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Apoptosis induced by t10,c12-conjugated linoleic acid
iIs mediated by an atypical endoplasmic reticulum

stress response
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Abstract Conjugated linoleic acid (CLA) inhibits rat mam-
mary carcinogenesis, in part by inducing apoptosis of pre-
neoplastic and neoplastic mammary epithelial cells. The
current study focused on the mechanism by which apoptosis
is induced. In TM4t mammary tumor cells, trans-10,cis-
12 (t10,c12)-CLA induced proapoptotic C/EBP-homologous
protein (CHOP) concurrent with the cleavage of poly(ADP-
ribose) polymerase. Knockdown of CHOP attenuated
t10,c12-CLA-induced apoptosis. Furthermore, t10,c12-CLA
induced the cleavage of endoplasmic reticulum (ER)-
resident caspase-12, and a selective inhibitor of caspase-12
significantly alleviated t10,c12-CLA-induced apoptosis. Using
electron microscopy, we observed that t10,c12-CLA treat-
ment resulted in marked dilatation of the ER lumen.
Together, these data suggest that t10,c12-CLA induces apo-
ptosis through ER stress. To further explore the ER stress
pathway, we examined the expression of the following up-
stream ER stress signature markers in response to CLA
treatment: X-box binding protein 1 (XBP1) mRNA (un-
spliced and spliced), phospho-eukaryotic initiation factor
(eIF) 2«, activating transcription factor 4 (ATF4), and BiP
proteins. We found that t10,c12-CLA induced the expres-
sion and splicing of XBP1 mRNA as well as the phosphoryl-
ation of eIF2«. In contrast, ATF4 was induced modestly, but
not significantly, and BiP was not altered.lifi In summary,
our data demonstrate that apoptosis induced by t10,c12-CLA
is mediated, at least in part, through an atypical ER stress
response that culminates in the induction of CHOP and the
cleavage of caspase-12.—Ou, L., Y. Wu, C. Ip, X. Meng, Y-C.
Hsu, and M. M. Ip. Apoptosis induced by t10,c12-conjugated
linoleic acid is mediated by an atypical endoplasmic re-
ticulum stress response. J. Lipid Res. 2008. 49: 985-994.
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The endoplasmic reticulum (ER) plays an important
role in the biosynthesis of proteins and membrane lipids.
Proteins are synthesized on the cytoplasmic surface of
the ER, and those destined for secretion or for transmem-
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brane compartments are translocated into the ER, where
they undergo posttranslational modifications such as di-
sulfide bond formation or glycosylation and are correctly
folded and assembled to their final three-dimensional
conformation. Any disruption to this closely regulated mat-
uration event, such as may occur by changes in the ER
microenvironment, can lead to the accumulation and/or
aggregation of unfolded or misfolded proteins. As a result,
a coordinated unfolded protein response or ER stress
response is initiated within the cell (1), with the goal of
rescuing the cell if the stress is not prolonged or severe.
The unfolded protein response is typically regulated by
three ER transmembrane proteins, PERK (for double-
stranded RNA-dependent protein kinase (PKR)-like endo-
plasmic reticulum-resident kinase), ATF6 (for activating
transcription factor 6), and IRE1 (for inositol-requiring
enzyme 1), which are bound to the ER-resident chaperone
BiP/GRP78 (for 78 kDa glucose-regulated protein) in non-
stressed cells (2). Upon sensing stress within the ER, BiP
dissociates from these three transducers, facilitating their
activation, and binds to and stabilizes the unfolded/
misfolded proteins (3). Active PERK phosphorylates the
eukaryotic initiation factor elF2a, which inactivates it, re-
sulting in translation attenuation (4). ATF6 is cleaved by
the S1 and S2 proteases of the Golgi, and the cleaved ATF6
binds to endoplasmic reticulum stress response elements
(ERSEs) in the promoters of the C/EBP-homologous
protein (CHOP), X-box binding protein 1 (XBP1), and
BiP genes, among others, resulting in their transcription
(5-9). In addition, the endoRNase activity of active IRE1

Abbreviations: ATF, activating transcription factor; CHOP, C/EBP-
homologous protein; CLA, conjugated linoleic acid; elF, eukaryotic
initiation factor; ER, endoplasmic reticulum; ERSE, endoplasmic
reticulum stress response element; GRP78, 78 kDa glucose-regulated
protein; IREL, inositol-requiring enzyme 1; MTT, thiazolyl blue tetra-
zolium bromide; PARP, poly(ADP-ribose) polymerase; PERK, double-
stranded RNA-dependent protein kinase (PKR)-like endoplasmic
reticulum-resident kinase; siRNA, small interfering RNA; t10,c12, trans-
10,¢is-12; XBP1, X-box binding protein 1.
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cleaves a small intron from XBP1 mRNA, and transla-
tion of the resultant spliced XBP1 mRNA generates the
active transcription factor XBP1, which can bind to ERSE
and initiate the transcription of a distinct set of mRNAs,
including the ER degradation-enhancing mannosidase-
like protein and the proapoptotic protein CHOP (10, 11).

