7-Ketocholesterol Induces Endoplasmic
Reticulum Stress in HT-29 Cells
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7-Ketocholesterol (7-Kchol, oxidized cholesterol) is an
important mediator of cell death in atherosclerosis me-
diated by up-regulated Nox 4 gene expression. In the
current study using the human colon cancer HT-29 cell
line, we have demonstrated that 7-Kchol promotes en-
doplasmic reticulum (ER) stress via gene up-regulation
of ER chaperone and membrane kinases.
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Introduction

Oxidized low-density lipoprotein (LDL) is
known as a trigger of an apoptotic process which
represents a major cause of plaque growth and
rupture in vascular smooth muscle cells. Accumu-
lation of this oxidized LDL induces the produc-
tion of a lot of ROS (reactive oxygen species) that
are one of the causes of inflammatory diseases,
including atherosclerosis, diabetes, and hyperten-
sion where an oxidized cholesterol, 7-ketocholes-
terol (7-Kchol), is frequently detected at a high
level. 7-Kchol triggers enhanced gene expression
of Nox 4 and ROS overproduction, and induces
endoplasmic reticulum (ER) stress by changing
the ER lumen conditions, which finally lead to ap-
optosis (Pedruzzi et al., 2004; Chen et al., 2008).

ER stress mediates multiple molecular biologi-
cal processes, called unfolded protein responses
(UPRs), via ER membrane kinases [inositol-re-

quiring enzyme 1 (IRE1), protein kinase-like ER
kinase (PERK), and activating transcription factor
6 (ATF6)], which participate directly or indirectly
in the UPRs of mammalian cells. The ER stress
response in mammalian cells is triggered by the
dissociation of immunoglobulin heavy-chain bind-
ing protein (Bip) from stress transducers, such as
PERK, ATF6, and IRE1. Bip binds to ER luminal
un-/misfolded proteins, which induces augmenta-
tion of the ER stress response. While activation
(autophosphorylation and dimerization) of IRE1
activates the endonuclease domains, that cleave
the X-box DNA-binding protein (XBP) mRNA,
and generates an activated form of XBP1 by
removing 23 nucleotides of the Pst I restriction
enzyme site, activation of PERK results in phos-
phorylation of the alpha subunit of the eukaryotic
translation initiation factor 2 (elF2a) and inhib-
its translation initiation (Yoshida, 2007). ATF6 is
cleaved at the cytosolic face of the membrane in
response to ER stress, causing nuclear transloca-
tion of the N-terminal cytoplasmic domain, which
contains the DNA-binding, dimerization, and
transactivation domains, and subsequent binding
to both ER stressresponse element (ERSE) and
ATF6 sites to enhance ER molecular chaperone
genes. UPR is rapidly sensitive to environmental
or physical changes and associated with apoptosis
(Schroder, 2008; Ron and Walter, 2007).

We investigated the expression patterns of the
ER stress sensors at the cellular level that are
induced by 7-Kchol against colon cancer HT-29
cells through the ER signaling pathway. Our data
demonstrated that 7-Kchol up-regulates the ER
chaperone, Bip, through ER membrane kinases.
Therefore, control of ER chaperones by 7-Kchol,
one of the oxidized cholesterols, may provide new
opportunities at the molecular level for prevent-
ing and treating atherosclerosis.

