Received: 13 December 2017 | Revised: 25 January 2018

Accepted: 2 February 2018

DOI: 10.1111/cas.13529

ORIGINAL ARTICLE

WIS @ Cancer Science

Stearate-to-palmitate ratio modulates endoplasmic reticulum
stress and cell apoptosis in non-B non-C hepatoma cells

Yasushi Shibasaki®

| Makoto Horikawa?® | Koji Ikegami®*® | Ryota Kiuchi® |

Makoto Takeda! | Takanori Hiraide! | Yoshifumi Morita? | Hiroyuki Konno! |

Hiroya Takeuchi® | Mitsutoshi Setou?® | Takanori Sakaguchi'

1Second Department of Surgery,
Hamamatsu University School of Medicine,
Hamamatsu, Shizuoka, Japan

2Department of Cellular & Molecular
Anatomy, Hamamatsu University School of
Medicine, Hamamatsu, Shizuoka, Japan

3International Mass Imaging Center,
Hamamatsu University School of Medicine,
Hamamatsu, Shizuoka, Japan

Correspondence

Takanori Sakaguchi, Second Department of
Surgery, Hamamatsu University School of
Medicine, Hamamatsu, Japan.

Email: sakal119@hama-med.ac.jp

Funding information

Grant-in-Aid for Scientific Research (No.
25462085) from the Ministry of Education,
Culture, Sports, Science and Technology,
Japan; Advanced Research and Development
Programs for Medical Innovation (CREST)
from the Japan Agency for Medical Research
and Development; Imaging Platform
supported by the Ministry of Education,
Culture, Sports, Science and Technology
(MEXT), Japan.

1 | INTRODUCTION

The increased prevalence of hepatocellular carcinoma (HCC) without viral infection,
namely, NHCC, is a major public health issue worldwide. NHCC is frequently
derived from non-alcoholic fatty liver (NAFL) and non-alcoholic steatohepatitis,
which exhibit dysregulated fatty acid (FA) metabolism. This raises the possibility that
NHCC evolves intracellular machineries to adapt to dysregulated FA metabolism.
We herein aim to identify NHCC-specifically altered FA and key molecules to
achieve the adaptation. To analyze FA, imaging mass spectrometry (IMS) was per-
formed on 15 HCC specimens. The composition of saturated FA (SFA) in NHCC
was altered from that in typical HCC. The stearate-to-palmitate ratio (SPR) was sig-
nificantly increased in NHCC. Associated with the SPR increase, the ELOVL6 pro-
tein level was upregulated in NHCC. The knockdown of ELOVLé reduced SPR, and
enhanced endoplasmic reticulum stress, inducing apoptosis of Huh7 and HepG2
cells. In conclusion, NHCC appears to adapt to an FA-rich environment by modulat-
ing SPR through ELOVL6.
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alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepati-
tis (NASH) associated with the development of HCC.>¢

Hepatocellular carcinoma (HCC) is the 5th most prevalent cancer
and a leading cause of cancer death worldwide.! Although the most
frequent etiology for HCC is viral infections such as the hepatitis B
and C viruses, the prevalence of HCC without viral infection is
increasing in Western countries? and Japan.® In developed countries,
30%-40% of HCC cases arise from the liver without viral infection,*

suggesting a higher prevalence of metabolic syndrome with non-

Non-B non-C HCC (NHCC) and HCC with viral infection (VHCC)
in advanced stages are currently treated in the same manner; how-
ever, their pathological features sometimes differ, such as the abun-
dant deposition of triglycerides (TG) including a steatohepatitic
appearance,” which is commonly reported in NHCC. TG are com-
posed of 3 fatty acids (FA) and glycerol, and their accumulation is
the hallmark of NASH,®? resulting in hepatic dysfunction, such as
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insulin resistance.'®! Previous studies have demonstrated that hep-
atic TG themselves are not toxic and may protect the liver from FA-
induced lipotoxicity,*? but lipogenesis has an important role in cellu-
lar survival of HCC.®® However, the toxic effects of FA on hepatic
cancer cells have not yet been examined in detail.