With prolonged or severe ER stress, cells undergo apo-
ptosis. This ER response was recently recognized as a third
major pathway implicated in apoptosis, in addition to
the classical death receptor (“extrinsic”) and mitochon-
drial (“intrinsic”) pathways. The mechanism of ER stress-
induced apoptosis is not fully understood; however, the
proapoptotic protein CHOP and the ER-resident caspase-
12 have been suggested to play key roles (11, 12).

Conjugated linoleic acid (CLA) is a family of C18 fatty
acids with conjugated double bonds. Isomers of CLA,
in particular ¢9,t11-CLA, are found naturally in dairy
products and ruminant meats. In addition, synthetically
produced CLA supplements, generally containing an
equal mixture of trans-10,cis-12 (t10,c12)-CLA and c9,t11-
CLA, are available in health food stores, and a mixture of
these two isomers is being tested clinically for potential
health benefits in obesity, including fat loss and improve-
ment in insulin sensitivity (13, 14). Importantly, a number
of studies have demonstrated that dietary CLA has pre-
ventive activity in models of mammary, gastric, and skin
cancer (reviewed in Ref. 15), and both the ¢9,t11- and
t10,c12-CLA isomers were found to be equally efficacious
at inhibiting N-nitroso-N-methylurea-induced rat mam-
mary carcinogenesis (16), metastasis from a transplantable
mouse mammary tumor (17), and angiogenesis (18).

At the cellular level, CLA exerts its effects by inducing
apoptosis of mammary tumor cells in vitro and preneo-
plastic lesions in the rat mammary gland in vivo (19, 20).
One of the pathways used by CLA to induce apoptosis
is through the mitochondria, and we found that in p53
mutant mammary tumor cells, t10,c12-CLA induced a time-
and concentration-dependent cleavage of caspases-9 and -3
as well as the release of cytochrome ¢ from mitochondria to
cytosol (20). Moreover, our data suggested that Bcl-2 played
an important role in the apoptotic effect of CLA, because
both mitochondrial and whole cell levels of Bcl-2 were de-
creased in cells treated with CLA and the overexpression of
Bcl-2 significantly attenuated the apoptotic effect of CLA (20).

In addition to the mitochondrial membrane, Bcl-2
localizes to the ER membrane, where it has been shown
to be functional in blocking apoptosis in some cell lines
(21, 22). The protective effect of Bcl-2 in TM4t cells, as well
as our current data that t10,c12-CLA induced a marked
dilatation of the lumen of the ER, a phenomenon that has
been linked to an ER stress response (23, 24), led us to
investigate the role of ER stress in CLA-induced apoptosis.

MATERIALS AND METHODS
Cell culture and cell growth measurements

p53 mutant TM4t mouse mammary tumor cells were obtained
from Dr. Dan Medina at Baylor College of Medicine (Houston,
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TX) and were cultured in DMEM-F12 supplemented with
2% adult bovine serum, 10 pg/ml insulin, 5 ng/ml epidermal
growth factor, and 5 pg/ml gentamicin. Viable cell number was
determined by counting the number of cells that excluded trypan
blue (time dependence experiments) or by the thiazolyl blue
tetrazolium bromide (MTT) assay [concentration dependence,
small interfering RNA (siRNA), and caspase-12 inhibitor experi-
ments]. For the latter, cells (104/we11) were seeded in triplicate
wells in 24-well plates, allowed to attach overnight, and then
treated for 72 h without or with 10, 20, or 40 uM CLA. To evaluate
viable cell number, 200 pl of MTT (5 mg/ml in PBS; Sigma-
Aldrich, St. Louis, MO) was added to each well and the plates
were incubated at 37°C for 4 h. After dissolving the purple
formazan crystals in isopropanol, the centrifuged solutions were
transferred to a 96-well microplate and read ata wavelength of 570
nm. The CLA isomers, ~98% pure, were obtained from Larodan
Fine Chemicals (Malmo, Sweden) and prepared as the sodium
salt for use in culture (25). Thapsigargin (1 and 10 uM) and
ionomycin (1 and 10 wg/ml) were obtained from Calbiochem
(San Diego, CA) and Invitrogen (Carlsbad, CA), respectively.

Immunoblotting

For each experiment, 5 X 10° cells were plated in 100 mm
dishes (0.5 X 10° cells/ml medium) then allowed to attach
overnight before the addition of t10,c12-CLA. After CLA treat-
ment for the indicated times and concentrations, attached and
floating cells were collected and lysed with 300 wl of lysis buffer
[1% (v/v) Triton X-100, 50 mM Tris, pH 8.0, 150 mM NaCl, 2 mM
EDTA, 10 mM sodium phosphate, 10 mM sodium pyrophos-
phate, 5 mM sodium vanadate, 0.1% (w/v) SDS, 0.5% (w/v)
sodium deoxycholate, 20 pwg/ml leupeptin, 100 wg/ml soybean
trypsin inhibitor, 120 wg/ml Pefabloc, 1 puM DTT, 1 pg/ml
pepstatin A, 10 pg/ml aprotinin, and 1 wM NaF]. The protein
concentration was measured using the Dc Protein Assay (Bio-
Rad Laboratories). Lysates were separated by electrophoresis on
a SDS/12% polyacrylamide gel and then transferred to poly-
vinylidene difluoride Western blotting membranes (Roche,
Indianapolis, IN).