Material and Methods

Human colon cancer HT-29 cells were routine-
ly cultured in RPMI 1640 medium (McCoy’s SA
modified media; HyClone, Logan, UT, USA) sup-
plemented with 10% fetal bovine serum (FBS)
on collagen-coated dishes in a humidified 5%
CO, atmosphere at 37 °C. Total RNA was ex-
tracted using an SV Total RNA isolation system
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(Promega, Madison, WI, USA). RT-PCR was per-
formed using the forward primer (F) 5’-ACCAC-
CAGTCCATCGCCATT-3’ and reverse primer
(R) 5-CCACCCTGGACGGAAGTTTG-3 for
IRE1; F 5-AGTGGTGGCCACTAATGGAG-3
and R 5-TCTTTTGTCAGGGGTCGTTC-3’ for
Bip; F 5-CTAGGCCTGGAGGCCAGGTT-3’
and R 5’-ACCCTGGAGTATGCGGGTTT-3’ for
ATF6; F 5-ATCGAGTTCACCGAGCAGAC-3’
and R 5>-TCACAGCTTTCTGGTCATCG-3’ for
PDI; F 5-GGTCTGGTTCCTTGGTTTCA-3’
and R 5-TTCGCTGGCTGTGTAACTTG-3’ for
PERK; F 5>-ACATCAAATGGGGTGATGCT-3’
and R 5-AGGAGACAACCTGGTCCTCA-3’
for GAPDH; F 5-AAACAGAGTAGCAGCT-
CAGACTGC-3’ and R 5-TCCTTCTGGGTA-
GACCTCTGGGAG-3’ for XBP1; and F 5-CT-
CAGCGGAATCAATCAGCTGTG-3* and R
5-AGAGGAACACGACAATCAGCCTTAG-3
for Nox 4. RT-PCR primers were supplied by
Bioneer Co. (Taejon, Korea). Unless otherwise
noted, all other chemicals were purchased from
Sigma (St. Louis, MO, USA). The RT-PCR condi-
tions were as follows: 30 cycles at 94 °C for 30 s;
58 °C for 30s; and 72 °C for 1 min (but 10 min
in the final cycle) using both above mentioned
primers with 7aq DNA polymerase. Immuno-
blotting analysis was performed according to the
standard procedure. HT-29 cells were scraped,
lysed by addition of SDS sample buffer [62.5 mm
hydroxymethyl aminomethane-HCl (pH 6.8),
6% (w/v) SDS, 30% glycerol, 125 mm DTT, and
0.03% (w/v) bromophenol blue], and separated
by SDS-PAGE. The proteins were transferred to
a nitrocellulose membrane, and the membrane
was incubated with the primary antibodies over-
night at 4 °C. The blots were developed using an
enhanced chemiluminescence Western blotting
detection system kit (Amersham, Uppsala, Swe-
den). Rabbit anti-eIF2a antibody, eIF2a-P anti-
body, and goat anti-actin antibody were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Mouse anti-ATF6 antibody was obtained
from Imgenex (San Diego, CA, USA).

Results and Discussion

Accumulation of un-/misfolded proteins in the
ER lumen triggers an ER stress signal pathway
through ER membrane stress transducers (IRE1,
PERK, and ATF6) and an ER lumen regulator
(Bip). Releasing Bip from the ER luminal stress-
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sensing domain of IRE1 induces autophosphor-
ylation and dimerization of IRE1, which activates
endonuclease domains that can cleave XBP1
mRNA and generate an activated form of XBP1
protein, finally binding to ERSE in the nucleus.
PERK is also autophosphorylated and dimerized
by releasing Bip, and then blocks total translation
by phosphorylation of elF2a. ATF6 consists of a
C-terminal ER luminal stress-sensing domain and
a cytosolic N-terminal basic leucine zipper (b-
ZIP) domain, which is cleaved via S1P and S2P
proteases, and translocated into the nucleus to
bind to both ERSE and ATF6. We tested whether
7-Kchol stimulates ER stress signaling via IRE1,
PERK, ATF6, and ER chaperones (Schroder and
Kaufman, 2005).

The Ogier-Denis (Pedruzzi et al., 2004) group
demonstrated that 7-Kchol induces early trigger-
ing of ER stress in human aortic smooth muscle
cells, which is mediated by up-regulation of Nox 4
and ROS. As shown in Fig. 1A, firstly the expres-
sion of Nox 4 was checked by treatment of HT-29
cells with 7-Kchol (40 xg/ml), and the resulting ex-
pression was also up-regulated by 7-Kchol. Next,
we tested the expression of the ER chaperone
(Bip) and the ER signal associated membrane
kinases (ATF6, IRE1, and PERK). Although the
expression of Bip increased 7-Kchol-dependent,
slightly increased mRNA levels of ATF6, IRE1,
and PERK were detected. The results showed
that 7-Kchol triggers the overproduction of Nox
4 and induces ER stress in HT-29 cells.

