g
%3

)
o
DCD
o<
T 3
[e=]
=3
w
1

ANIMAL CELLS AND SYSTEMS Tavl &F .
2020, VOL. 24, NO. 5, 260-266 ay or ‘ rancis
https://doi.org/10.1080/19768354.2020.1813805 Taylor &Francis Group

8 OPEN ACCESS W) Check for updates

Arachidonic acid induces ER stress and apoptosis in HT-29 human colon
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ABSTRACT

Polyunsaturated fatty acids (PUFAs) have important functions in biological systems. The beneficial
effects of dietary PUFAs against inflammatory diseases, cardiovascular diseases, and metabolic
disorders have been shown. Studies using cancer cells have presented the anti-tumorigenic
effects of docosahexaenoic acid (DHA), an n-3 PUFA, while arachidonic acid (AA), an n-6 PUFA,
has been shown to elicit both pro- and anti-tumorigenic effects. In the current study, the anti- Arachidonic acid: anti-
tumorigenic effects of AA were evaluated in HT-29 human colon cancer cells. Upon adding AA in tumorigenic effect; ER stress;
the media, more than 90% of HT-29 cells died, while the MCF7 cells showed good proliferation. HT-29 cells

AA inhibited the expression of SREBP-1 and its target genes that encode enzymes involved in

fatty acid synthesis. As HT-29 cells contained lower basal levels of fatty acid synthase, a target

gene of SREBP-1, than that in MCF7 cells, the inhibitory effects of AA on the fatty acid synthase

levels in HT-29 cells were much stronger than those in MCF-7 cells. When oleic acid (OA), a

monounsaturated fatty acid that can be synthesized endogenously, was added along with AA,

the HT-29 cells were able to proliferate. These results suggested that HT-29 cells could not

synthesize enough fatty acids for cell division in the presence of AA because of the suppression

of lipogenesis. HT-29 cells may incorporate more AA into their membrane phospholipids to

proliferate, which resulted in ER stress, thereby inducing apoptosis. AA could be used as an anti-
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tumorigenic agent against cancer cells in which the basal fatty acid synthase levels are low.

Introduction

Polyunsaturated fatty acids (PUFAs) of the n-3 and n-6
series are components of membrane phospholipids, pre-
cursors of signal molecules such as prostaglandins and
leukotrienes, and regulators of various transcription
factors. The health benefits of PUFAs in inflammatory dis-
eases, autoimmune diseases (Simopoulos 2002), cardio-
vascular diseases (Simopoulos 2002; Harris et al. 2013),
and metabolic disorders (Zivkovic et al. 2007) have
been actively studied. In general, n-3 PUFAs such as eico-
sapentaenoic acid (EPA, C20:5, n-3) and docosahexae-
noic acid (DHA, C22:6, n-3) have been shown to reduce
the risks of cardiovascular disease and inhibit inflamma-
tory reactions (Morland et al. 2016; Calder 2017). The
roles of n-6 PUFA metabolites in such diseases have
been suggested to be mainly pro-inflammatory and
pro-allergenic (Patterson et al. 2012); however, n-6
PUFAs also have effects similar to those of n-3 PUFAs
when they act as regulators of transcription factors
(Hannah et al. 2001; Patterson et al. 2012).

N-3 PUFAs have shown protective effects against
cancers and are expected to reduce the incidence of

cancer (Hall et al. 2008; Sawada et al. 2012; Song et al.
2017). Multiple mechanisms involving changes in mem-
brane properties, eicosanoid profiles, and ROS gener-
ation have been proposed (Das 1999; Larsson et al.
2004; Tanaka et al. 2017). Through the regulation of
various transcription factors including sterol regulatory
element-binding proteins (SREBPs) (Hannah et al. 2001),
peroxisome proliferation activating receptors (PPARs)
(Bordoni et al. 2006), and liver X receptor (LXR) (Howell
et al. 2009), they affect cellular metabolic pathways
that may be critical in cancer cell metabolism.

