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Abstract

The endoplasmic reticulum (ER) is recognized primarily as the site of synthesis and folding of

secreted and membrane-bound proteins. The ER provides stringent quality control systems to ensure

that only correctly folded, functional proteins are released from the ER and that misfolded proteins

are degraded. The efficient functioning of the ER is essential for most cellular activities and for

survival. Stimuli that interfere with ER function can disrupt ER homeostasis, impose stress to the

ER, and subsequently cause accumulation of unfolded or misfolded proteins in the ER lumen. ER

transmembrane proteins detect the onset of ER stress and initiate highly specific signaling pathways

collectively called the “unfolded protein response” (UPR) to restore normal ER functions. However,

if ER homeostasis cannot be reestablished in response to intense or prolonged ER stress, the UPR

induces ER stress-associated apoptosis to protect the organism by removing the stressed cells that

produce misfolded or malfunctioning proteins. This chapter summarizes current understanding of

ER stress-induced apoptosis and reliable methods to examine ER stress and apoptosis in mammalian

cells. Since the liver is the major organ dealing with metabolic or pathological stress and is responsible

for the detoxification of chemical compounds, the experimental protocols described here focus on

identification and characterization of ER stress-induced apoptosis in mouse liver.

1. The Endoplasmic Reticulum (ER) and the Unfolded Protein Response

The endoplasmic reticulum (ER) is the site of biosynthesis for sterols, lipids, membrane-bound

and secreted proteins, and glycoproteins (Gaut and Hendershot, 1993; Kaufman, 1999). In

higher eukaryotes, nearly all newly synthesized proteins require folding and/or assembly in

the ER prior to trafficking to specific destinations to carry out their functions. As a unique

protein-folding compartment and a dynamic calcium store, the ER is very sensitive to

alterations in intracellular homeostasis. A number of biochemical, physiological, and

pathological stimuli, such as chemicals that disrupt protein folding, nutrient depletion and

hypoxia, calcium depletion, reductive or oxidative stress, expression of secretory proteins,

expression of mutant difficult-to-fold proteins, unbalanced expression of subunits of protein

complexes, elevated lipids or cholesterol, DNA damage, growth arrest, and viral/bacterial

infection can disrupt ER homeostasis, impose stress to the ER, and subsequently cause

accumulation of unfolded or misfolded proteins in the ER lumen. The cell has evolved highly

specific signaling pathways called the unfolded protein response (UPR) to alter intracellular

transcriptional and translational programs to deal with the accumulation of unfolded or

misfolded proteins. These pathways prevent the accumulation of unfolded protein in the ER

lumen by decreasing the protein-folding load, increasing the ER protein-folding capacity, and

increasing the degradation of misfolded proteins through processes of ER-associated protein

degradation (ERAD) or autophagy (Kaufman, 2002; Mori, 2000; Ron and Walter, 2007). In
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recent years, accumulating evidence suggests that the UPR signaling pathways represent an

essential component of cell differentiation and function, as well as specific adaptive responses

to viruses, hormones, growth factors, nutrients, and other external stimuli.

The basic UPR pathways consist of three main signaling cascades initiated by three ER-

localized prototypical stress sensors: inositol-requiring 1 (IRE1), double-stranded RNA-

activated protein kinase-like ER kinase (PERK), and activating transcription factor 6 (ATF6)

(Ron and Walter, 2007; Schroder and Kaufman, 2005). The stress sensors IRE1, PERK, and

ATF6 all have an ER lumenal domain that senses the presence of unfolded or misfolded

proteins, an ER transmembrane domain that targets the protein for localization to the ER

membrane, and a cytosolic functional domain. In resting cells, all three ER stress receptors are

maintained in an inactive state through their association with the ER chaperone, GRP78/BiP.

When cells encounter ER stress, GRP78/BiP dissociates from the three ER stress sensors,

leading to activation of the UPR.

The immediate response to the accumulation of unfolded or misfolded proteins is dimerization,

trans-autophosphorylation, and activation of PERK protein kinase to inhibit protein

biosynthesis through phosphorylation of the α subunit of eukaryotic translation initiation factor

(eIF2α). When eIF2α is phosphorylated, formation of the ternary translation initiation complex

eIF2/GTP/Met-tRNAiMet is prevented, leading to attenuation of mRNA translation in general

to reduce the protein-folding workload on the ER. Murine cells deleted in PERK or mutated

at Ser51 in eIF2α to prevent phosphorylation did not attenuate protein synthesis upon ER stress.

As a consequence, these cells were not able to survive ER stress (Harding et al., 2000; Scheuner,

2001). Whereas phosphorylation of eIF2α by PERK leads to attenuation of global mRNA

translation, phosphorylated eIF2α selectively stimulates translation of a specific subset of

mRNAs. One mRNA that requires eIF2α phosphorylation for translation encodes ATF4, a

transcription factor that activates genes encoding proteins involved in amino acid biosynthesis

and transport, antioxidative stress responses, and ER stress-induced apoptosis (Harding et al.,

2003).

On activation of the UPR, IRE1 is also activated through its homodimerization and trans-

autophosphorylation. In mammals, IRE1 is encoded by two homologous genes: IRE1α and

IRE1β. Whereas IRE1α is apparently expressed in all cells and tissues, IRE1β expression is

restricted primarily to the intestinal epithelial cells (Tirasophon et al., 1998; Wang et al.,

1998). Activated IRE1α can function as an endoribonuclease to initiate removal of a 26 base

small intron from X-box binding protein 1 (Xbp1) mRNA. Spliced Xbp1 mRNA encodes a

potent basic leucine zipper (bZIP)-containing trans-activator that induces expression of genes

encoding enzymes that facilitate protein folding, secretion, or degradation (Calfon et al.,

2002; Lee et al., 2003; Shen et al., 2001; Yoshida et al., 2001). Studies have identified that

IRE1α-mediated stress signaling is required for many physiological processes in addition to

its role in the classical UPR. IRE1α can be activated by glucose in pancreatic β cells and

contributes to proinsulin synthesis and β-cell differentiation and function (Lipson et al.,

2006; Scheuner and Kaufman, unpublished observation). During B-cell lymphopoesis,

