/sgELOVL2 
cells. (G) LipiGreen fluorescence quantification in ACHN/sgControl or ACHN/sgELOVL2 cells. P‑values were assessed using the Mann‑Whitney test 
(A and C) or ANOVA with post hoc comparisons using Dunnett's test (D and G). *P<0.05, **P<0.01 and ***P<0.001, vs. control. ELOVL, very‑long‑chain fatty 
acid; sg, single‑guided; LC‑PUFA, long‑chain polyunsaturated fatty acids; GC‑MS, gas chromatography/mass spectrometry.
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including AA and DHA, were decreased due to ELOVL2 
ablation in renal cancer cells. In relation to this, it has been 
previously reported that the inhibition of the AA pathway 
by lipoxygenase (LOX) inhibitors induces the apoptosis and 
reduces the viability of renal cancer cells in vitro (33,34). 
Although the ELOVL2 overexpression results of the present 
study are in line with these mechanistic findings, it has been 
previously reported, however, that DHA administration 
may inhibit the proliferation and invasion of renal cancer 
cells in  vitro  (35,36). However, LC‑PUFAs are known to 
have distinct and contrasting effects on cancer progression. 
Therefore, the alteration of a delicate balance among a variety 
of LC‑PUFAs, due to the inhibition of ELOVL2 may be 
associated with the differing phenotypes observed in various 
cancer types.

Previous studies have demonstrated that LDs are increased 
through the endogenous production of DHA by ELOVL2 in 
mice (11,12). Similarly, it was revealed that ELOVL2 ablation 
may suppress the production of DHA and LDs in renal cancer 

cells, suggesting that ELOVL2 overexpression may promote 
LD production through endogenous DHA production in RCC. 
Cancer cells are often found in harsher environmental (macro 
and micro) conditions, including hypoxia and nutrient depriva‑
tion, yet still rapidly grow under such severe stressors. The 
functions of LDs under conditions of cellular stress, such as 
the maintenance of energy and redox homeostasis, the regula‑
tion of autophagy, the maintenance of ER homeostasis and 
protection against lipotoxicity, have been demonstrated (4).

Ackerman et al (6) revealed that LDs prevent the accumu‑
lation of toxic, saturated lipids during hypoxia by buffering 
of cellular lipid saturation through exchange of TG‑resident 
unsaturated FAs in ccRCC. Cellular lipotoxicity due to 
saturated FAs (SFA), including palmitate (C16:0), may cause 
apoptosis, leading to cancer cell death  (37,38). Recently, 
ELOVL2 was designated as a critical pro‑survival enzyme, 
assisting in the prevention of glucolipotoxicity‑induced 
β‑cell apoptosis (39). Of note, ELOVL2/DHA axis‑modified 
lipid partitioning results in a non‑toxic utilization of SFA 

Figure 5. CRISPR/Cas9‑mediated knockdown of ELOVL2 promotes the loss of mitochondrial transmembrane potential and apoptosis in ACHN cells. 
(A) Analysis of cell apoptosis by caspase 3/7 assay in ACHN/sgControl or ACHN/sgELOVL2 cells. (B) Representative images of Annexin V‑FITC staining in 
ACHN/sgControl or ACHN/sgELOVL2 cells. Scale bar, 100 µm. (C) Aggregates/monomers relative ratio evaluation in ACHN/sgControl or ACHN/sgELOVL2 
cells by using JC‑1 assay. (D) Apoptosis‑related gene expression levels in ACHN/sgControl or ACHN/sgELOVL2 cells. (E) Representative images of ER 
tracker staining in ACHN/sgControl or ACHN/sgELOVL2 cells. Scale bar, 50 µm. (F) Representative flow cytometry dot plots of ER tracker staining in 
ACHN/sgControl or ACHN/sgELOVL2 cells. (G) ER tracker fluorescence quantification in ACHN/sgControl or ACHN/sgELOVL2 cells. (H) Western blot 
analysis of pIRE1α, IRE1α, and CHOP in ACHN/sgControl or ACHN/sgELOVL2 cells. P‑values were assessed using ANOVA with post hoc comparisons using 
Dunnett's test (A, C, D and G). **P<0.01 and ***P<0.001, vs. control. ELOVL, very‑long‑chain fatty acid; sg, single guided; IRE1α, serine/threonine‑protein 
kinase/endoribonuclease inositol‑requiring enzyme 1α; pIRE1α, phosphorylated‑IRE1α; CHOP, C/EBP homologous protein.
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palmitate by favoring its transport into mitochondria for FA 
oxidation (FAO) through a CPT1‑dependent mechanism. 
Additionally, Balaban et al demonstrated that C4‑2B prostate 
cancer cells and MCF‑7 breast cancer cells are protected from 
palmitate‑induced apoptosis by mitochondrial FAO (37,38). 
During palmitate‑induced lipotoxicity, cellular levels of 
anti‑apoptotic proteins, including BCL‑2 or MCL‑1, have been 
reported to be decreased (40,41) while levels of pro‑apoptotic 
proteins, including PUMA or NOXA, have been reported to 
be increased (42,43). It was revealed in the present study that 
ELOVL2 ablation may promote renal cancer cell apoptosis 
through the alteration of pro‑ and anti‑apoptotic genes in a 
similar manner. These findings suggest that ELOVL2 may 
protect cells against lipotoxicity‑driven apoptosis to promote 
tumor growth in RCC.

Additionally, it was demonstrated that ELOVL2 ablation 
in RCC may promote ER stress and CHOP upregulation, 
downregulating BCL‑2 and MCL‑1, while upregulating BAK 
and BAX, via a mitochondria‑dependent pathway (44). Indeed, 
the results of the present study demonstrated that pro‑ and 
anti‑apoptotic genes were similarly altered by ELOVL2 abla‑
tion. In line with the findings in the study by Qui et al (5), 
who reported that HIF2α/PLIN2‑dependent LDs promote 
resistance against ER stress and cell survival in ccRCC, these 
collective findings are in support of ER stress promoting 
cellular apoptosis by ELOVL2 ablation in renal cancer cells, 
decreasing LDs and removing the cellular buffer against toxic 
lipids.

In conclusion, the present study demonstrated for the first 
time, to the best of our knowledge, that ELOVL2 promotes 
tumor growth by the inhibition of apoptosis via the elonga‑
tion of PUFAs, at least partly by maintaining ER homeostasis 
in renal cancer cells. Taken together, it was suggested that 
ELOVL2‑induced LDs may contribute to cancer progression 
due to multiple protective effects against cellular stress in 
RCC. Moreover, it was suggested that ELOVL2 may be an 
attractive potential therapeutic target for patients with RCC.
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