Antibodies

Primary antibodies against cleaved poly(ADP-ribose) polymer-
ase (PARP) (9544), phospho(Ser51)-elF2a (9721), elF2a (9722),
and caspase-12 (2202) were purchased from Cell Signaling Tech-
nology (Danvers, MA). BiP antibody (SPA-827) was purchased
from Stressgen Biotechnologies (Victoria, British Columbia,
Canada); this antibody also recognizes the chaperone GRPY4.
ATF4 (SC-200) and CHOP (SC-13968) antibodies were pur-
chased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Actin antibody (CP01) was purchased from Calbiochem (La Jolla,
CA). The Bcl-2 antibody (D038-3) was purchased from Medical
and Biological Laboratories Co. (Woburn, MA). These antibodies
were used at the dilutions recommended by each supplier.

siRNA transfection

A Lipofectamine™ 2000 kit was used for the transfection.
Negative control siRNA (4611) and CHOP siRNA (288792 and
288791) were purchased from Ambion (Austin, TX). The first
CHOP siRNA targets exon 4 and the second targets exon 3. The
sense and antisense siRNA sequences (5’—3") were CGGAAACA-
GAGUGGUCAGUtt and ACUGACCACUCUGUUUCCGtt for
the first siRNA (288792) and GCCUGGUAUGAGGAUCUGCtt
and GCAGAUCCUCAUACCAGGCtt for the second siRNA
(288791). For the MTT assay, TM4t cells were plated on 24-well
plates (2 X 10" cells/well) and 20 pmol of siRNA was used for
transfection. For Western blot, TM4t cells were plated in six-well

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

plates (1 X 10° cells/well) and 75 pmol of siRNA was used for
transfection. After transfection, cells were left in culture with the
siRNA for 6 h, then the siRNA was removed by replacing with 0
or 40 uM CLA-containing medium. The assays were performed
after 72 h of CLA treatment.

Inhibition of caspase-12

A synthetic peptide, Z-ATAD-FMK, that irreversibly inhibits
caspase-12 activity was purchased from Biovision (Mountain
View, CA; catalog No. 1079-100). TM4t cells (104/well for 24-well
plates and 10° /well for 6-well plates) were seeded and allowed to
attach overnight. They were then pretreated with the caspase-12
inhibitor (1:1,000 or 1:500 in DMSO) for 30 min, followed by
treatment with 0 or 40 pM CLA for 72 h. The inhibitor was left in
the medium during CLA treatment. The viability of the cells was
determined by MTT assay, and PARP cleavage was determined by
Western blot analysis.

RT-PCR

Total RNA was isolated using TRIzol® Reagent (Life Technol-
ogies, Inc., Gaithersburg, MD; catalog No. 15596-010) according
to the manufacturer’s protocol. The cDNA reaction as well as
the PCR were performed using the Titan One Tube RT-PCR kit
(Roche; catalog No. 1939823).

The XBP1 primers (sense, 5-AAACAGAGTAGCAGCGCA-
GACTGC-8'; antisense, 5-TCCTTCTGGGTAGACCTCTGGGAG-
3’) were synthesized by Integrated DNA Technologies, Inc.
(Coralville, IA). A 2% agarose gel containing 0.5 pg/ml ethidium
bromide was used to separate the PCR products, and the
products were visualized with a Multilmager system (Alpha
Innotech Corp., San Leandro, CA).

Electron microscopy

One million cells were plated on 100 mm dishes at a con-
centration of 1 X 10° cells/ml, then allowed to attach overnight
before the addition of 0 or 40 puM t10,c12- or ¢9,t11-CLA. After
72 h of treatment, cells were trypsinized and washed twice in PBS,
then resuspended and fixed with 3% glutaraldehyde for 1 h on
ice. The samples then were sent to the electron microscopy
laboratories at Roswell Park Cancer Institute and the University
at Buffalo. Sections were viewed and photographs were taken
with a JEOL 100 CXII electron microscope. To quantify the dila-
tation of the ER lumen after CLA treatment, the width of the
largest ER lumen in each cell was measured in 10 cells per group.

Statistical analysis

With one exception, ANOVA followed by Bonferroni’s pro-
cedure was used to determine statistical differences between con-
trol and experimental groups. For the determination of statistical
differences between the sizes of the ER lumen, Kruskal-Wallis
ANOVA on ranks was used, followed by the Student-Newman-
Keuls test for all pairwise multiple comparisons. P < 0.05 was
considered statistically significant.