IRE1α is activated and required for both early and late stages of B-cell differentiation (Zhang

et al., 2005). In addition, under ER stress conditions, IRE1α can serve as a scaffold to recruit

protein factors, including TRAF2, BAX, and BAK, and is possibly involved in the

inflammatory response and apoptosis (Hetz et al., 2006; Urano et al., 2000). ATF6 is a UPR

trans-activator belonging to bZIP transcription factors of the CREB/ATF family. Under ER

stress conditions, ATF6 (90 kDa) transits to the Golgi compartment where it is cleaved by

site-1 protease (S1P) and site-2 protease (S2P) to generate a 50-kDa cytosolic bZIP-containing

fragment that migrates to the nucleus to activate transcription of the target genes encoding ER-

resident molecular chaperones, folding catalysts, and ERAD machinery (Nadanaka et al.,

2004; Ye et al., 2000). There are two homologues of ATF6 in the mammalian genome,

Zhang and Kaufman Page 2

Methods Enzymol. Author manuscript; available in PMC 2010 May 6.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



ATF6α and ATF6β. Whereas ATF6α mediates gene induction upon UPR activation, the role

of ATF6β in the UPR is presently unknown (Wu et al., 2007; Yamamoto et al., 2007). Although

ATF6α facilitates adaptation to ER stress and plays a role in assisting plasma cells to produce

antibodies, it is dispensable for classical UPR signaling (Gunn et al., 2004; Wu et al., 2007).

In addition, it has been noted that ATF6α is involved in lipid metabolism and the acute-phase

response by dimerizing with other ER transmembrane bZIP transcription factors that are also

regulated by proteolysis (Zeng et al., 2004; Zhang et al., 2006).

2. Endoplasmic Reticulum Stress-Induced Apoptosis

In multicellular organisms, if the translational and transcriptional adaptive responses are not

sufficient to relieve the unfolded or misfolded protein load, the cell enters programmed cell

death—apoptosis. It has been proposed that multiple UPR pathways contribute to ER stress-

induced cell apoptosis, although the mechanisms still remain largely unknown.

2.1. The PERK/eIF2α pathway

The most well studied of ER stress-induced apoptotic pathways is mediated by a transcription

factor called CHOP/GADD153, which is activated primarily through the PERK/eIF2α UPR

pathway. CHOP (C/EBP homologous protein) is a bZIP-containing transcription factor that

was identified as a member of the CCAAT/enhancer binding protein (C/EBP) family (Ron and

Habener, 1992). CHOP is also known as growth arrest and DNA damage-inducible gene 153

(GADD153), although it is induced by ER stress more than by growth arrest or DNA damage.

Upon ER stress, activated PERK phosphorylates eIF2α, which subsequently attenuates general

mRNA translation through reducing the efficiency of AUG codon recognition. As a

consequence, eIF2α phosphorylation can produce quantitative, as well as qualitative (through

alternate initiator AUG codon recognition), changes in proteins (Kaufman, 2004). However,

a few specific mRNAs that harbor regulatory sequences in their 5′-untranslated regions, for

example, the internal ribosomal entry site in the cationic amino acid transporter 1 (Cat1)

mRNA, require eIF2α phosphorylation for efficient translation (Harding et al., 2000;

Hinnebusch, 2000; Scheuner, 2001; Yaman et al., 2003). Another mRNA that requires

eIF2α phosphorylation encodes ATF4, a cAMP response element-binding transcription factor

(C/EBP). Under prolonged or severe ER stress, ATF4 induces the transcription factor CHOP,

a well-recognized proapoptotic factor (Harding et al., 2003) (Fig. 20.1). In addition, ATF6 can

also contribute to induction of the Chop gene (Wu et al., 2007). CHOP-deficient cells are

protected from ER stress-induced apoptosis (Zinszner et al., 1998). Overexpression of CHOP

induces cell cycle arrest or apoptosis by regulating the expression of multiple genes encoding

proapoptotic factors, including death receptor 5 (DR5), Tribbles homolog 3 (TRB3), carbonic

anhydrase VI (CAVI) and BCL2 family proteins (Matsumoto et al., 1996; McCullough et al.,

2001; Ohoka et al., 2005; Sok et al., 1999; Yamaguchi and Wang, 2004). Dimerization of

CHOP and cAMP-responsive element binding protein (CREB) suppresses the expression of

Bcl2 (McCullough et al., 2001), which opposes induction of Bcl2 by Akt/CREB (Pugazhenthi

et al., 2000). A decrease in the cellular level of BCL2 may increase the susceptibility of

mitochondria to the proapoptotic effects of BH3-only proteins. Evidence suggests that CHOP

forms heterodimers with C/EBPα under ER stress conditions to induce transcription of Bim, a

proapoptotic BH3-only member of the BCL2 family, and is essential for ER stress-induced

apoptosis in both cultured cells and within the whole animal (Puthalakath et al., 2007). In

addition, CHOP directly activates GADD34, which subsequently dephosphorylates eIF2α and

leads to apoptosis by promoting protein synthesis in stressed cells (Marciniak et al., 2004).

CHOP also contributes to apoptosis through activating ERO1α, an ER oxidase that promotes

hyperoxidization of the ER (Marciniak et al., 2004).
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2.2. The IRE1α pathway

The IRE1α/XBP1-mediated UPR pathway plays a prosurvival role through the induction of

ER chaperones, ER folding catalysts, and ERAD machinery. However, in response to ER stress,

IRE1α can recruit the adaptor protein tumor necrosis factor receptor-associated factor 2

(TRAF2) (Urano et al., 2000). This interaction recruits c-Jun NH2-terminal inhibitory kinase

(JIK), which can interact with both IRE1α and TRAF2 (Yoneda et al., 2001). The IRE1α –

TRAF2 complex formed during ER stress can recruit the apoptosis signal-regulating kinase,

which can relay various stress signals to the downstream mitogen-activated protein kinases

JNK and p38 (Nishitoh et al., 1998, 2002). Overexpression of JIK promotes interaction

between IRE1α and TRAF2 and JNK activation in response to tunicamycin, whereas

overexpression of an inactive JIK mutant inhibits JNK activation (Yoneda et al., 2001). JNK

activation is known to influence the cell-death machinery through phosphorylation of BCL2

family proteins, including BCL2 and BIM, which subsequently promote cell death programs

(Davis, 2000). These observations led to the hypothesis that ER stress-induced, IRE1α- and

TRAF2-dependent activation of JNK is one of apoptotic pathways in cells under ER stress,

although there are no compelling data to confirm a requirement for the IRE1α-mediated

apoptotic pathway in a physiological context (Fig. 20.1).