Saturated FA (SFA), including palmitate (C16:0; PA) and stearate
(C18:0; SA), exert toxic effects on living cells by inducing endoplas-
mic reticulum (ER) stress,*'> which leads to cell apoptosis. How-
ever, monounsaturated FA (MUFA), such as oleate (C18:1n9; OA),
have been shown to alleviate SFA-induced deleterious effects.X¢1”
Although FA composition ratios such as the MUFA-to-SFA ratio are
an important factor for cancer cell survival,*82° limited information
is currently available on SFA composition ratios. PA is synthesized
through acetate polymerization in de novo lipogenesis.?! This long
chain FA is then endogenously converted to SA by elongation of
very long-chain fatty acids family member 6 (ELOVLS), or shifted to
MUFA by stearoyl-CoA desaturase 1 (SCD-1) in the ER.?? ELOVL6 is
a microsomal enzyme that alters the stearate-to-palmitate ratio (SPR)
and has also been shown to mediate the progression of NASH.232°

We herein examined SPR in the cancerous parts (CA) and adja-
cent non-cancerous parenchyma (NC) of NHCC using matrix-assisted
laser desorption/ionization imaging mass spectrometry (MALDI-IMS),
and the relationship between SPR and the expression of ELOVL6
and SCD1. We also investigated the involvement of SPR in cancer
progression using the hepatoma cell lines, Huh7 and HepG2, to clar-
ify whether the results obtained may be applied to the development
of therapeutic approaches for NHCC.

2 | MATERIALS AND METHODS

2.1 | Patients

This study was performed with the approval of the Institutional
Ethics Committee of Hamamatsu University School of Medicine, and
written informed consent was obtained from all patients. Fifteen
HCC specimens were collected from patients undergoing hepatec-
tomy for curative intent at Hamamatsu University Hospital between
2010 and 2012.

2.2 | Imaging mass spectrometry for human liver
samples

Fifteen 10-um-thick frozen HCC specimens were placed on indium-
tin oxide (ITO)-coated glass slides (Bruker Daltonics, Bremen, Ger-
many). As a matrix, 5 mg/mL of 9-aminoacridine in 70% methanol
(Merck, Darmstadt, Germany) was sprayed on the samples as previ-
ously described.?4?? Mass spectrometry (MS) was performed with a
matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF/TOF) type instrument, the Ultraflex Il (Bruker Daltonics). MS
parameters were set to obtain the highest sensitivity with m/z values
in the range of 200-1000 in the negative-ion mode. The automatic
acquisition of spectra and reconstruction of ion images were per-

formed using Flexlmaging Software (Bruker Daltonics).
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2.3 | Cell cultures

The human HCC cell lines Huh7 and HepG2 were maintained in
DMEM (Invitrogen, Carlsbad, CA, USA) with 10% FBS, 100 U peni-
cillin, and 0.1 mg/mL streptomycin at 37°C in a 5% CO, atmo-

sphere.

2.4 | Immunoblotting

Rabbit polyclonal anti-ELOVL6 (Millipore Corporation, Billerica, MA,
USA), mouse monoclonal anti-SCD1 (Abcam Tokyo, Japan), rabbit
polyclonal anti-PARP, mouse monoclonal anti-caspase-3, rabbit poly-
clonal anti-cleaved caspase-3, rabbit monoclonal anti-PERK, rabbit
monoclonal anti-phospho-PERK, and rabbit monoclonal anti-beta-
actin for an internal standard (Cell Signaling Technology, Beverly,
MA, USA) were used. Immunoreactive proteins were detected using
an enhanced chemiluminescence system (GE Healthcare, Little Chal-
font, Buckinghamshire, UK) and an LAS-3000 Luminescent Image
Analyzer (Fujifilm, Tokyo, Japan).

2.5 | Quantitative RT-PCR

Total RNA was extracted from liver specimens and cells using ISO-
GEN (Nippon Gene, Tokyo, Japan) and the RNeasy Mini Kit (QIA-
GEN, Valencia, CA).
complementary DNA with the PrimeScript RT Reagent Kit (TAKARA
BIO, Shiga, Japan). A quantitative RT-PCR analysis was performed
with the Thermal Cycler Dice Real Time System Single (TAKARA)

using SYBR green as a fluorophore. PCR primers were listed in

mRNA were reverse transcribed to

Table S1. The expression of target mMRNA was normalized to the

expression level of cyclophilin A (PPIA).

