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The eIF2 kinase PERK and the integrated stress 
response facilitate activation of ATF6 during 
endoplasmic reticulum stress
Brian F. Teskea, Sheree A. Weka, Piyawan Bunpob, Judy K. Cundiffb, Jeanette N. McClinticka, 
Tracy G. Anthonyb, and Ronald C. Weka

aDepartment of Biochemistry and Molecular Biology, Indiana University School of Medicine, Indianapolis, IN 46202; 
bDepartment of Biochemistry and Molecular Biology, Indiana University School of Medicine, Evansville, IN 47712

ABSTRACT Disruptions of the endoplasmic reticulum (ER) that perturb protein folding cause 
ER stress and elicit an unfolded protein response (UPR) that involves translational and tran-
scriptional changes in gene expression aimed at expanding the ER processing capacity and 
alleviating cellular injury. Three ER stress sensors (PERK, ATF6, and IRE1) implement the UPR. 
PERK phosphorylation of the α subunit of eIF2 during ER stress represses protein synthesis, 
which prevents further influx of ER client proteins. Phosphorylation of eIF2α (eIF2α∼P) also 
induces preferential translation of ATF4, a transcription activator of the integrated stress re-
sponse. In this study we show that the PERK/eIF2α∼P/ATF4 pathway is required not only for 
translational control, but also for activation of ATF6 and its target genes. The PERK pathway 
facilitates both the synthesis of ATF6 and trafficking of ATF6 from the ER to the Golgi for in-
tramembrane proteolysis and activation of ATF6. As a consequence, liver-specific depletion 
of PERK significantly reduces both the translational and transcriptional phases of the UPR, 
leading to reduced protein chaperone expression, disruptions of lipid metabolism, and en-
hanced apoptosis. These findings show that the regulatory networks of the UPR are fully in-
tegrated and help explain the diverse biological defects associated with loss of PERK.

INTRODUCTION
The endoplasmic reticulum (ER) is a site for calcium storage, lipid 
biosynthesis, and the folding and assembly of proteins destined for 
the secretory pathway. Calcium dysregulation, oxidative damage, 
and perturbations in posttranslational modification of proteins can 
lead to accumulation of misfolded protein that can cause ER stress. 
Accumulation of misfolded protein and the ensuing ER stress is re-
ferred to as proteotoxicity, which can contribute to the etiology of 

diseases including diabetes, cancer, and neurodegenerative disor-
ders (Schroder and Kaufman, 2005; Marciniak and Ron, 2006; Ron 
and Walter, 2007; Wek and Cavener, 2007; Hotamisligil, 2010). ER 
stress activates three transmembrane proteins—ATF6, IRE1 (ERN1), 
and PERK (PEK/EIF2AK3)—which together induce the unfolded pro-
tein response (UPR), involving both transcriptional and translational 
regulation of genes that serve to expand the processing capacity of 
the ER and return this organelle to homeostasis (Ron and Walter, 
2007; Wek and Cavener, 2007).

ATF6 is a membrane-bound transcription factor that is localized 
to the ER and serves as both a sensor of ER stress and a transcrip-
tional activator of UPR target genes. There are two ER stress-respon-
sive isoforms of ATF6 (α/β) (Haze et al., 2001; Thuerauf et al., 2004, 
2007), with the predominant activator of UPR target genes, ATF6α 
(ATF6), being the primary focus of this study. During ER stress, ATF6 
transits from the ER to the Golgi, where regulated intramembrane 
proteolysis by site-1-protease (S1P) and site-2-protease (S2P) liber-
ates the N-terminal portion of ATF6 (DeBose-Boyd et al., 1999; 
Shen and Prywes, 2004; Ron and Walter, 2007). The resulting 
ATF6(N) then enters the nucleus and binds to ER stress response 
elements and unfolded protein response elements (ERSEs and 
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These pathologies were recapitulated in PERK-deficient mice 
(Harding et al., 2001; Zhang et al., 2002), in which the molecular and 
cellular mechanisms have been investigated (Li et al., 2003; Zhang 
et al., 2006b; Iida et al., 2007; Gupta et al., 2010).

Activation of ATF6, IRE1, and PERK in response to ER stress is 
thought to occur in parallel, but the timing or duration of each may 
differ. Although the mechanistic details are not yet resolved, it has 
been proposed that the ER luminal portions of each of these sen-
sory proteins can be bound and repressed by BiP (Shen et al., 2002; 
Ron and Walter, 2007). Accumulation of unfolded proteins in the ER 
lumen is suggested to compete with the sensory proteins for BiP 
binding, enhancing release of this ER chaperone from each ER sen-
sor and thus leading to their activation (Bertolotti et al., 2000; Ma 
et al., 2002; Shen et al., 2002; Ron and Walter, 2007; Pincus et al., 
2010). Alternatively, it has been proposed that unfolded proteins 
can directly interact with the ER sensor proteins, such as IRE1, which 
then facilitates oligomerization and activation (Credle et al., 2005; 
Kimata et al., 2007; Ron and Walter, 2007; Cui et al., 2011). These 
models posit that activation of the sensory proteins in response to 
ER stress occurs largely by independent rather than by intercon-
nected processes.