2.3. Caspases and BCL2 family proteins

Caspases also participate in ER stress-induced apoptosis (Fig. 20.1). In mice, procaspase-12

is localized on the cytosolic side of the ER membrane and is cleaved and activated by ER stress

(Nakagawa and Yuan, 2000; Nakagawa et al., 2000). TRAF2 has been shown to interact with

procaspase-12 under ER stress conditions or by overexpression of IRE1α. By this way, TRAF2

promotes the clustering of procaspase-12 at the ER membrane (Yoneda et al., 2001). It has

been proposed that, during ER stress, caspase-12 activation requires the dissociation of

procaspase-12 from TRAF2, which may subsequently be recruited to IRE1α (Yoneda et al.,

2001). Calpains, a family of Ca2+-dependent cysteine proteases, may play a role in caspase-12

activation (Nakagawa and Yuan, 2000; Rao et al., 2001). Calpain-deficient murine embryonic

fibroblasts (MEFs) have reduced ER stress-induced caspase-12 activation and are resistant to

ER stress-associated apoptosis (Tan et al., 2006). In addition to calpain, caspase-7 translocates

from the cytosol to the cytoplasmic side of the ER membrane under ER stress and interacts

with cleaved caspase-12, leading to its activation (Rao et al., 2001). Activated caspase-12

activates caspase-9, which, in turn, forms the apoptosome with released cytochrome c and

Apaf-1 to activate cell death executor caspase-3, leading to apoptosis. Although initial studies

suggest that caspase-12-deficient cells are partially resistant to ER stress-induced apoptosis

(Nakagawa et al., 2000), more recent studies showed that caspase-12−/− mice are not protected

from cell death induced by ER stress (Saleh et al., 2006). In addition, the requirement for

caspase-12 in apoptosis in human cells is open to question, as the human caspase-12 gene

contains several inactivating mutations (Fischer et al., 2002). It is possible that caspase-4

mediates ER stress-induced apoptosis in human cells (Hitomi et al., 2004; Kim et al., 2006).

Finally, ER stress-induced apoptosis may be mediated by calpain, but not by caspases, based

on the observation that calpain inhibitors, but not a pan-caspase inhibitor, blocked tunicamycin

and thapsigargin-induced apoptosis (Sanges and Marigo, 2006).

Evidence suggests that ER stress-induced apoptosis is closely linked to mitochondrial

mechanisms involving the BCL2 family proteins, including BCL2, BAX, and BAK, that are

associated with both mitochondria and ER membranes (Krajewski et al., 1993; Zong et al.,

2003). Two pathways have been proposed by which BAX and BAK may promote apoptosis

in response to ER stress. During ER stress, BAX and BAK undergo conformational changes

and oligomerization in the ER membrane (Zong et al., 2003). This leads to a disruption of ER

Ca2+ stores, causing an increase in the Ca2+ concentration in the cytosol (Scorrano et al.,

2003). Increased cytosolic Ca2+ flux can activate m-calpain, which cleaves and activates
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procaspase-12 as mentioned earlier. However, the significance of this pathway in vivo remains

to be explored. The second pathway involves Ca2+ uptake into the mitochondrial matrix,

leading to depolarization of mitochondrial inner membrane and cytochrome c release and

formation of the apoptosome to activate caspase-3, DNA fragmentation, and cell death

(Crompton, 1999) (Fig. 20.1).

3. Methods Used to Identify and Characterize ER Stress-Induced Apoptosis

In Vivo

Most studies on ER-associated apoptosis were performed using pharmacological toxins, such

as tunicamycin or thapsigargin, that cause severe ER stress. Whether those pathways indeed

contribute to ER stress-induced cell death in more physiological settings, such as the mouse

liver under metabolic stress, remains largely unclear. Of the pathways implicated in ER stress-

induced apoptosis, only the significance of the PERK/eIF2α pathway has been confirmed in

several physiological models, including pancreas β-cell death in diabetes and macrophage cell

death in atherosclerotic lesions (Feng et al., 2003; Harding et al., 2001; Scheuner, 2001; Zhou

et al., 2005). It has been accepted that the ER stress-inducible proapoptotic transcription factor

CHOP plays a primary role in ER stress-induced apoptosis. Reliable methods have been

established to characterize ER stress-induced apoptosis in vitro and in vivo. This section

discusses the established experimental methods for the identification and characterization of

PERK/eIF2α-mediated CHOP-dependent apoptosis in vivo. Because the liver is the major

organ exposed to metabolic stress and plays a major role in drug detoxification, the approaches

discussed here focus on identification and characterization of ER stress signaling and stress-

induced apoptosis in the mouse liver.

3.1. Experimental protocols used to analyze UPR pathways associated with apoptosis in

mouse liver

To induce ER stress in the liver, wild-type mice with C57BL/6J strain background (3 months

old) are given a single intraperitoneal injection of 1 μg/g body weight of tunicamycin in 150

mM dextrose. At 24 or 36 h after injection, the mice are euthanized, and the livers are dissected

for the following experiments: (1) approximately 50 mg fresh liver tissue is homogenized for

the purification of liver total RNA using Trizol reagent (Invitrogen); (2) approximately 100

mg fresh liver tissue is homogenized for preparation of liver protein samples for Western blot

assay or immunoprecipatation (IP)-Western blot assay; (3) a small piece of fresh liver tissue

(about 50 mg) is washed briefly with phosphate-buffered saline (PBS) and then fixed in 4%

PBS-buffered formalin. Fixed liver samples are paraffin embedded, and 4-μm sections are

prepared and mounted on glass slides for immunohistochemical staining. The remaining liver

tissue is snap frozen in liquid nitrogen and stored at 80 °C for future use.