2.6 | Immunofluorescence and a TUNEL assay for
cell lines

Cells were fixed with 4% paraformaldehyde (PFA), washed with PBS,
and immersed in PBS containing 5% goat serum and 0.1% Triton X-
100 for blocking and permeabilization. A rabbit polyclonal anti-
ELOVL6 antibody (1:300, Santa Cruz, CA, USA) and mouse mono-
clonal anti-Calnexin antibody (1:1000, Abcam Tokyo, Japan) were
used as primary antibodies, followed by Alexa Fluormconjugated sec-
ondary antibodies (1:1000, Abcam). In the TUNEL assay, an In Situ
Apoptosis Detection Kit (Takara) was used according to the manu-
facturer’s instructions. Samples were mounted in VECTASHIELD
(Vector Laboratories, Burlingame, CA, USA), and fluorescence images
were obtained using the confocal microscope FV1000 (OLYMPUS,
Tokyo, Japan).

2.7 | Preparation of cells for imaging mass
spectrometry

To perform IMS, 5 x 10° cells were incubated on ITO-coated slide

glasses shielded by a rounded silicone rubber with a 15-mm pore for
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10 hours. Cells were fixed with 4% PFA and washed with
150 mmol/L ammonium acetate 3 times. Slides were desiccated and

cellular lipids were analyzed by Ultraflex II.

2.8 | Fatty acid preparation

Palmitate (PA) and stearate (SA) were purchased from Wako. Each
FA stock solution was prepared as previously described.*® Stock
solutions of 100 mmol/L PA and SA dissolved in 0.1 mol/L sodium
hydroxide were heated at 75°C, then added to DMEM containing
3% FA-free BSA (Sigma Aldrich, Munich, Germany) pre-heated at
55°C.3! The final concentrations of the working solutions were
2 mmol/L PA and SA. After filtration of the working solutions, they
were diluted in DMEM for adjustments to the indicated concentra-

tions.

2.9 | Modulation of Elovl6 activity with siRNA

In the small interfering RNA inhibition assay, Huh7 and HepG2 cells
were knocked down using Stealth RNAI (Invitrogen) against human
ELOVL6, the sequences of which were 5-CGCUGCUCUUCGAA-
CUGCUGCUUAU-3’ and 5'-AUAAGCACCAGUUCG-AAGAGCACCG-
3’. RNAi Negative Control Medium GC Duplex (Invitrogen) was used
as a negative control. Cells were transfected with Lipofectamine
RNAIMAX (Invitrogen) according to the manufacturer’s instructions,
and were incubated for 48 hours. Media were changed to DMEM
containing 0.6 mmol/L PA, and cells were harvested 24 hours after

the medium change.

2.10 | Cell proliferation assay

In knockdown experiments, 8 x 10° Huh7 cells and 5 x 10° HepG2
cells were plated on 96-well plates. Cell proliferation was measured
3 days after the completion of knockdown. The XTT Cell Prolifera-
tion Kit (Roche Applied Science, Penzberg, Germany) was used
according to the manufacturer’s instructions. The absorbance of live
cells was measured with the Synergy HT Multi-Mode Microplate
Reader (BioTek, Winooski, VT, USA).

2.11 | Statistical analysis

Statistical analyses were performed with SPSS Statistics software
(version 21; SPSS, Chicago, USA). Results are expressed as the
mean + SEM of at least 3 independent experiments. The y2-test
and Mann-Whitney U-test were used for analyses of clinical and
histological features. The Wilcoxon signed-rank test was used for
IMS and western blotting analyses. The t test and a univariate
analysis of variance (ANOVA, Bonferroni procedure) were used to
test for differences between 2 and more groups of samples,
respectively. The relationship between SPR and ELOVL6 expres-
sion in the immunoblot analysis was tested by Spearman’s rank
correlation coefficient. P < .05 was considered to indicate a signifi-

cant difference.

3 | RESULTS

3.1 | NHCC patients were more likely to have
steatosis in liver parenchyma

The clinicopathological features of 15 HCC patients are shown in
Table 1. Macrovesicular steatosis and ballooning, which are com-
monly observed in steatohepatitic HCC, were more frequently
detected histologically in NHCC cancer (Figure S1).” Five NHCC
samples did not exhibit other historical hepatitis, such as autoim-
mune hepatitis.