RESULTS

t10,c12-CLA induces apoptosis of TM4t mouse mammary
tumor cells

TM4t cells were cultured with different concentra-
tions of t10,c12-CLA for 72 h, and viable cell number
was assessed using the MTT assay. Compared with the
control, t10,c12-CLA decreased viable cell number in a

concentration-dependent manner (Fig. 1A). Concomi-
tantly, cleavage of PARP, a marker of the apoptotic re-
sponse (26), was observed, an effect that was maximal after
72 h of treatment with 10, 20, or 40 puM t10,c12-CLA
(Fig. 1B and data not shown). A decrease in the number of
viable cells was detected as early as 48 h (30% decrease
with 40 uM t10,c12-CLA), although PARP cleavage was
minimal at this time (Fig. 1B). Microscopic observation
and data from annexin V-PI double staining confirmed
that t10,c12-CLA induces the apoptosis of TM4t cells (20).

t10,c12-CLA induces a marked dilatation of the ER

Electron microscopy was used as a tool to obtain leads
on the mechanism by which t10,c12-CLA induced apopto-
sis. As shown in the representative cells in Fig. 2, treatment
of TM4t cells with t10,c12-CLA for 72 h induced a marked
dilatation of the ER, which was seen in 8 of 10 cells
examined. To quantify the extent of dilatation, the width
of the largest lumen in each cell was determined. This
measurement indicated a statistically significant 2.5-fold
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Fig. 1. Trans10,cis-12-conjugated linoleic acid (t10,c12-CLA) de-
creases viable cell number and induces apoptosis of TM4t mouse
mammary tumor cells. A: The effect of CLA on viable cell number
at 72 h was examined using the thiazolyl blue tetrazolium bromide
(MTT) assay. Each point represents the mean = SEM of triplicate
wells. * P < 0.05 compared with control. B: CLA induces the cleav-
age of poly(ADP-ribose) polymerase (PARP) in a concentration-
and time-dependent manner. TM4t mammary tumor cells were
treated with different concentrations of t10,c12-CLA for 72 h
(upper panel) or with 0 or 40 uM t10,c12-CLA for the indicated
times (lower panel) and then cell lysates were evaluated by Western
blot analysis. Each result is representative of two or three inde-
pendent experiments.
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Fig. 2. t10,c12-CLA induces a marked dilatation of the endoplas-
mic reticulum (ER). TM4t cells were treated for 72 h with 40 uM
t10,c12-CLA and examined by electron microscopy. Compared
with the control, CLA induced an extensive increase in the size of
the ER. M, mitochondria; N, nucleus. The asterisk indicates a
multivesicular body.

increase in lumen width, from 0.18 * 0.07 pm in the
control group to 0.44 = 0.21 pm in the t10,c12-CLA
group (n = 10, P < 0.05). ER dilatation was detectable
within 48 h of treatment with 40 uM t10,c12-CLA but not
at 12 or 24 h (data not shown). These data suggested that
t10,c12-CLA might induce an ER stress response (23, 24),
a notion that was investigated as described below.

t10,c12-CLA induces the proapoptotic protein CHOP, and
knockdown of CHOP attenuates CLA-induced apoptosis
CHOP, also known as GADD153, is a proapoptotic tran-
scription factor that is activated as a result of ER stress
(11). In TM4t cells, we found that CHOP was present
at undetectable to very low levels in unstressed cells but
was induced slightly after 48 h of treatment with 40 pM
t10,c12-CLA and markedly at 72 h (Fig. 3A). At the latter
time point, 20 wM, but not 10 uM, t10,c12-CLA was also
effective at inducing CHOP. To investigate its role in
t10,c12-CLA-induced apoptosis, we used the siRNA tech-
nique to knock down CHOP expression in t10,c12-CLA-
treated cells. As seen in Fig. 3B, 40 uM t10,c12-CLA
reduced viable cell number, accompanied by an increase
in both CHOP protein and apoptosis, the latter indicated
by the cleavage of PARP. Knockdown of CHOP with an
siRNA that targeted exon 4 reduced CHOP levels and
PARP cleavage by 50% in t10,c12-CLA-treated cells and
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Fig. 3. t10,c12-CLA induces the proapoptotic protein C/EBP-
homologous protein (CHOP), and knockdown of CHOP by small
interfering RNA (siRNA) attenuates CLA-induced apoptosis. A:
Induction of CHOP by CLA. TM4t mammary tumor cells were
treated with various concentrations of t10,c12-CLA for 72 h or
with 0 or 40 uM t10,c12-CLA for various times, and the expression
of CHOP was determined by Western blot. A concentration-
dependent response after 72 h of treatment and a time-dependent
response with 40 uM CLA, as evaluated by Western blot analysis,
are shown. B: Effect of CHOP knockdown on the efficacy of
t10,c12-CLA at reducing cell number and Bcl-2 expression and
inducing PARP cleavage. TM4t cells were transfected with
scrambled or CHOP (exon 4) siRNA for 6 h, then 0 or 40 pM
t10,c12-CLA was added for 72 h. Each point represents the mean *
SEM of triplicate wells. * Significantly different from the scrambled
siRNA control plus CLA group (lane 3). Numbers under the
blots represent the fold change, which was calculated relative to
the actin loading control. Each result is representative of two or
three individual experiments.