In contrast to the strong anti-tumorigenic effects of n-
3 PUFAs, the roles of n-6 PUFAs in cancers have been
shown to be pro-tumorigenic (Rose and Connolly 1990;
Williams et al. 2011). Arachidonic acid (AA, C20:4, n-6)
is metabolized to produce prostaglandins (PG) by
cyclooxygenase (COX). Elevated levels of COX-2 and
the accompanying elevation of the PGE, levels have
often been observed in colorectal cancer cases (Sano
et al. 1995; Brown and DuBois 2005), and various
studies have shown that COX-2 inhibition by conven-
tional non-steroid anti-inflammatory drugs (NSAIDs)
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inhibits intestinal polyposis and cancer cell growth in
rodent models (Oshima et al. 1996; Kawamori et al.
1998) and also reduces the risk of colorectal cancer in
humans (Chan et al. 2007, 2009). It has been proposed
that in DLD-1 colorectal adenocarcinoma cells, PGE,
binds to the EP, receptor, which activates the PI-3 K/
AKT and f3-catenin signaling pathways, thereby stimulat-
ing tumor growth (Castellone et al. 2005). AA has been
reported to stabilize (-catenin in a PG-independent
manner through direct interactions with Fas-associated
factor 1 (FAF1), which inhibits the degradation of (-
catenin and stimulates the growth of tumors in clear
cell renal cell carcinoma (Kim et al. 2015).

The aim of the current study was to evaluate the
effects of AA on cancer cells using HT-29 and MCF7
cells. Endogenous de novo lipogenesis is essential for
cancer cells to generate cell membranes for proliferation.
AA inhibits the activities of transcription factors that
regulate fatty acid synthesis (Hannah et al. 2001; Moon
et al. 2009). In this study, we observed the anti-tumori-
genic effects of AA in HT-29 human colon cancer cells
but not in MCF7 cells. In HT-29 cells, AA inhibited the
endogenous synthesis of fatty acids through the inhi-
bition of SREBP-1, which rendered the cells highly depen-
dent on exogenously supplied fatty acids. The cells
treated with AA exhibited endoplasmic reticulum (ER)
stress, leading to apoptosis and cell death.

Materials and methods
Cell culture

HT-29 (human colorectal adenocarcinoma) cells and MCF7
cells (human breast adenocarcinoma) were obtained from
the ATCC (Manassas, VA). The MCF7 cells were cultured in
Dulbecco’s modified Eagle medium (DMEM, GIBCO,
Waltham, MA) supplemented with 10% fetal bovine serum
(FBS) and 1 x antibiotics (GIBCO). The HT-29 cells were main-
tained in RPMI-1640 (GIBCO) medium supplemented with
10% FBS and 1 X antibiotics (GIBCO). Fatty acids were
obtained from Nu-Chek Prep, Inc. (Elysian, MN); the BSA-
bound fatty acids were prepared as described in a previous
study (Moon et al. 2001) and added to the culture medium.
Delipidated FBS (DLFBS) was prepared as previously
described (Hannah et al. 2001). The cultures were incubated
in a humidified atmosphere of 5% CO, at 37°C. Cerulenin
(Sigma, St. Louis, MO) was dissolved in ethanol and added
to the medium at 12.5 pM.

MTT assay

The cells were seeded into 96-well plates at a density of
2 x 10 cells/well on day 0. On day 1, the culture media
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were changed to media supplemented with either 10%
FBS or 10% DLFBS. The indicated fatty acids were
added to the media at a concentration of 100 uM. On
day 4, MTT assay was performed using the Cell Titer
96° AQueous One Solution Cell Proliferation Assay kit
(Promega, Madison, WI), as described in the manufac-
turer’s protocol.