3.2 | Saturated fatty acid signals identified by
imaging mass spectrometry were altered in the
cancerous parts of NHCC

Using IMS, the amounts of several molecules with different m/z val-
ues (mass numbers) were visualized in false colors for various sites,
such as CA, adjacent NC, and fibrous and Glisson’s capsules (Fig-
ure S2). Biomolecules detected using the negative ion mode of IMS

TABLE 1 Clinicopathological features of 15 patients with HCC

NHCC VHCC P-value

Patient number 5 10

Gender (M/F) 5/0 7/3 NS
Age (years) 712 + 2.85 68.3 + 2.35 NS
BMI (kg/m?) 23.9 + 1.02 224 + 0.78 NS
Alcohol (y/n) 1/4 2/8 NS
Alb (g/dL) 4.3 + 0.10 4.2 +0.10 NS
T. bil (mg/dL) 0.94 + 0.24 1.05 + 0.12 NS
AST (IU/L) 53.0 + 10.3 43.8 + 6.57 NS
ALT (lU/L) 49.2 + 125 38.0 + 9.88 NS
PT (%) 84.8 £+ 6.94 89.1 £+ 4.62 NS
ICG R15 (%) 17.8 + 9.49 18.0 + 3.85 NS
HbA1c (%) 6.08 £+ 0.25 576 + 0.23 NS
TG (mg/dL) 223.0 £ 94.1 130.6 + 154 NS
T. chol (mg/dL) 176.8 + 114 174.3 + 12.0 NS
Tumor number (s/m) 3/2 7/3 NS
Tumor size (cm) 3.2+ 045 3.5+ 057 NS
Differentiation (w/m/p) 1/3/1 1/9/0 NS
Vessel invasion (y/n) 3/2 4/6 NS
Liver cirrhosis (y/n) 3/2 2/8 NS
Hepatitis activity score 1.6 + 0.40 1.5+ 0.17 NS
Fibrosis score 24 +£0.51 2.6 £0.45 NS
UICC Stage (I/11/111) 1/1/3 1/5/4 NS

Alcohol, ethanol consumption of more than 20 g/day; BMI, body mass
index; Differentiation, well-differentiated (w), moderately differentiated
(m) and poorly differentiated (p); NHCC, HCC without viral infections;
Tumor N, tumor number indicating a solitary (s) or multiple (m) tumors;
VHCC, hepatocellular carcinoma (HCC) with viral infections. The clinical
stage was assessed according to the UICC Classification.
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for human liver samples are listed in Table 2. Signals conceivably
derived from FA were also detected using the negative ion mode of
IMS, as previously reported.323°

We then investigated SFA and MUFA compositions in 15 HCC
samples. PA (C16:0), SA (C18:0) and C18-MUFA including both OA
(C18:1n9) and VA (C18:1n7) were identified in HCC specimens
(Figure 1A-C). Palmitoleate (C16:1) was not detectable in this
experiment. The IMS analysis showed that PA levels were signifi-
cantly lower, while SA levels were slightly higher in the CA than in
the adjacent NC of NHCC, and this change was not observed in
the CA or NC of VHCC (Figure 1A-C). Correspondingly, SPR was
significantly elevated in the CA of NHCC, but not in the CA of
VHCC (Figure 1D). C18-MUFA levels were higher in the CA than
in the NC of both HCC, but a significant difference was only
observed in the NC of VHCC. The C18-MUFA-to-SA ratio slightly
increased in VHCC and NHCC (Figure 1E). SPR was more promi-
nently and specifically altered in the CA of NHCC than in the CA
of VHCC.

3.3 | Expression of ELOVLS, a stearate-to-palmitate
ratio modulator, was upregulated in NHCC

ELOVL6 is an enzyme that synthesizes SA from PA and regulates
cellular SPR. We analyzed ELOVL6 protein
immunoblotting and found that ELOVLé6 protein levels were mark-
edly higher in the CA than in the NC of NHCC (Figure 2A,B).
However, significant alteration was not observed in ELOVL6 mRNA

expression by
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expression (Figure S3A). In contrast, no significant differences were
observed in ELOVL6 levels between the CA and NC of VHCC.
We examined the protein level of stearoyl-CoA desaturase-1
(SCD-1) in NHCC and VHCC because SPR is also influenced by
the desaturation of C16:0 and C18:0 by SCD-1. The results
showed that the protein level of SCD-1 was significantly higher,
without elevation of mRNA level (Figure S3B), in the CA than in
the NC of VHCC and NHCC (Figure 2A,C), which is consistent
with previous findings.®*

We then investigated the relationship between SPR and ELOVL6
protein levels. A correlation was observed between SPR and
ELOVLS6 protein levels in NHCC parenchyma (r? = .60, P = .006; Fig-
ure 2D) but not in VHCC (Figure 2E).