attenuated the t10,c12-CLA reduction in viable cell num-
ber (Fig. 3B). Similarly, CHOP knockdown diminished the
PARP cleavage induced by 20 uM t10,c12-CLA (data not
shown). Furthermore, based on our previous demonstra-
tion that t10,c12-CLLA decreased Bcl-2 levels (20) and
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studies suggesting an inverse relationship between CHOP
and Bcl-2 (27, 28), we also asked whether knockdown of
CHOP would restore Bcl-2 levels in t10,c12-CLA-treated
cells. This indeed was the case, with Fig. 3B demonstrating
that knockdown of CHOP partially blocked the t10,c12-
CLA-induced loss of Bcl-2. Similar observations were made
using an siRNA that targeted exon 3 (data not shown).

t10,c12-CLA induces caspase-12 cleavage, and a specific
caspase-12 inhibitor attenuates CLA-induced apoptosis

In addition to CHOP, ER stress-induced apoptosis can
also be mediated through the activation of caspase-12.
This enzyme is localized to the outer membrane of the ER
and is specifically cleaved as a result of ER stress (12).
When TM4t cells were treated with t10,c12-CLA, 20% and
50% decreases in full-length caspase-12 were observed
at 20 and 40 wM concentrations, respectively (Fig. 4A).
Decrease of full-length caspase-12, suggestive of its cleav-
age, was first detected at 48 h (30%) but was more exten-
sive (50%) at 72 h (Fig. 4A). To evaluate the significance
of caspase-12 activation in CLA-induced apoptosis, we used
a specific caspase-12 inhibitor, Z-ATAD-FMK. This inhib-
itor modestly increased viable cell number in the cells that
had been cultured with CLA (P < 0.05). More dramatic
was the 70% reduction in PARP cleavage in CLA-treated
cells at the higher caspase-12 inhibitor concentration
(Fig. 4B), suggesting an important role for this enzyme
in CLA-induced apoptosis.

t10,c12-CLA induces an ER stress response

The CLA-induced morphological changes within the
ER, together with the induction of CHOP and the cleavage
of caspase-12, provide strong support for the hypothesis
that CLA induces apoptosis through ER stress. To further
evaluate this concept, we examined upstream components
of the ER stress response. We first examined XBP1 mRNA,
which is spliced by the endoRNase activity of active IRE1]
(6, 29), one of the transducers of the ER stress signal,
and whose transcription can be increased by cleaved ATF6
(6), the transcriptionally active form of another trans-
ducer. Treatment of cells with t10,c12-CLA induced the
splicing of XBP1 mRNA, with the most dramatic effect
observed with 40 uM t10,c12-CLA and at 72 h (Fig. 5A, B).
Additionally, total XBP1 mRNA levels were rapidly (6 h)
increased by t10,c12-CLA. Although we could not examine
the expression of IRE1 and ATF6 because of the commer-
cial unavailability of suitable mouse-reactive antibodies,
these data suggest the activation of these two pathways.

The third transducer of the ER stress signal is PERK.
Although we were unable to measure active, phosphory-
lated PERK, we found that phosphorylation of elF2q,
a downstream target of phospho-PERK (4), was rapidly,
but transiently, increased in t10,c12-CLA-treated cells
(Fig. 5C). This increase was most notable after 6 h of
treatment (Fig. 5C) and at a lower concentration of CLA
(Fig. 5D). Although phosphorylated elF2a is a general
translation initiation inhibitor, translation of selected
mRNAs, including the transcription factor ATF4, is in-
creased upon the phosphorylation of elF2a (30). ATF4
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Fig. 4. t10,c12-CLA induces the cleavage of caspase-12, and a
caspase-12-specific inhibitor attenuates CLA-induced apoptosis. A:
Induction of caspase-12 cleavage by CLA. TM4t cells were treated
with various concentrations of t10,c12-CLA for 72 h or with 0 or
40 pM t10,c12-CLA for various times, and the expression of
caspase-12 was determined by Western blot. B: Effect of a specific
caspase-12 inhibitor, Z-ATAD-FMK, on viable cell number and
PARP cleavage. TM4t cells were treated in the absence or presence
of 40 uM t10,c12-CLA, with or without the caspase-12 inhibitor
(¢-12 inhib) Z-ATAD-FMK at a 1:1,000 or 1:500 dilution, for 72 h.
Upper panel: Viable cell number was determined using the MTT
assay; each point represents the mean = SEM of triplicate wells.
* Significantly different from the DMSO vehicle/CLA group
(lane 2). Lower panel: Western blot shows that the caspase-12 in-
hibitor attenuated CLA-induced PARP cleavage. Numbers under
the blots represent the fold change, which was calculated relative
to the actin loading control. Each result is representative of two
or three individual experiments.