The first response to ER stress involves up-
expression of the genes encoding ER chaper-
ones, including Bip and GRP94, which increase
the protein-folding activity and prevent protein
aggregation. The second response to ER stress
consists of three distinct ER membrane kinases
that are downstream components of ER chaper-
ones, and transmit stress signals from the ER to
the nucleus in response to perturbation of protein
folding in the ER. We checked the expression of
ER membrane kinases.

AFT6 is constitutively expressed as a 90-kDa
protein. ATF6 is cleaved at the cytosolic face of
the membrane in response to ER stress, leading to
nuclear translocation of the N-terminal cytoplas-
mic domain, which contains the DNA-binding,
dimerization, and transactivation domains. There,
the N-terminus binds to both ERSE and ATF6 to
enhance ER molecular chaperone genes. 7-Kchol
also enhanced ATF6 protein expression, and an
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Fig. 1. The results of 7-Kchol treatment in the ER signal pathway. (A) 7-Kchol stimulated Nox 4 expression, and ER
chaperone and membrane stress transducer gene expression in HT-29 cells treated with 7-Kchol. HT-29 cells were
incubated with 0 or 40 ug 7-Kchol/ml for 16 h. All mRNA levels were measured by RT-PCR. (B) Immunoblotting
analysis of ATF6. Cells were treated with 7-Kchol (40 ug/ml) or tunicamycin (Tu, 2 ug/ml) for 16 h. Cells without
treatment, as a control, are indicated by C. Cell lysates were subjected to Western blotting with mouse anti-ATF6
monoclonal antibody. (C) XBP1 cDNA after Pst I digestion. HT-29 cells were treated with 7-Kchol (40 ug/ml) for
16 h and RT-PCR was performed. This fragment was further digested by Pst I to reveal a restriction site that was
lost upon splicing of XBP1 by ER stress. The resulting XBP1 cDNA products were revealed on a 2% agarose gel.
Unspliced XBP1 mRNA produced the two lower bands indicated by arrows (upper 290 bp and lower 183 bp),
whereas spliced XBP1 mRNA have one 450 bp band (the arrow head). (D) Effects of 7-Kchol on phosphorylation
of eIF2a protein. HT-29 cells were treated with 7-Kchol (40 ug/ml) and tunicamycin (Tu, 2 ug/ml) for 16 h. Cells
were washed with PBS, scraped with a rubber policeman, and lysed in 100 x1 of SDS sample buffer. After boiling
for 5 min, 5 x4l aliquots of each sample were subjected to SDS-PAGE (10% gel) and analyzed by immunoblotting
with anti-phosphorylated-eIF2a antibody (eIF2a-P) and anti-eIF2a antibody (eIF2a). Although the experiments
were performed in triplicate, only a representative blot is shown in this figure.

almost equal level of expression was detected by
the ER-inducible drug tunicamycin (Tu, N-glyco-
sylation inhibitor) (Fig. 1B). To confirm the induc-
tion of IRE1 gene expression by 7-Kchol, XBP1
mRNA splicing (the proximal step of IRE1) was
tested by a RT-PCR assay. 7-Kchol treatment
stimulated the XBP1 mRNA-splicing activity, in-
dicating that IRE1 kinase activity triggers the at-
tached RNase activity to produce spliced XBP1
mRNA; the resulting cDNA fragment is indi-
cated by the arrow in Fig. 1C. Tunicamycin en-
hanced the phosphorylation of the elF2a protein
through PERK dimerization. 7-Kchol increased
the expression and the phosphorylation of elF2a
(phosphorylation is the proximal step of PERK
activation) (Fig. 1D).

In summary, we showed that 7-Kchol increased
the expression of an ER chaperone and ER

membrane stress transducers (IRE1, PERK, and
ATF6) via typical UPRs in HT-29 cells. In addi-
tion, 7-Kchol enhanced the gene expression of
Nox 4, which is one of the important factors of
atherosclerosis induction. Thus, our findings sug-
gest that 7-Kchol, an oxidized cholesterol, can
trigger ER stress, which may provide new insight
into the possible role of 7-Kchol in ER stress, and
may help to develop novel drugs for atherosclero-
sis associated with ER stress.
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