3.4 | Palmitate induced endoplasmic reticulum
stress, whereas extrinsic stearate-to-palmitate
modulation mitigated toxic effects in cell lines

To corroborate the importance of increases in SPR in the CA of
NHCC, we examined the effects of extracellular FA supplementation
on cell stress in cell line experiments. We used Huh7 and HepG2
cells, which are hepatoma cell lines without viral infections. IMS was
performed on Huh7 and HepG2 cells and revealed that these cells
have different FA compositions. PA (C16:0), SA (18:0) and C18-
MUFA signals were easily detected in the 2 cell lines (Figure 3A).
Endogenous SPR was higher in Huh7 than in HepG2 cells (Fig-
ure 3B). The expression levels of ELOVL6 and SCD mRNA were

TABLE 2 Molecule list identified by negative ion mode imaging mass spectrometry

Signal intensity mean + SEM (%)

NHCCn=15 VHCC n = 10
Name Symbol m/z Adduct Formula Non-cancer Cancer Non-cancer Cancer
Palmitic acid C16:0 2553 M-H C16H3202 250 + 1.78 13.6 £ 3.23" 20.7 £ 3.09 19.6 + 3.42
Stearic acid C18:0 2833 M-H  C18H3502 332+ 393 417 +£289 314+ 346 319 + 3.09
C-18MUFA (Oleic acid, C18:1, n-9 281.3 M-H C18H3402 123 £ 128 214 +6.67 129 + 214 178 + 4.04*
vaccenic acid) C18:1, n-7
Linoleic acid C18:2, n-6 2793 M-H  C18H3202 225+ 431 176 +424 174 +239 200 + 271
Arachidonic acid C20:4 n-6 3033 M-H C20H3202 3.9 +£ 048 4.2 + 0.29 51 + 0.65 73 £ 173
Eicosapentaenoic acid C20:5 n-3 301.3 M-H  C20H3002 1.3 £ 044 1.1 +£ 048 51+ 1.99 2.1 + 1.00
Docosahexaenoic acid C22:6 n-3 3273 M-H C22H3202 1.8 + 1.06 0.5+ 024* 7.3+ 6.50 1.2 £0.72
C18:0/C16:0 132 £ 013 355+ 0.60* 1.95+ 034 221 + 0.52
C18:1/C18:0 042 £ 012 056 +021 043 +£0.06 0.68 + 0.23
Phosphatidylinositol Pl 16:0/18:1 8356 M-H  C43H81013P 0.77 £ 029 299 +1.18 253 4+ 128 4.88 + 1.96
Phosphatidylinositol Pl 16:0/18:2 833.6 M-H C43H79013P 0.63 + 0.17 0.59 £ 017 131+ 058 201 +0.78
Phosphatidylinositol Pl 16:0/20:4 857.6 M—-H  C45H79013P 097 + 047 0.77 £0.22 090 + 025 272 + 091
Phosphatidylinositol Pl 18:0/18:2 861.6 M-H C45H83013P 7.89 +3.99 6.52 £ 159 830+ 1.83 1044 + 1.78
Phosphatidylinositol Pl 18:0/20:4 885.6 M—-H  C47H83013P 84.21 +4.99 7281 + 516 80.93 + 4.63 68.23 + 4.57*
Phosphatidylinositol Pl 18:0/20:3 888.6 M-H C47H81013P 1.65 +£037 821 +511 186 +0.26 4.66 + 1.30*
Phosphatidylinositol Pl 18:0/22:6 909.6 M-H  C49H83013P 243 + 0.88 4.02 +£ 139 219 +0.33 4.81 + 0.87*