was induced modestly by t10,c12-CLA, but this induction
was not statistically significant. Additionally, expression
of BiP protein, the chaperone sensor of the ER stress
response, was not altered by t10,c12-CLA, nor was the
chaperone GRP94, which is recognized by the BiP anti-
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Fig. 5. t10,c12-CLA induces an ER stress response. A, B: t10,c12-CLA induces the expression and splicing of
the mRNA encoding the X-box binding protein 1 (XBP1) transcription factor. TM4t cells were treated with
0 or 40 pM t10,c12-CLA for various times (A) or with various concentrations of t10,c12-CLA for 72 h (B), and
the expression of unspliced (u) and spliced (s) XBP1 mRNA was determined by RT-PCR. Each panel is
representative of two or three individual experiments. C, D: Effect of t10,c12-CLA on the expression of
phospho-eukaryotic initiation factor (elF) 2aq, total elF2a, activating transcription factor 4 (ATF4), BiP, and
94 kDa glucose-regulated protein (GRP94). TM4t mammary tumor cells were treated with 0 or 40 pM
t10,c12-CLA for different times (C) or with various concentrations of t10,c12-CLA for 24 h (D), and protein
expression was evaluated by Western blot. The t10,c12-CLA-induced expression of phospho-elF2a was
statistically significant at 6, 12, and 24 h (P < 0.05). The modest induction of ATF4 was not statistically
significant. The expression of BiP and GRP94 was not altered. Fold induction of phospho-elF2a was
calculated relative to total elF2a, and that of other proteins was calculated relative to the actin loading
control; the numbers under GRP94/BiP refer to the quantification of BiP. N.S., nonspecific.

body (Fig. 5C, D). In contrast to treatment with t10,c12-
CLA, BiP levels were increased after 24 h of treatment with
the classic ER stress inducers thapsigargin and ionomycin
(data not shown), demonstrating that the TM4t cells are
capable of mounting a typical ER stress response.

The c9,t11 isomer of CLA does not disrupt ER
homeostasis or induce ER stress

To evaluate the specificity of the ER stress-inducing
effect of t10,c12-CLA, we examined the effect of another
CLA isomer, ¢9,t11-CLA, on specific parameters of the ER
stress response. Both CLA isomers have been shown to
exhibit anticancer effects in many model systems (15),
although their mechanisms may differ. ¢9,t11-CLA mod-
estly decreased viable cell number in the TM4t mam-
mary tumor model (31% decrease at 120 nM; Fig. 6A),
although it was significantly less potent in this regard than
t10,c12-CLA (58% decrease at 40 wM; Fig. 1A). Electron
microscopy demonstrated that, in contrast to t10,c12-CLA,
c9,t11-CLA at the same 40 pM concentration did not in-
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duce ER dilatation (Fig. 6B); the width of the ER lumen in
c9,t11-CLA-treated cells was 0.20 = 0.10 wm, not signifi-
cantly different from that of control cells. Furthermore,
PARP cleavage was minimally increased by c9,t11-CLA,
an effect that was not concentration-dependent and that
was markedly less than that induced by a lower concen-
tration of t10,c12-CLA in the same experiment (Fig. 6C).
This suggests that ¢9,t11-CLA may not induce apoptosis,
at least not to any significant extent. Finally, the pro-
apoptotic protein CHOP was not induced by ¢9,t11-CLA
after 72 h of treatment, even at a relatively high concen-
tration (120 uM) (Fig. 6D).

DISCUSSION

t10,c12-CLA induces apoptosis through ER stress
response pathways

The current study presents morphological and bio-
chemical evidence that the t10,c12 isomer of CLLA, but not
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Fig. 6. The c9,tl11 isomer of CLA did not disrupt ER homeostasis or induce ER stress-mediated apoptosis in
TM4t mammary tumor cells. A: The effect of ¢9,t11-CLA on viable cell number after 72 h of treatment was
examined using the MTT assay. Each point represents the mean = SEM of triplicate wells. * Significantly
different from control. B: The effect of ¢9,t11-CLA on ER morphology. No ER dilatation was observed by
electron microscopy after 72 h of treatment with 40 pM ¢9,t11-CLA. M, mitochondria; N, nucleus. The
asterisk indicates a multivesicular body. C: The effect of ¢9,t11-CLA on apoptosis. Cleavage of PARP after
72 h of treatment with the indicated concentration of ¢9,t11- or t10,c12-CLA. D: CHOP was not induced
by ¢9,t11-CLA, even at a high concentration. CHOP was evaluated by Western blot after 72 h of treatment
with various concentrations of ¢9,t11-CLA or with 40 puM t10,c12-CLA. Each panel is representative of two

or three independent experiments.