3.1.1. Phosphorylation of IRE1α and PERK—IRE1α and PERK are primary UPR

transducers, and phosphorylation of IRE1α and PERK is a hallmark of ER stress and activation

of the UPR. Typically, this phosphorylation can be analyzed by an upward mobility shift upon

sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and Western

immunoblot analysis. Phosphorylated PERK and IRE1α can be monitored by the phospho-

PERK-specific antibody (Cell Signaling) and the phospho-IRE1α specific antibody (raised in

our laboratory) to probe Western blots. However, because of their low expression levels,

detection of endogenous levels of IRE1α or PERK in tissues is difficult. Unfortunately, the

anti-IRE1α or anti-PERK antibodies tested were not able to detect endogenous IRE1α or PERK

protein in mouse liver tissue by direct immunoblot analysis. Therefore, to increase the

sensitivity of detecting IRE1α or PERK by Western blot analysis, sequential

immunoprecipitation and immunoblot analysis of detergent tissue lysates can be performed.

We have raised murine anti-human IRE1α antibodies that can detect endogenous levels of
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IRE1α in murine liver tissue by IP-Western blot analysis (Kaufman et al., 2002; Tirasophon

et al., 2000). In addition, a polyclonal rabbit anti-PERK PITK-289 antibody (kindly provided

by Dr. Yuguang Shi, Lilly Research Laboratories, Eli Lilly and Co., Indianapolis, IN) (Shi et

al., 1999) or a commercial antibody (Cell Signaling) can be used to detect endogenous PERK

activation though IP-Western blot assay.

Sample preparation: (1) Approximately 100 mg of fresh liver tissue from normal mice or

mice treated with tunicamycin (Tm) is transferred into an ice-cold potter homogenizer. (2) Ice

cold NP-40 lysis buffer (700 μl) (1% NP-40, 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05%

SDS, 0.5 mM Na vanadate, 100 mM NaF, 50 mM β-glycerophosphate, and 1 mM phenyl-

methylsulfonyl fluoride (PMSF) supplemented with protease inhibitors (EDTA-free Complete

Mini, Roche)] is added into the homogenizer containing the liver tissue. (3) The liver tissue is

homogenized on ice and sonicated, and the liver tissue lysate is incubated on ice for 40 min.

(4) The liver lysate is centrifuged at 4 °C at 10,000 rpm for 20 min. The supernatant is

transferred into a clean, ice-cold 1.5-ml Eppendorf tube for IP-Western blot analysis for

IRE1α or PERK. (6) The protein concentration of a diluted aliquot is determined by the

Bradford assay.

Detection of IRE1α protein: (1) Murine anti-human IRE1α antibody (1 μl) raised in our

laboratory (Tirasophon et al., 2000) is incubated with 20 μl protein A beads in NP-40 lysis

buffer for 1 h on an end-over-end rotator at room temperature. (2) The antibody-bound beads

are washed by adding 500 μl lysis buffer in 1.5-ml Eppendorf tubes, rotating at 4 °C for 10

min, and then sedimenting in a microcentrifuge for 30 s at 8200g. The supernatant is aspirated

and the tube with the bead pellet is placed on ice. The sample is washed an additional two times

in a similar manner. (3) The liver tissue samples prepared as described earlier (about 700 μl)
are added into the tubes with washed antibody-bound beads and are then incubated for 3 h at

room temperature or overnight at 4 °C on a rotator. (4) After incubation, the beads are washed

with three times with 1 ml lysis buffer and one time with 1 ml PBS. (5) The solution from the

tube containing the beads is removed and then 20 μl of 2 × SDS-PAGE sample buffer (100

mM Tris, pH 6.8, 20% glycerol, 4% SDS, 0.2% bromophenol blue, 200 mM dithiothreitol) is

added to the tube followed by heating at 95° for 5 min. (6) Denatured proteins are separated

by SDS-PAGE on 10% Tris-glycine polyacrylamide gels and transferred to a 0.45-μm PVDF

membrane (RPN1416F, GE Healthcare). (7) The blots are incubated with the same murine

anti-human IRE1α antibody at a 1:1000 dilution in 0.1% Tween 20-PBS buffer (8 g NaCl, 0.2

g KCl 1.44 g Na2HPO4, and 0.24 g KH2PO4 diluted to 1000 ml distilled H2O, pH 7.4)

containing 5% skim milk or overnight at 4 °C followed by incubation with a 1:3000 dilution

of horse-radish peroxidase (HRP)-conjugated anti-mouse antibody (NA9310V, GE

Healthcare) for 2 h at room temperature. (8) Membrane-bound antibodies are detected by an

enhanced chemiluminescence (ECL) detection reagent (RPN2106, GE Healthcare). The

murine IRE1α protein is detected as one major band migrating with a molecular weight of ~120

kDa. After Tm treatment, the size of the IRE1α protein is increased slightly because of

autophosphorylation.

Detection of PERK protein: (1) The rabbit anti-PERK PITK-289 antibody (1 μl) (Shi et al.,

1998) or the rabbit anti-PERK antibody (1 μl) from Cell Signaling is incubated with 20 μl
protein A beads in NP-40 lysis buffer for 1 h on a end-over-end rotator at room temperature.

(2) Follow the steps for PERK immunoprecipitation and transfer to PVDF membranes as

described earlier for IRE1α. (3) The blots are incubated with the same PERK antibody at a

1:1000 dilution for 3 h at room temperature or overnight at 4 °C, followed by incubation of

HRP-conjugated anti-rabbit antibody (NA9340V, GE Healthcare) for 2 h at room temperature.

(4) Membrane-bound antibodies are detected by the ECL detection reagent (RPN 2106, GE

Healthcare). The murine PERK protein is detected migrating with a molecular mass of ~ 170
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kDa. After Tm treatment, the size of PERK protein is increased slightly because of

autophosphorylation.

3.1.2. Xbp1 mRNA splicing—On activation of the UPR, the primary UPR transducer

IRE1α is activated and functions as an endoribonuclease to remove a 26 base small intron from

the human or murine X-box binding protein 1 (Xbp1) mRNA to encode a potent UPR trans-

activator (Fig. 20.2A). Because of the difficulty in detecting endogenous IRE1α protein,

quantitative analysis of spliced and total Xbp1 mRNA is the most convenient and reliable

method to measure activation of the IRE1α-mediated UPR pathway.