Detection of apoptosis

The cells were seeded into 60 mm dishes at a density of
4x10° cells/dish on day 0. On day 1, the cells were
treated with the fatty acids as described above. On day
3, the cells were detached and stained with FITC-
Annexin V and propidium iodide using an FITC/
Annexin V Apoptosis Detection Kit (BD Biosciences, San
Jose, CA). The cells were separated using the BD Accuri
C6 flow cytometer (BD Biosciences).

Measurement of ROS

The cells were seeded into 96-well plates at a density of
2x10* cells/well on day 0. On day 1, the cells were
treated with the fatty acids. On day 2, 10 pl of carboxy-
H,DCFDA (Thermo Fisher Scientific) was added to the
cells. After incubation for 30 min, the fluorescence from
the cells was measured using a Spark microplate reader
(Tecan, Thermo Fisher Scientific).

RNA extraction and quantitative real-time PCR

The cells were plated in 60 mm dishes at a density of 4 x
10° cells/dish on day 0. On day 1, the cells were treated
with the fatty acids as described above. After 24 h, the
total RNA from the cells was extracted using TRizol
(Thermo Fisher Scientific), as described in the manufac-
turer's protocol. The isolated RNA was treated with
DNasel using a DNA-free kit (Invitrogen), and cDNA was
synthesized from the total RNA samples (2 pg) using
the iScript™ cDNA Synthesis kit (Bio-Rad, Hercules, CA).
Quantitative real-time PCR (qPCR) was performed using
the CFX connect™ Optic Module PCR kit (Bio-Rad) and
iQ™ SYBR® Green Supermix PCR reagents (Bio-Rad).
The results were evaluated using the CFX Maestro™ soft-
ware (Bio-Rad). The mRNA expression levels of the tested
genes were normalized with those of cyclophilin.

Preparation of proteins and immunoblotting
analysis

The cells were plated in 100 mm dishes at a density of
2 x 10%ells/dish on day 0. On day 1, the cells were
treated with the fatty acids as described above. After
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24 h, whole-cell lysates were prepared using RIPA lysis
buffer (Thermo Fisher Scientific) containing Complete
Protease Inhibitor Cocktail Tablets (Roche, Indianapolis,
IN). The total protein samples were loaded onto SDS-
PAGE gels immunoblotting was performed using rabbit
anti-SREBP1 clone 20B12 (Sigma), anti-calnexin (Enzo,
Farmingdale, NY), anti-CREB, anti-elF2q, anti-phospho-
elF2a (Cell Signaling Technology, Danvers, MA), anti-
caspase-3, anti-B-actin (Santa Cruz Biotechnology,
Dallas, TX). The signals were developed using an
enhanced chemiluminescence (ECL) kit (Bio-Rad) and
the bands were visualized using the ChemiDoc™
Touch Image system (Bio-Rad).

Determination of XBP1 splicing

The unprocessed and the processed forms of X-box
binding protein 1 (XBP1) were examined by PCR using
the cDNA prepared as described above. The primers
used for the reaction were sense 5-AAACAGAGTAG-
CAGCTCAGACTGC-3’ and antisense 5-TCCTTCTGGGTA-
GACCTCTGGGAG-3'. The PCR products were separated
on a 2% agarose gel.