¢9,t11-CLA, induces apoptosis and suggests that specific
ER stress response pathways play an important role in the
t10,c12-CLA apoptotic response and, potentially, in the
mechanism by which t10,c12-CLA exerts its chemopreven-
tive activity. Notably, the data demonstrate that the IRE1/
XBP1 and caspase-12 arms of the ER stress pathway are
activated by t10,c12-CLA, resulting in apoptosis through
the induction of the proapoptotic protein CHOP and
the activation of caspase-12. Moreover, contributing roles
for both CHOP and caspase-12 in t10,c12-CLA-induced
apoptosis were demonstrated by CHOP knockdown and
caspase-12 inhibitor experiments.

Apoptosis of TM4t cells in response to tl10,c12-CLA
was delayed, with significant PARP cleavage not detected
until 72 h after the start of CLA treatment. This fol-
lowed the induction of CHOP and the loss of full-length
caspase-12 at 48 h, further supporting the role of these
two proteins in the apoptotic effect of CLA. Previous
studies have demonstrated the proapoptotic activity of
CHOP (11, 31, 32) as well as the ability of other chemo-
preventive agents to induce it, including retinoids (33),
phenethylisothiocyanate (34), curcumin (35), selenium
(36, 37), and celecoxib (38). Our study not only adds
another chemopreventive agent to this list but, more im-
portantly, extends the studies with the other agents to
demonstrate that the potent induction of CHOP by CLA
most likely involves the induction of XBP1, which directly
regulates its transcription (11). CHOP transcription is also
regulated by cleaved ATF6, which binds with NF-Y to ERSE
(8), and by ATF4, which binds to the CHOP promoter at

a composite C/EBP-ATF site (39). ATF6 represents a rapid
transcriptional response mechanism in that its activation
requires only cleavage and nuclear translocation (40).
Because of the delayed induction of CHOP, our data
do not suggest a direct role for ATF6 in its CLA-induced
increase, although this still remains a possibility. Rather,
the rapid (6 h) induction of XBP1 mRNA in CLA-treated
cells suggests that the ATF6 pathway contributes indirectly
to CHOP-induced apoptosis by transcriptional activation
of the XBP1 gene. XBP1 mRNA is then spliced by CLA-
activated IRE1, and after translation, XBP1 protein binds
to ERSE in the CHOP promoter (11). Previous studies
showed that overexpression of “cleaved” ATF6 activated
the XBP1 promoter, whereas a dominant negative ATF6
was inhibitory (8), suggesting an important role for this
transcription factor in XBP1 transcription. More recent
studies using ATF6-null mouse embryonic fibroblasts dem-
onstrated that ATF6 is not required for XBP1 transcrip-
tion, although it is contributory (induction was less robust
in the absence of ATF6) (41). We interpret our data as
suggesting that the early increase in XBP1 mRNA in
response to t10,c12-CLA results from the cleavage of ATF6
and the subsequent binding of ATF6 to the XBP1 pro-
moter. Later, XBP1 protein may activate the transcription
of both CHOP and its own gene (6). Finally, although
ATF4 can also bind to the CHOP and BiP promoters (42,
43), the lack of early induction of either protein suggests
that this branch of the ER stress response is not activated
significantly, because the translation of ATF4 in response
to the unfolded protein response is generally rapid (30).
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Two mechanisms can be advanced for how CLA-
induced CHOP may mediate apoptosis. First, based on a
study demonstrating that overexpression of CHOP led to a
marked reduction in transcription of the Bcl-2 gene (28)
and on our observation that t10,c12-CLA decreased Bcl-2
levels in TM4t cells (20), we asked whether CHOP knock-
down would increase Bcl-2 levels in CLA-treated cells. As
shown in Fig. 3, the answer to this question was yes, sug-
gesting a role for Bcl-2 loss in CHOP-mediated apoptosis.
A second potential mechanism by which CLA may induce
apoptosis is through the activation of death receptor 5,
which has a CHOP binding site in its promoter and is
upregulated as a result of ER stress (44, 45). Future studies
will address this possibility.

In addition to CHOP, caspase-12 plays a contributing
role in CLA-induced apoptosis, because we found that
the specific caspase-12 inhibitor Z-ATAD-FMK partially
attenuated the apoptotic effect. A role for caspase-12 in ER
stress has been somewhat controversial. First, mouse em-
bryonic fibroblasts from one line of caspase-12-deficient
mice exhibited partial apoptotic resistance to ER stress-
inducing agents (12); however, those from another line
did not differ from wild-type mouse embryonic fibroblasts
in terms of apoptotic sensitivity (46). This discrepancy
was attributed to a different targeting strategy, although
the initial data do suggest at least a partial requirement
for caspase-12. Second, although mice and most other
species tested express a functional caspase-12, the human
caspase-12 has polymorphisms that limit the expression of
a full-length protein to a small subset of individuals (47);
moreover, in that population, caspase-12 did not appear
to be involved in ER stress-induced apoptosis. In humans,
it has been suggested that ER-associated caspase-4 or -7
may play a role in ER stress-induced apoptosis (48, 49).