Accurate and sensitive methods have been developed for the quantification of spliced and total

Xbp1 mRNA in mammalian cells or tissue using conventional reverse transcription (RT)

polymerase chain reaction (PCR) or real-time RT-PCR: (1) Total RNA is isolated from liver

tissue with the Trizol reagent (Invitrogen). (2) Synthesis of cDNA from murine total RNA is

performed using a multiscribe reverse transcriptase kit (Bio-Rad). The reaction mixture (20

μl) contains 500 ng total RNA, 4 μl 5× iScript reaction mix, and 1 μl reverse transcriptase. (3)

The reverse transcription reaction is incubated at 25 °C for 10 min, followed by incubation at

48 °C for 30 min, and then reverse transcriptase is inactivated at 85 °C for 5 min. (4) The

reaction mix is diluted 10-fold by the addition of 180 μl nuclease-free water. The diluted cDNA

mix from the reverse transcription reaction is subjected to semiquantitative PCR or quantitative

real-time PCR to determine levels of spliced and total Xbp1 mRNAs.

For conventional semiquantitative RT-PCR, 10 μl of diluted cDNA template(25 ng)

ismixedwith200 μM of each dNTP,300 nM forward and reverse primers, 5 μl PCR reaction

buffer (10 × concentration) with 15 mM MgCl2, 2.6 units Taq enzyme, and nuclease-free water

to a total volume of 50 μl. The PCR cycle starts with a 2-min incubation at 95 °C, then 25

cycles for 30 s at 94°C, 30 s at 55 °C, and 45 s at 72 °C; this is followed by a final incubation

at 72 °C for 7 min. The forward primer for PCR amplification of spliced and total mouse

Xbp1 mRNA is 5′-ACACGCTTGGGAATGGACAC-3′, and the reverse primer is 5′-
CCATGGGAAGATGTTCTGGG -3′. PCR products are separated by electrophoresis on a 3%

agarose gel and visualized by ethidium bromide staining. The size of amplified unspliced

Xbp1 mRNA is 170 bp, and the size of amplified spliced Xbp1 mRNA is 144 bp (Fig. 20.2B).

For quantitative real-time RT-PCR, a pair of real-time PCR primers is designed for the

quantification of mouse Xbp1 mRNA splicing. The forward primer sequence is 5′-
GAGTCCGCAGCAGGTG-3′. This primer was designed to span the 26 base intron, thus can

only anneal to the spliced Xbp1 transcript. The reverse primer sequence is 5′-
GTGTCAGAGTC-CATGGGA-3′, which is 70 bases downstream of the forward primer. This

pair of real-time PCR primers can specifically amplify the spliced form of murine Xbp1 mRNA.

Pairs of real-time PCR primers are also designed for quantification of the total Xbp1 mRNA

level. The forward primer sequence is 5′-AAGAACACGCTTGGGAATGG-3′, and the reverse

primer sequence is 5′-ACTCCCCTTGGCCTCCAC-3′. This pair of real-time PCR primers can

amplify both unspliced and spliced forms of Xbp1 mRNA. In addition, a pair of primers is used

to quantitate β-actin mRNA by real-time RT-PCR as an internal control: the forward primer

is 5′-GATCTGGCACCACACCTTCT-3′ and the reverse primer is 5′-
GGGGTGTTGAAGGTCTCAAA-3′.

SYBR green PCR master mix (Bio-Rad) is used to set up the quantitative real-time PCR

reaction. The reaction (20 μl) contains 500 nM forward and reverse primers for Xbp1 or β-
actin transcripts, 12.5 ng cDNA templates made from murine liver total RNA, and 10 μl SYBR

Green Supermix (50 mM KCl, 20 mM Tris-HCl, pH 8.4, 0.2 mM of each dNTP, 25U/ml iTaq

DNA polymerase, 3 mM MgCl2, SYBR green 1, 10 nM fluorescein and stabilizers). The

thermal cycle parameters are as follow: step 1, 95 °C for 10 min; step 2, 95 °C for 15 s; and
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step 3, 59 °C for 1 min. Step 2 is repeated for 40 cycles. The final step is incubation at 4 °C to

terminate the reaction. Data are analyzed with the iCycler iQ real-time PCR detection system

(Bio-Rad) according to the manufacturer’s instructions. Figure 20.2C shows quantification of

the spliced Xbp1 mRNA in murine liver with or without Tm treatment. The spliced form of

Xbp1 mRNA was increased significantly in murine liver after Tm treatment compared to that

of control liver.

3.1.3. GRP78/BiP induction—It has been well established that induction of GRP78/BiP is

a marker of ER stress and a central regulator of the activation of the UPR transducers

(IRE1α, PERK, and ATF6). The following are methods to measure GRP78/BiP transcript and

protein in murine liver.

Semiquantitative conventional RT-PCR analysis of GRP78/BiP transcripts: (1) Murine

liver cDNA mix is prepared from total liver RNA as described in Section 3.1.2. (2) A 10-μl
aliquot of diluted cDNA (25 ng) template is mixed with 200 μM of each dNTP, 300 nM forward

and reverse primers, 5 μl PCR reaction buffer (10 × concentration, with 15 mM MgCl2), 2.6

U Taq enzyme, and nuclease-free water to a final volume of 50 μl. (3) The PCR cycle starts

with a 2-min incubation at 95 °C and then 25 cycles for 30 s at 94 °C, 30 sec at 55 °C, and 45

s at 72 °C; this is followed by a final incubation at 72 °C for 7 min. The forward primer for

PCR amplification of GRP78/BiP is 5′-CTGGGTACATTTGATCTGACTGG-3′ and the

reverse primer is 5′-GCATCCTGGTGGCTTTCCAGCCATTC-3′. The primers amplify a 397-

bp mouse GRP78/BiP cDNA fragment.

Quantitative real-time RT-PCR analysis of GRP78/BiP transcripts: (1) A 2-μl aliquot of

diluted cDNA template (12.5 ng) is mixed with 10 μl iQ SYBR Green Supermix (Bio-Rad),

150 nM forward and reverse real-time PCR primers for GRP78/BiP or β-actin (internal control),

and nuclease-free water to a final volume of 20 μl. (2) The thermal cycling starts with a 10-

min incubation at 95 °C, then 40 cycles for 15 s at 95 °C, and 1 min at 59 °C; this is followed

by a final incubation at 4 °C to terminate the reaction. The primers used for GRP78/BiP

quantitative real-time PCR assay are forward primer 5′-
CATGGTTCTCACTAAAATGAAAGG-3′ and reverse primer 5′-
GCTGGTACAGTAACAACTG-3′. Primers for the internal control β-actin transcript are the

same as described in Section 3.1.2.