Results

HT-29 and MCF7 cells were cultured in the media sup-
plemented with 10% FBS or 10% DLFBS, and fatty acids
of various chain lengths and degrees of desaturation,
including oleic acid (OA, C18:1, n-9), linoleic acid (LA,
C18:2, n-6), linolenic acid (LNA, C18:3, n-3), AA (C20:4,
n-6), EPA (C20:5, n-3), and DHA (C22:6, n-3), were
added to the media. Upon the addition of AA, EPA, or
DHA to the media supplemented with 10% FBS, 20-
60% of the HT-29 cells died, while the HT-29 cells that
were not treated with the fatty acids and those treated
with OA, LA, or LNA grew well (Figure 1A). When AA,
EPA, or DHA was added to the media supplemented
with 10% DLFBS, more than 90% of the HT-29 cells
died, while the cells that were not treated with the
fatty acids and those that were treated with OA, LA, or
LNA grew well (Figure 1A). MCF7 cells cultured in
either the medium containing 10% FBS or that contain-
ing 10% DLFBS were not greatly affected by the treat-
ment with any of the fatty acids tested (Figure 1A). The
HT-29 cells incubated without the fatty acids and those
that were treated with OA, AA, or DHA were stained
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Figure 1. AA induced apoptosis in HT-29 cells. (A) HT-29 and MCF7 cells were treated with the indicated fatty acids, then the MTT assay
was performed. The values represent the mean + SE of 4 wells. * indicates p < 0.01 (Student’s t-test; compared to the untreated cells).
(B) The HT-29 cells treated with the indicated fatty acids were stained with FITC-Annexin V/propidium iodide and separated by FACS.
The portions of the apoptotic cells were boxed. (C) Expression of BAX were analyzed by reverse transcription-PCR using RNA prepared
from the HT-29 cells treated with the indicated fatty acids in the media containing DLFBS. Caspase-3 was analyzed by western blotting.

GAPDH and B-actin are the loading controls.



with FITC-Annexin V and propidium iodide to determine
the degree of apoptosis. The proportions of AA- and
DHA-treated HT-29 cells that were stained positively
after the FITC-Annexin V/propidium iodide staining
were 74.5% and 78.3%, respectively, which indicated
the occurrence of apoptosis. In contrast, among the
cells not treated with the fatty acids or those treated
with OA, 0% and 14.2% of the cells were positively
stained, respectively (Figure 1B). Proapoptotic proteins
such as BAX and Caspase-3 were induced in the HT-29
cells treated with AA (Figure 1C). These results suggested
that very-long-chain PUFAs such as AA, EPA, and DHA led
to HT-29 cell death, especially when the amounts of
exogenous lipids from the serum were limited.

High concentrations of fatty acids can generate
ROS in cells, which can be toxic and result in cell
death. To ascertain whether the addition of very-
long-chain PUFAs increased the ROS levels in the
cells, the ROS levels were measured in the cells that
were not treated with fatty acids and those that
were treated with OA, LA, or AA. The ROS levels in
the MCF7 and HT-29 cells did not increase following
the addition of either of these fatty acids to both
the medium containing 10% FBS and that containing
DLFBS (Figure 2). These results suggested that ROS
were not the reason for the death of the AA-treated
HT-29 cells.

Cells can synthesize long-chain saturated and mono-
unsaturated fatty acids, such as palmitic (C16:0), stearic
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Figure 2. AA did not affect ROS generation in the cells. HT-29
and MCF7 cells were cultured and treated with the indicated
fatty acids, then ROS production was measured from the cells.
The values represent the mean + S.E. of 4 wells.
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(C18:0), and oleic (C18:1, n-9) acids, which are major
fatty acids of membrane lipids. The enzymes respon-
sible for de novo fatty acid synthesis are regulated by
the transcription factor SREBP-1 (Morton and Shimo-
mura 1999; Horton et al. 2002). Unsaturated fatty
acids including OA and AA are known inhibitors of
SREBP-1 (Hannah et al. 2001), and thus, its target
genes. To know whether OA and AA inhibited SREBP-
1 and lipogenesis, the SREBP-1 levels in the HT-29
and MCF-7cells were determined (Figure 3A). The
mRNA level of SREBP-1 and the precursor (inactive)
and the nuclear (active) forms of SREBP-1 were remark-
ably reduced by OA and AA treatment in MCF7 cells.
The mRNA level of SREBP-1 in HT-29 was lower than
that in MCF-7 cells and inhibition by OA and AA was
not as big as in MCF7 cells, although the nuclear
form SREBP-1 was reduced by OA and AA treatment
(Figure 3A). The SREBP-1 target genes, including fatty
acid synthase (FAS) and stearoyl-CoA desaturase
(SCD)-1, in the HT-29 cells and MCF7 cells were
found to be reduced by OA and AA (Figure 3B). The
basal mRNA expression levels of FAS and SCD-1 in
HT-29 cells were lower than those in MCF7 cells,
which were 16% and 19% of those in MCF7 cells,
respectively; the expression of these genes was
further inhibited by OA and AA (Figure 3B). These
results suggested that the addition of unsaturated
fatty acids to the cells suppressed the expression of
lipogenic genes, which might inhibit de novo fatty
acid synthesis. The low levels of SREBP-1, FAS, and
SCD-1 could make HT-29 cells highly susceptible to
the suppression of fatty acid synthesis by unsaturated
fatty acids, given their dependence on the fatty acids
supplied exogenously.