The ER stress response induced by t10,c12-CLA is atypical

One unexpected observation in this study was that the
expression of the ER chaperone BiP was not altered by
CLA treatment. This was not attributable to the cell line
used in these studies, because BiP could be induced by the
classical ER stress inducers thapsigargin and ionomycin
(data not shown). BiP appeared to function in response to
CLA, however, because IRE1 and possibly ATF6, to which
BiP is bound in healthy cells, became activated, suggest-
ing that BiP had dissociated from them. A similar lack
of induction of BiP protein concurrent with the induction
of ER stress and apoptosis was also seen with another fatty
acid, palmitate, in pancreatic B-cells (50). Because BiP
plays a protective role during ER stress (51), its lack of
induction would enhance the apoptotic effect of CLA. In
addition to the lack of effect on BiP, our data do not pro-
vide strong support for the CLA-induced activation of the
PERK arm of the ER stress pathway. Thus, ATF4 was
not activated significantly, and although phosphorylation
of the translation initiation factor elF2a was rapidly, but
transiently, increased after CLA treatment, potentially at-
tenuating translation, kinases other than PERK could be
responsible (52).
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Interestingly, we observed that BiP and phosphorylated
elF2a increased with time in control cells. This phenom-
enon may be attributable to nutrient deprivation, because
the levels of BiP (also named GRP78) and p-eIF2a are
sensitive to glucose and nutrients (30, 53, 54). Cells con-
sume nutrients during culture, and without a medium
change, there may be nutrient deprivation at the later time
points. This would be more pronounced in the control
group, in which there were more viable cells than in the
CLA treatment group. Importantly, this apparent stress
did not lead to apoptosis, as indicated by the lack of
PARP cleavage (Fig. 1), CHOP induction (Fig. 3), or an-
nexin V-PI staining (20).

How does t10,c12-CLA induce ER stress?

We propose a mechanism that involves the production
of reactive oxygen species, which are known to be able to
induce an ER stress response (55). O’Shea, Stanton, and
Devery (56) reported an increase in lipid peroxidation,
measured using malondialdehyde as an end point, in
MCF-7 cells treated with a mixed CLA isomer preparation
(approximately equal amounts of ¢9,t11-CLA and t10,c12-
CLA). Furthermore, Albright et al. (57) demonstrated an
increase in 4-hydroxy-2-nonenal in both MCF-10A and
MCEF-7 cells treated with mixed CLA isomers. An increase
in lipid peroxidation was also observed in healthy men and
women consuming a mixed CLA isomer supplement, as
evaluated by an increase in urinary 8-iso-prostaglandin Fo,
and 15-keto-dihydro-prostaglandin Fy, (58). In the TM4t
mammary tumor cell line used in the current studies,
we found that the free radical scavengers a-tocopherol
and hypotaurine blocked apoptosis induced by t10,c12-
CLA (Y-C. Hsu and M. Ip, unpublished data), supporting
a role for peroxidation products in CLA-induced apo-
ptosis. We speculate that reactive oxygen species may alter
the redox potential or induce the formation of aldehydic
products which can conjugate with amino acids within
proteins, thus altering their stability. ER stress would be
induced in either scenario.

CLA and apoptosis

t10,c12-CLA, or a mixture of CLA isomers, has been
shown to induce the apoptosis of a number of nonmam-
mary as well as mammary tumor cell lines in vitro and
to increase the apoptosis of preneoplastic cells in vivo (19,
59, 60). The induction of apoptosis may be a major factor
contributing to the chemopreventive activity of this CLA
isomer. We previously demonstrated that the intrinsic
mitochondrial pathway played an important role in CLA-
induced apoptosis (20). The current study significantly
extends this observation and reports, for the first time, that
t10,c12-CLA induces an atypical ER stress response, using
certain components of the ER stress response to induce
apoptosis. Interestingly, this effect of CLA may be selective
for preneoplastic or neoplastic cells, because many normal
cells are resistant to the apoptotic effects of CLA. We have
shown, for example, that whereas dietary CLA induces
the apoptosis of preneoplastic mammary epithelial cells
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in vivo, undifferentiated normal rat or mouse mammary
epithelial cells are resistant (60, 61). The mechanism of
this resistance is not yet known; however, it is intriguing
that when normal mammary epithelial cells differentiate
and become active in the synthesis and secretion of large
amounts of milk proteins and lipid (as would happen in
lactation) and are probably under ER stress as a con-
sequence, they are highly susceptible to the apoptosis-
inducing effect of CLA (25).

In summary, although ¢9,t11- and t10,c12-CLA are
equally efficacious in some (16, 17), although not all
(61), in vivo mammary cancer models, their mechanisms of
action appear to differ. Ongoing studies in our laboratory
are focused on understanding the pathways through which
cach of the isomers exhibits its chemopreventive activity. Kl
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