Measurement of GRP78/BiP protein level: The level of GRP78/BiP is elevated after

prolonged stress treatment, although the fold of increase in protein level is usually less than

that observed in mRNA levels due to the stability of the GRP78/BiP protein. An increase in

the GRP78/BiP protein level is a good marker for UPR activation. However, this is not a very

sensitive measure to detect low levels of ER stress and UPR activation. Therefore, it should

not be concluded that the UPR is not activated if an increase in the GRP78/BiP protein is not

detected. To evaluate ER stress and activation of the UPR, it is important to examine the

changes in both GRP78/BiP mRNA and protein levels. Currently, monoclonal and polyclonal

antibodies against GRP78/BiP are available commercially, and the level of GRP78/BiP protein

in liver tissue or cultured cells can be determined through a standard Western blot analysis. (1)

The liver protein lysate is prepared as described in Section 3.1.1. (2) Denatured liver proteins

(50–80 μg) are separated by SDS-PAGE on a 10% Tris-glycine gel and transferred to a 45-

μm PVDF nitrocellulose membrane in 0.19 M glycine, 25 mM Tris base, and 20% methanol.

(3) Nonspecific binding sites on the membrane are blocked using 5% skimmed milk in PBST

(PBS containing 0.1% Tween 20) for 1 h. (4) The membrane is incubated with a rabbit

polyclonal anti-GRP78 antibody (SPA-826, StressGen) at a 1:1000 dilution for 3 h at room

temperature or overnight at 4°. (5) The membrane is washed with PBST and then incubated

with horseradish peroxidase (HRP)-conjugated secondary antibody for 2 h at room
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temperature. The membrane is washed three times with PBST and chemiluminescent signals

are detected with the ECL detection reagent (RPN 2106, GE Healthcare).

3.1.3. Phosphorylation of eIF2α—Upon ER stress, PERK-mediated phosphorylation of

translation initiation factor eIF2α inhibits general translation to reduce the protein-folding

demand of the ER, while selectively stimulating translation of the ATF4 mRNA that encodes

a transcription factor for the induction of proapoptotic factor CHOP under prolonged ER stress.

Therefore, phosphorylated eIF2α is not only a reliable marker of PERK activation, but also a

key transmitter of cell survival and death signals in response to ER stress (Rutkowski et al.,

2006). Measurement of the levels of phosphorylated and total eIF2α protein is particularly

informative for evaluating activation of the PERK/eIF2α UPR pathway and ER stress-induced

apoptosis. However, it must be cautioned that eIF2α phosphorylation may not reflect PERK

activation because there are at least three additional eIF2α kinases—general control of nitrogen

metabolism kinase 2, heme-regulated inhibitor kinase, and double-stranded RNA-activated

protein kinase—that phosphorylate the same site in response to amino acid deprivation, heme

deficiency, or viral infection (Kaufman, 2004).

Measurement of phosphorylated eIF2α protein: (1) Liver tissue lysate is prepared by lysis

in buffer containing 1% NP-40, 50 mM Tris-HCL [pH 7.5], 150 mM NaC1, 0.05% SDS, 0.5

mM Na vanadate, 100 mM NaF, 50 mM β-glycerophosphate, and 1 mM PMSF supplemented

with protease inhibitors [EDTA-free, Roche] as described in Section 3.1.1. (2) Samples (50–

80 μg) of denatured liver proteins are separated on a 10% Tris-glycine polyacrylamide gel and

transferred to a nitrocellulose membrane in 0.19 M glycine, 25 mM Tris base, and 20%

methanol. (3) Nonspecific-binding sites on the membrane are blocked by incubation with 5%

(w/v) skimmed milk in PBST (PBS containing 0.1% Tween 20) for 1 h at room temperature.

(4) The membrane is incubated with a rabbit anti-Ser51-phosphorylated eIF2α antibody

(Biosource International) at a 1:1000 dilution for 3 h at room temperature or overnight at 4 °

C. (5) The membrane is washed with PBST and then incubated with HRP-conjugated anti-

rabbit secondary antibody for 2 h. (6) The membrane is washed with PBST three times and is

then incubated with the ECL detection reagent to measure chemiluminescent signals (Fig.

20.3).

Measurement of total eIF2α protein: (1) The same amounts of denatured liver protein are

separated on a 10% Tris-glycine gel and transferred to a new PVDF membrane. (2) Nonspecific

binding sites on the membrane are blocked using 5% skimmed milk in PBST for 1 h. (3) The

membrane is incubated with a rabbit anti-total eIF2α antibody (Cell Signaling) at a 1:1000

dilution overnight at 4 °C. (4) The membrane is washed and incubated with the secondary

antibody for ECL detection as described for the detection of phosphorylated eIF2α (Fig. 20.3).

Note: The use of serine-threonine phosphatase inhibitors in the lysis buffer such as β-
glycerophosphate is critical in preserving the eIF2α phosphorylation status.

3.2. Experimental protocols for identification and characterization of ER stress-inducible

proapoptotic factors in the liver

As discussed earlier, ATF4 and CHOP play a proapoptotic role in ER stress-induced cell death.

Indeed, CHOP is the most well-studied and well-recognized indicator for ER stress-induced

apoptosis both in vitro and in vivo. We have developed quantitative real-time RT-PCR to

measure the induction of murine Atf4 and Chop mRNAs in the liver upon ER stress (Fig. 20.4).

In addition, polyclonal anti-ATF4 and anti-CHOP antibodies are available commercially for

the detection of ATF4 and CHOP protein levels in liver tissue through Western blot analysis.
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3.2.1. Quantitative real-time RT-PCR analysis of Atf4 and Chop mRNAs

Quantitative real-time RT-PCR analysis of Atf4 and Chop mRNAs: (1) The murine liver

cDNA template is prepared from total liver RNA as described in Section 3.1.2. (2) A 2-μl
aliquot of diluted cDNA template (12.5 ng) is mixed with 10 μl iQ SYBR Green Supermix,

150 nM forward and reverse real-time RT-PCR primers for Atf4, Chop, or β-actin, and

nuclease-free water to a final volume of 20 μl. (3) The thermal cycling starts with a 10-min

incubation at 95 °C, then 40 cycles for 15 s at 95 °C, and 1 min at 59 °C, followed by a final

incubation at 4 °C. Primers used for Atf4 real-time PCR assay are forward primer 5′-
ATGGCCGGCTATG-GATGAT-3′ and reverse primer 5′-
CGAAGTCAAACTCTTTCAGATC-CATT-3′. The primers for Chop are forward primer 5′-
CTGCCTTT CACCTTGGAGAC-3′ and reverse primer 5′-CGTTTCCTGGGGATGA-

GATA-3′. The primers for internal control β-actin transcript are the same as described in

Section 3.1.2.