The HT-29 cells were partially protected from cell
death by AA when they were cultured in the media sup-
plemented with normal serum, while more than 90% of
HT-29 cells died following the addition of AA into the
media supplemented with DLFCS (Figure TA). In contrast
to AA, OA, one of the major fatty acids synthesized
endogenously in animal tissues, did not greatly affect
the growth of HT-29 cells cultured both in the medium
supplemented with FBS and that supplemented with
DLFBS despite inhibition of FAS (Figures 1A and 3B). To
determine whether OA could rescue the effect of AA,
OA was added to the medium containing DLFBS at
various concentrations in the presence of AA. The AA-
mediated death of HT-29 cells was rescued by the
addition of OA in a dose-dependent manner; 80% of
cell death was rescued by the addition of 100 uM OA
(Figure 3Q). These results suggested that OA is a possible
component that may have been lacking in the HT-29
cells cultured in the media containing AA and DLFBS.
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Figure 3. AA inhibited the expression of SREBP-1c and its target genes, and OA could rescue the AA mediated cell death in HT-29 cells.
(A) The relative mRNA expression of SREBP-1c¢ was determined by qPCR. The precursor form (pSREBP-1) and the active form of SREBP-1
(nSREBP-1) were determined using proteins prepared from the indicated cells. Calnexin and CREB are the loading controls for pSREBP-1

and nSREBP-1, respectively. (B) The relative expression levels of FAS

and SCD-1 were determined by qPCR. The expression levels of these

genes in MCF7 cells that were not treated with the fatty acids are defined as 1. The values represent the mean + SE of 3 plates. * indi-

cates p < 0.05 (Student’s t-test; compared to the untreated cells). (C

) OA was added to the cells at the indicated concentrations in the

presence or absence of AA and the MTT assay was performed. The values represent the mean + SE of 4 wells. * and ** indicate p < 0.05
and p < 0.01, respectively (Student’s t-test; compared to cells cultured in DLFBS with 100 uM AA). (D) MCF7 cells were incubated with
OA and AA in the presence of cerulenin and the MTT assay was performed. The values represent the mean + SE of 4 wells. ** indicates p
<0.01 of Student’s t-test by comparison of cerulenin alone and cerulenin with AA).

In a similar vein, MCF7 cells were treated with cerulenin,
an FAS inhibitor, to limit endogenous lipogenesis. Ceru-
lenin is a known anti-cancer reagent (Shiragami et al.
2013), however, was added to the media below the con-
centration of cytotoxicity. MCF7 cells under 12.5 uM cer-
ulenin grew well but died with the addition of AA (Figure
3D). This result also suggested that the low level of FAS
activity could make cancer cells susceptible to AA.
When de novo lipogenesis is inhibited and cells
cannot synthesize enough fatty acids, the supplemented
fatty acids would be incorporated into the membranes of
proliferating cells. Changing the fatty acid composition