*Means significantly different from adjacent non-cancerous parts, P < .05, the Wilcoxon signed-rank test.
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FIGURE 1 Saturated fatty acid signals identified by Imaging Mass Spectrometry in hepatocellular carcinoma (HCC). A, Typical
reconstruction images acquired from imaging mass spectrometry (IMS) of NHCC (upper 3) and VHCC (lower 3 panels). White dotted lines

indicate demarcations between cancerous parts (CA; right lower) and adjacent non-cancerous parenchyma (NC; left upper). Color variations
were made according to the signal intensity of the substrate; blue, rarely existed; pink, abundant. The left panel shows a gross image of the
specimen, and the middle and right panels show the abundance of PA and SA, respectively. The scale bar shows 1000 um. B, Signal intensities,
acquired from IMS, of PA (red arrows) and SA (blue arrows) are shown in the upper left (NHCC-NC), upper right (NHCC -CA), lower left
(VHCC-NC) and lower right panels (VHCC-CA). C, The signal intensity of saturated fatty acids (SFA) and monounsaturated fatty acids (MUFA)
obtained from all samples, including NHCC (n = 5) and VHCC (n = 10), with comparisons between NC and CA. D, E, The stearate-to-palmitate
ratio (SPR) (D) and C18-MUFA -to-stearate ratio (E) in the CA and NC of 5 NHCC and 10 VHCC resected specimens. *P < .05, **P < .01 with

the Wilcoxon signed-rank test

similar in the 2 cell lines (Figure 3C). ELOVL6 protein levels in Huh7
cells were also detected using immunofluorescence, which exhibited
co-localization with calnexin, an ER marker (Figure 3D).

We then investigated changes in the ER stress response influ-
enced by the modulation of exogenous SPR in vitro. Activating tran-
scription factor 3 (ATF3), DNA-damage inducible transcript 3 (DDIT3)
and splicing form of X-box binding protein 1 (XBP1) are ER stress
markers.31353¢ A previous study reported that PA upregulates these
transcription factors and cell apoptosis.** PA incubation (SPR = 0)
upregulated the mRNA expression of ATF3, DDIT3 and XBP1s in a

dose-dependent manner in Huh7 (Figure 4A) and HepG2 cells (Fig-
ure S4A), as previously reported. In both cell lines, 600 umol/L SFA
was sufficient to induce a stress response. Therefore, we examined
the mechanisms by which SPR modulation affects the ER stress
response in vitro. The expression of ATF3 and DDIT3 gradually
decreased with increases in SPR from O (PA 600 umol/L alone) to 1
(PA 300 pmol/L + SA 300 pmol/L) (Huh7 in Figure 4A,B and HepG2
in Figure S4A,B). However, further increases in SPR were associated
with counter effects, particularly in Huh7 cells (Figure 4B, compared
with HepG2 data in Figure S4B). Consistent with the stronger mRNA

FIGURE 3 Fatty acid profile of hepatoma cell lines, Huh7 and HepG2. A, imaging mass spectrometry (IMS) of fatty acids in Huh7 (upper)
and HepG2 cells (lower). Red arrows show palmitate (PA) (C16:0) and blue arrows are stearate (SA) (C18:0). B, Stearate-to-palmitate ratio (SPR)
under normal conditions in Huh7 (red) and HepG2 cells (green). C, Relative expression of the mRNA of ELOVL6 and SCD in Huh7 (red) and
HepG2 cells (green). D, Representative immunofluorescence images of ELOVL6 (green) and calnexin (endoplasmic reticulum [ER] marker, red)

and the nucleus (blue) of Huh7 cells. The scale bar shows 20 pm
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FIGURE 4 Endoplasmic reticulum (ER) stress mediated by extracellular fatty acid supplementation in Huh7 cells. A, Quantitative PCR for
the mRNA of ER stress-associated transcription factors and ELOVL6 after a 24-hours incubation with saturated fatty acids (SFA). SFA
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treatment with 800 umol/L palmitate (PA), while SPR = 1 at 800 umol/L means a treatment with 400 umol/L each of PA and stearate (SA).
*P < .05, significant difference in expression between SPR = 0 and SPR = 1 using the paired t test. ATF3, activating transcription factor 3;
DDIT3, DNA-damage inducible transcript 3; and XBP1, splicing form of X-box binding protein 1. B, mRNA expression of ER stress-associated
transcription factors after 24-hours SFA incubation at a concentration of 600 umol/L with various SPR (0/600; SPR = 0, 150/450, 300/300;