3.2.2. Measurement of ATF4 and CHOP protein levels

Western blot analysis of ATF4 or CHOP protein in liver samples: (1) Liver protein sample

preparation, SDS-PAGE, and PDVF membrane transfer are the same as described in Section

3.1.1. (2) Nonspecific-binding sites on the membrane are blocked by incubation with 5%

skimmed milk in PBST for 1 h. (3) To detect ATF4, the membrane is incubated with rabbit

polyclonal anti-CREB2/ATF4 antibody (SC-200, Santa Cruz Biotechnologies) at a 1:500

dilution for 3 h at room temperature. To detect CHOP, the membrane is incubated with rabbit

polyclonal anti-GADD153/CHOP antibody (sc-793, Santa Cruz Biotechnologies) at a 1:200

dilution for 3 h at room temperature. (4) After incubation with anti-ATF4 or anti-CHOP

primary antibody, the membrane is washed with PBST and then incubated with HRP-

conjugated secondary antibody for 2 h at room temperature. (5) Chemiluminescent signals on

the membrane are detected by the ECL detection reagent.

3.3. Immunohistochemical staining of ER stress-induced apoptotic markers in the liver

Immunohistochemical staining is an excellent method to visualize intensity, distribution, and

localization of ER stress markers and apoptosis in liver tissue. We have successfully used

modified immunohistochemical staining methods to amplify and visualize the CHOP signal

and apoptotic events using paraffin-embedded liver tissue sections.

3.3.1. Immunohistochemical staining of CHOP in the liver

Tyramide signal amplification to detect CHOP: To stain and amplify the CHOP signal in

liver tissue, we apply a method called tyramide signal amplification that utilizes the catalytic

activity of HRP to generate high-density labeling of the CHOP protein (Speel et al., 1999; van

Gijlswijk et al., 1997). The tyramide signal amplification staining process includes (1) binding

of a rabbit anti-CHOP antibody to CHOP protein in the liver tissue section followed by

secondary detection of the primary antibody with an HRP-labeled anti-rabbit antibody; (2)

activation of multiple copies of a dye-labeled tyramide derivative by HRP; and (3) covalent

coupling of the resulting highly reactive, short-lived tyramide radicals to nucleophilic residues

in the vicinity of the HRP–CHOP interaction site, resulting in minimal diffusion-related loss

of signal localization (Fig. 20.5A).

To stain and amplify the signal for CHOP protein in liver tissue sections, a commercial tyramide

amplification kit (Invitrogen) is used. (1) Murine liver tissue fixation, sectioning, and

deparaffination are carried out according to standard immunohistochemical staining protocols.

(2) The liver tissue is permeabilized by incubating with 0.2% Triton X-100 for 10 min at room

temperature followed by a rinse in PBS. (3) The endogenous peroxidase activity is quenched

by incubating in 0.1% H2O2 in methanol for 1 h at room temperature. (4) The nonspecific-
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binding sites on the specimen are blocked by incubating the slide with 1% BSA in PBS for 1

h at room temperature. (5) The tissue section is labeled with a rabbit anti-CHOP primary

antibody (sc-575, Santa Cruz Biotechnologies) at a 1:100 dilution in 1% BSA blocking reagent

overnight at 4 °C. (6) After primary antibody incubation, the slide is rinsed with PBS three

times and then incubated with HRP-conjugated antirabbit antibody for 60 min at room

temperature. (7) The slide is rinsed with PBS three times and then incubated with the tyramide

working solution (provided in the kit) for 7 min at room temperature. (8) The slide is rinsed

with PBS three times and is then mounted with ProLong Gold antifade mounting medium

containing 4′,6-diamidino-2-phenylindole (DAPI) to stain DNA (Molecular Probes,

Invitrogen). The mounted slide is kept in the dark at room temperature for 24 h prior to analysis

by fluorescence microscopy (Fig. 20.5B). Cells expressing CHOP exhibit red fluorescence

when viewed at 556/573 nm (excitation/emission). DAPI-stained nuclei exhibit a blue color.

The CHOP signal should be observed in nuclear, perinuclear, and cytosolic localizations.

Note: Because of the amplified detection inherent in the tyramide signal amplification process,

background staining that was previously undetectable may become more prominent. Intense

staining caused by nonspecific reaction of the tyramide with endogenous peroxidase in blood

vessels may be observed. Because of sensitivity enhancements derived from the tyramide

amplification process, dilution of the primary antibody may be increased 10-fold from the level

used in conventional immunohistochemical staining of liver tissue sections.

3.3.2. Nuclear DNA fragmentation assay—During apoptosis, cells undergo many

distinct morphological and biochemical changes. One striking apoptotic event involves cellular

endonuclease cleavage of nuclear DNA between nucleosomes, thereby producing a mixture

of DNA fragments. DNA fragmentation has been well recognized as a marker of the final stage

of apoptosis (Schwartzman and Cidlowski, 1993). To detect ER stress-induced apoptosis in

liver tissue sections, we have modified a DNA fragmentation assay by incorporating

fluorescein-dUTP at the free 3′-hydroxyl ends of the fragmented DNA using the terminal

deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) method. The

fluorescein-labeled DNA can then be quantified as an indicator of apoptosis (Fig. 20.6).