of the ER membrane would result in ER stress, and
thus, lead to apoptosis. Therefore, the ER stress in HT-
29 cells incubated with AA was determined by analyzing
XBP1 processing and phosphorylation of elF2a, which
are known changes associated with ER stress (Calfon
et al. 2002; Chen and Brandizzi 2013). HT-29 cells
treated with AA showed an increase in the level of the
processed form of XBP1 and phosphorylated elF2aq,
while the MCF7 cells did not show any change in these
molecules (Figure 4). These results suggested that the
HT-29 cells with AA became more dependent on the
fatty acids supplied exogenously and incorporated
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Figure 4. AA induced ER stress in HT-29 cells. The cDNAs prepared for the experiment described in Figure 3 were used to determine
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more AA supplied into their membrane lipids, which
changed the membrane properties, resulted in ER
stress, and triggered apoptosis.

Discussion

The aim of the current study was to evaluate the effects
of AA on cancer cells using HT-29 and MCF7 cells. AA
induced apoptosis in HT-29 cells, while the MCF7 cells
showed good proliferation. In both cells, AA inhibited
the expression of SREBP-1 and its target genes that
encode enzymes involved in fatty acid synthesis. As the
HT-29 cells showed lower basal levels of FAS and SCD-
1 than those in the MCF7 cell, HT-29 cells could not syn-
thesize enough fatty acids for cell division in the pres-
ence of AA, and became more dependent on fatty
acids supplied exogenously. HT-29 cells may incorporate
more AA into their membrane phospholipids during
their proliferation, which resulted in ER stress, ultimately
causing apoptosis.

The effects of AA on cancer cells have been evalu-
ated in various studies. The majority of such studies
have shown pro-tumorigenic effects of AA by producing
more PGE,, which activates growth signals in the cells.
The stabilization of B-catenin by AA has been shown
to promote the proliferation of renal cell carcinoma
cells independent on PGE,. However, depending on
the cancer cell type, AA also exhibited anti-tumorigenic
effects via the generation of ROS. The current study
shows that the HT-29 colon cancer cells were suscep-
tible to AA, while the MCF7 human breast cancer cells
were protected. The ability of growing cells to syn-
thesize endogenous fatty acids for the maintenance of
membrane lipids seems to be a critical factor that
decides the anti-tumorigenic effects of AA in these

cells. Both OA and AA inhibited the SREBP-1 activity
and the expression of its target genes in HT-29, as
well as MCF7 cells. However, HT-29 cells treated with
OA, even when OA was added in the presence of AA,
proliferated well; this strongly suggested that OA
could compensate for the lack of fatty acids produced
by de novo lipogenesis, but AA could not. A continuous
supply of long-chain saturated or monounsaturated
fatty acids, such as palmitic acid, stearic acid, and OA,
is critical for the synthesis of membrane phospholipids
and maintenance of membrane functions, especially in
proliferating cells. The supplied OA would be used by
the proliferating cells for forming membranes. AA has
4 cis-double bonds, and its incorporation into the mem-
brane phospholipids as a major component may gener-
ate an abnormal membrane structure, which triggers
apoptotic reactions.

The FAS level in the cells could be one of the factors
for the different responses of HT-29 cells and MCF7
cells to AA. Because MCF7 cells show high expression
levels of FAS and SCD-1, they could maintain enough
lipogenesis even under conditions when the SREBP-1
activity was inhibited by AA. By screening the FAS
levels of the cancer tissues, AA can be used to inhibit
tumor growth. Rapidly proliferating cancer cells would
be affected to a greater degree by AA, because normal
cells do not divide fast. More cancer cells where AA exhi-
bits anti-tumorigenic effects should be studied to
propose AA as an anti-cancer therapy. Even though AA
alone cannot kill cancer cells completely, combining it
with other therapeutic agents will help kill the cancer
cells. Thus, local administration of AA may be useful for
the treatment of some cancers, especially colon
cancers, which are accessible from the outside of the
body via endoscopy.
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