SPR = 1, 450/150 and 600/0) in Huh7 cells. *P < .05 (Bonferroni procedure). C, D, Imnmunoblot analysis of caspase-3, poly ADP-ribose
polymerase (PARP), ELOVLé, and beta-actin with the modulation of SFA concentrations and SPR for 24 hours

expression of ER stress-associated transcription factors, cleaved cas-
pase 3 and cleaved poly ADP-ribose polymerase (PARP) protein (a
specific 85-kDa form observed during apoptosis)®” were downregu-
lated together with SPR modulation from O to 1 in the immunoblot-
ting analysis (Huh7 in Figure 4C,D and HepG2 in Figure S4C,D). No
alterations were observed in ELOVL6 mRNA or protein expression
levels between SPR = 0 and SPR =1 24 hours after the treatment
with SFA (Figure 4C,D and Figure S4C,D). These results suggest that
lipotoxic effects are altered not only by the concentration of SFA

but also by SPR modulation.

3.5 | Silencing ELOVL6 lowered the stearate-to-
palmitate ratio and increased the endoplasmic
reticulum stress response

We speculated that SPR modulation, from O to 1, may be parallel
to the process of FA elongation regulated by ELOVLé6. Therefore,
we examined whether ELOVLé6 silencing decreases SPR. In Huh7
cells, endogenous SPR was decreased to approximately 50% by
ELOVL6 silencing, irrespective of extracellular PA supplementation
(Figure 5A,B), along with reductions in ELOVL6 mRNA and protein
levels (Figure 5C,D). Similar to the results shown in Figure 4,
extracellular PA supplementation upregulated the mRNA of the ER
stress-associated transcriptional factors, ATF3 and DDIT3 (Fig-

ure 5C, compare siControl with siControl+PA). The silencing of

ELOVL6 also increased these mRNA (Figure 5C). ATF3 mRNA was
upregulated further by ELOVLé silencing plus extracellular PA sup-
plementation.

The phosphorylated form of the RNA protein kinase RNA-like
endoplasmic reticulum kinase (PERK), an ER stress sensor, is
known as a pro-apoptotic factor.>®37 In the immunoblotting analy-
sis, we found that ELOVLé6 silencing increased phosphorylated
PERK cooperatively with extracellular PA supplementation. We
showed that cleaved caspase-3 and PARP were upregulated addi-
tively by ELOVLé silencing and extracellular PA supplementation
(Figure 5D).

Similar results were also obtained for HepG2 cells (Figure S5),
indicating that cancer cells escape PA-induced lipotoxicity by SPR
modulation via FA elongation by ELOVLé.

3.6 | Cell survival and lipid accumulation caused by
silencing ELOVL6 and the palmitate treatment

The results of the immunoblotting analysis indicated that reduc-
tions in SPR induce cellular apoptosis. Therefore, we performed a
TUNEL assay to clarify whether SPR modulation induces apoptosis
in Huh7 cells. ELOVL6 silencing significantly decreased cell num-
bers, but increased TUNEL-positive cell numbers (Figure 6A-C).
ELOVL6 silencing reduced lipid droplets in Huh7 cells (Figure 6A).
Cell proliferation was also suppressed by ELOVL6 silencing
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FIGURE 5 Silencing ELOVL6 decreased the stearate-to-palmitate ratio (SPR) and increased the endoplasmic reticulum (ER) stress response
in Huh7 cells. A, The reconstruction image of IMS for Huh7 cells after a 48-hours transfection with siRNA and a 24-hours incubation in the
absence or presence of palmitate (PA, 600 umol/L). The 4 upper and lower panels show images of PA (m/z 255.3) and SA (m/z 283.3)
contents, respectively. siCtrl, transfected by control siRNA; siEé, transfected by ELOVL6-specific siRNA. B, stearate-to-palmitate ratio (SPR)
calculated with imaging mass spectrometry (IMS) results. *P < .05, **P <.01 with the paired t test. C, Expression levels of mRNA by gPCR.
siCtrl (open bar), transfected by control siRNA, and siEé6 (dotted bar), transfected by ELOVL6-specific siRNA. Red bars (+PA) show the results
obtained after a further 24-hours supplementation with 600 pmol/L PA. *P < .05, **P < .01 with the paired t test. D, Immunoblot analysis of
ELOVLSG, protein kinase RNA-like endoplasmic reticulum kinase (PERK) and its phosphorylated form, caspase-3 and its cleaved form, poly ADP-

ribose polymerase (PARP) and its cleaved form, SCD1, and beta-actin

(Figure 6D). Supplementation with 600 umol/L extracellular PA
aggravated these effects (Figure 6A-D).