Analysis of DNA fragmentation in liver tissue sections: (1) Fixation, paraffin embedding,

tissue sectioning, and deparaffination are performed according to standard

immunohistochemical staining protocols. (2) The TUNEL labeling process is based on a

commercial DNA fragmentation assay kit (Clontech). Pretreatment of tissue sections with

NaCl and fixation by formaldehyde are carried out according to the product manual. (3) The

liver tissue sections are treated with 20 μg/ml proteinase K in a Coplin jar for 10 min at room

temperature. (4) The slide is washed with PBS and is fixed again by 4% formaldehyde/PBS

for 5 min at room temperature. (5) The slide is washed by PBS and is then incubated in an

equilibration buffer (200 nM potassium cacodylate, 25 mM Tris-HCl, 0.2 mM DD, 0.25 mg/

ml BSA, and 2.5 mM cobalt chloride) for 10 min at room temperature. (6) For TUNEL labeling,

the tissue section is incubated with TdT reaction buffer (1 μl TdT enzyme, 5 μl nucleotide mix,

45 μl equilibration buffer) in a dark, humidified 37 °C incubator for 2 h. (7) The reaction is

terminated by immersing the slides in 2 × SSC (3 M NaCl, 300 mM Na3 citrate · H2O) for 15

min at room temperature. (8) The slide is washed with PBS twice and then stained with

propidium iodide (PI) for 10 min at room temperature. (9) The slide is washed with deionized

water and mounted with ProLong Gold antifade mount media (Molecular Probes, Invitrogen).

(10) The slide is kept overnight at 4 °C in the dark prior to analysis by fluorescence microscopy.

Apoptotic cells exhibit strong, nuclear green fluorescence using a standard fluorescein filter

set (520 ± 20 nm). All cells stained with PI exhibit strong red cytoplasmic fluorescence when

viewed at more than 620 nm.
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Note: If tissue section permeabilization with Triton X-100 or incubation with proteinase K is

insufficient, signals may be weak or not detected. However, if the tissue sections are

overdigested with proteinase K, the sample may detach from the slides. The permeabilization

and proteinase K incubation times need to be optimized to avoid these problems.
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Figure 20.1.

ER stress-induced apoptotic pathways. Under ER stress, PERK is activated by

homodimerization and autophosphorylation. Activated PERK phosphorylates eIF2α, which

subsequently induces proapoptotic factors ATF4 and CHOP. CHOP induces expression of

numerous genes encoding proapoptotic factors, including DR5, TRB3, CAVI, and BCL2

family proteins that promote mitochondria-mediated apoptosis. CHOP also induces expression

of GADD34 and ERO1α, leading to apoptosis by promoting protein synthesis and oxidation

in the stressed ER. On activation of the UPR, IRE1α recruits TRAF2 and leads to activation

of the JNK-mediated apoptotic pathway. ER stress induces BAX and BAK localization and

oligomerization at the ER, which promotes calcium efflux into the cytoplasm. Calcium uptake

into the mitochondrial matrix depolarizes the inner membrane and leads to transition of the

outer membrane permeability pore. This causes cytochrome c release and Apaf-1-dependent

activation of the apoptosome, leading to apoptosis. In addition, it has been proposed that ER

stress induces dissociation of TRAF2 from procaspase-12 residing on the ER membrane,

allowing caspase-12 activation to mediate apoptosis. Mito, mitochondria; Cyt-C, cytochrome

c; pCP12, procaspase-12; CP12, caspase-12; CP9, caspase-9; CP-3, caspase-3.
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Figure 20.2.

Quantitative analysis of Xbp1mRNA splicing. (A) Schematic representation of unspliced and

spliced forms of murine Xbp1 mRNAs and the protein coding regions. (B) Semiquantitative

RT-PCR analysis of unspliced and spliced Xbp1 mRNAs in murine liver. Wild-type C57Bl/6J

mice at 3 month of age were injected intraperitoneally with 2 μg/gram body weight of

tunicamycin in150 mM dextrose. At 24 h after injection, total liver RNA samples were prepared

for RT-PCR analysis. Wild-type (+/+) and Ire1α knockout (−/−) MEFs treated with Tm (5

μg/ml) for 8 h were included as controls. (C) Quantitative real-time RT-PCR analysis of

unspliced and spliced Xbp1 mRNAs in murine livers. The liver total RNA samples were same

as described in B. Fold changes in mRNA levels were determined after normalization to internal

control β-actin mRNA levels.
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Figure 20.3.

Western blot analysis of phosphorylated and total eIF2α in murine liver. Wild-type C57BL/6J

mice at 3 months of age were injected intraperitoneally with 2 μg/g body weight of tunicamycin

in 150 mM dextrose. At 24 h after injection, liver protein samples were prepared as described

in the text for Western blot analysis. Wild-type (+/+) and Perk-deleted (−/−) MEFs treated

with Tm (5 μg/ml) for 8 h were included as controls. The phosphorylated and total eIF2α
proteins were detected using different blots for the same liver protein samples.
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Figure 20.4.

Measurement of Chop mRNA and protein in murine liver. (A) Western blot analysis of CHOP

in murine liver. Wild-type C57BL/6J mice at 3 months of age were injected intraperitoneally

with 2 μg/gram body weight of tunicamycin in 150 mM dextrose. At 24 h after injection, liver

protein samples were prepared for Western blot analyses. Wild-type (+/+) and Chop-deleted

(−/−) MEFs treated with Tm (5 μg/ml) for 30 h were included as controls. Levels of murine

β-actin protein were determined as protein loading controls. (B) Quantitative real-time RT-

PCR analysis of Chop mRNA in murine liver. The liver total RNA was prepared from the mice

as described in A. The fold changes of mRNA levels were determined after normalization to

internal control β-actin mRNA levels.
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Figure 20.5.

Immunohistochemical staining of CHOP in the liver. (A) Schematic representation of the

tyramide signal amplification process to detect CHOP protein in the liver. (B) CHOP staining

in liver sections. Wild-type C57BL/6J mice at 3 months of age were injected intraperitoneally

with 2 μg/gram body weight of tunicamycin in 150 mM dextrose. At 24 h after injection, fresh

liver tissues were fixed in 4% PBS-buffered formalin, paraffin embedded, and 4-μm sections

prepared. (Top) Liver sections from control mice. (Bottom) Liver sections from mice treated

with Tm.
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Figure 20.6.

Immunohistochemical staining of nuclear DNA fragments in liver sections. Wild-type C57BL/

6J mice at 3 months of age were injected intraperitoneally with 2 μg/gram body weight of

tunicamycin in 150 mM dextrose. At 36 h after injection, fresh liver tissues were fixed in 4%

PBS-buffered formalin, paraffin embedded, and 4-μm sections prepared. (Top) Liver sections

from control mice. (Bottom) Liver sections from mice treated with Tm.
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