The same results were observed in HepG2 cells (Figure S6). The
only difference between Huh7 and HepG2 cells was the absence of
lipid droplets when incubated with siControl in the absence of extra-
cellular PA.

4 | DISCUSSION

An increase in morbidity associated with HCC derived from aber-
rant lipid metabolism, such as NAFL and NASH, is a major public
health issue worldwide. Although preventive approaches for HCC
through the consumption of MUFA have been reported,*®*! the

therapeutic capability of FA for NHCC remains unclear. In the pre-
sent study, PA concentrations decreased in the CA of NHCC,
resulting in the upregulation of SPR. ELOVL6 is known to be
upregulated in NASH patients,*? and the protein expression of this
enzyme was elevated in CA of NHCC in the present study. Fur-
thermore, a correlation was observed between ELOVL6 expression
and SPR. Because low SPR induces severe lipotoxicity by PA, lead-
ing to cell apoptosis via ER stress in hepatoma cell lines, our results
suggest that moderate elevations in SPR may avoid cell death and
support cancer cell survival.

The results of our in vitro experiments demonstrated that
endogenous SPR was distinct in the 2 cell lines examined, suggest-
ing that the appropriate SPR differs in each cell or organ. Huh7 is

a hepatocellular carcinoma cell derived from a liver tumor*® and
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FIGURE 6 Cell survival and proliferation after siRNA transfection with or without a palmitate treatment in Huh7 cells. A, Images of the
TUNEL assay after a 48-hours transfection with siRNA and further 24-hours incubation in the absence or presence of palmitate (palmitate,
600 umol/L). The scale bar shows 50 um (4 upper panels). The 4 lower panels show oil staining images by Sudan lll. The scale bar shows

20 um. B, C, The total cell count in a high-power field (HPF; 400-fold magnification) (B) and TUNEL-positive cell count per total cell count (C)
in each condition. D, Cell proliferation measured by the XTT assay under each condition. *P < .05, **P < .01, using the Bonferroni procedure

HepG2 is a hepatoblastoma cell line derived from liver tissue.**
Therefore, Huh7 may be more similar to the CA of NHCC and a
suitable model for the study of NHCC. Huh7 cells had high
endogenous SPR, which may have induced sensitivity to high con-
centrations of SA. These results support previous findings showing
that ELOVL6 enhanced deleterious effects on pancreatic B-
cells 3143

However, these result reflect the short-term effects of SPR
in vitro, and SPR is also influenced by other factors such as PA syn-
thase; that is, acetyl-CoA carboxylase (ACC) and FA synthase
(FAS),*¢ B-oxidation*” and food intake. Previous studies demon-
strated that SPR decreased with the upregulated expression of

ELOVL6 in NASH patients.*>*® These controversial results suggest

that SPR is also influenced by other factors and that certain feed-
back mechanisms regulate SPR in the long term.

Palmitate and SA-induced lipotoxicity in the liver has been
reported in previous studies.**>* We herein demonstrated SFA-
induced toxicity in vitro; however, these deleterious effects were
altered by changing exogenous SPR under the same total SFA con-
centration. Free PA and SA are activated by acyl-CoA synthetase
into fatty acyl-CoA, which are the primary substrates for energy use
via B-oxidation and the synthesis of TG and phospholipids.>>>® We
previously reported that lysophosphatidylcholine acyltransferase-1
(LPCAT1), which specifically incorporates SFA into membrane phos-

4

phatidylcholine,”* regulates the progression of HCC.>>>® Previous

studies have demonstrated that elevated membrane saturation
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caused inflammation and altered signal transduction.>”>? In TG syn-

thesis, saturated fatty acyl-CoA is incorporated into lipid dro-

60,61

plets, with substrate specificities.®?** This selective usage of

SFA may be one of the mechanisms underlying cancer cell survival.
In conclusion, NHCC and hepatoma cell lines may maintain an

appropriate SPR to attenuate SFA-induced lipotoxicity by modulating

the ER stress response. Therefore, the modulation of SPR has poten-

tial as a therapeutic approach for NHCC.
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