We wished to determine whether the translational control arm of 
the UPR is coupled to the regulation of the transcriptional compo-
nents of this stress response, insuring coordinate control of the tran-
scription and translation phases of the UPR. Our studies show that 
the PERK/eIF2α∼P/ATF4 pathway is required to facilitate activation 
of ATF6 in response to ER stress both in vivo and in cultured cells. As 
a consequence, liver-specific deletion of PERK leads to enhanced 
apoptosis in response to ER stress, along with hepatic dysfunctions, 
features that are similar to those described for ATF6-null mice. These 
findings are important because development of specific therapies 
targeting the UPR will depend on understanding the integration of 
this signaling network. In this model, loss of translational control of 
the UPR also significantly blocks the transcriptional arms, resulting in 
dysregulation of the UPR network that would ultimately contribute 
to disease.

RESULTS
Loss of PERK disrupts the UPR and renders the liver 
susceptible to ER stress
To address the role of PERK in the UPR in liver, we bred mice with a 
liver-specific knockout of PERK (LsPERK-KO). LsPERK-KO mice were 
produced by deletion of floxed PERKfl/fl using cre expression driven 
by the liver-specific albumin promoter, as described previously 
(Zhang et al., 2002; Bunpo et al., 2009). Consistent with PERK de-
pletion from the liver, there was significantly reduced eIF2α∼P fol-
lowing 6 h after injection with tunicamycin (1 mg/kg), a potent ER 
stress agent that blocks N-glycosylation of proteins (Figure 1, A and 
B). Disruption of eIF2α∼P in the LsPERK-KO livers was also observed 
following 24- and 36-h treatments with tunicamycin. In addition to 
translational expression of ATF4, induced eIF2α∼P enhances the 
transcription of ATF4 and its target gene CHOP, and the levels of 
both mRNAs were sharply reduced in the LsPERK-KO mice during 
ER stress (Figure 1C). Expression of CREB-H, which has been previ-
ously linked to the UPR (Zhang et al., 2006a), was unchanged during 
the treatment with tunicamycin.

Accompanying this block in PERK activity and downstream gene 
expression, livers for the LsPERK-KO mice displayed substantial Oil 
Red O staining, indicating the presence of fat deposits in response 
to 12-h tunicamycin treatment (Figure 2A). This staining was signifi-
cantly reduced in the WT mice. Triglyceride levels were also in-
creased in livers of the LsPERK-KO mice treated with tunicamycin as 

UPREs) located in the promoters of UPR targeted genes (Yamamoto 
et al., 2004, 2007; Ron and Walter, 2007; Wu et al., 2007; Adachi 
et al., 2008). Activation of ATF6 leads to increased transcription of a 
network of genes, including those encoding ER chaperones, such as 
BiP/GRP78, and components of the ER-associated degradation 
(ERAD) pathway (Ron and Walter, 2007; Wu et al., 2007; Yamamoto 
et al., 2007; Adachi et al., 2008). Deletion of ATF6 in mice does not 
lead to an overt developmental phenotype; however, ATF6-null 
mice subjected to pharmacological induction of ER stress showed 
dysregulation of chaperone and metabolic genes associated with 
lipid homeostasis leading to hepatic steatosis not found in the simi-
larly treated wild-type (WT) animals (Wu et al., 2007; Yamamoto 
et al., 2007, 2010; Rutkowski et al., 2008). Central to the UPR dys-
regulation in the ATF6−/− mice is a persistent activation of IRE1, an 
endoribonuclease that facilitates the cytoplasmic splicing of XBP1 
mRNA, leading to the synthesis of an active form of the XBP1 tran-
scription factor (Yoshida et al., 2001; Calfon et al., 2002; Schroder 
and Kaufman, 2005). Activated XBP1 enhances the transcription of 
UPR genes involved in protein quality control, disulfide linkage, 
ERAD, and lipid synthesis (Ron and Walter, 2007; Lee et al., 2008; 
Glimcher, 2010). The endoribonuclease function of IRE1 also facili-
tates the degradation of many mRNAs during ER stress, further con-
tributing to changes of the transcriptome (Hollien and Weissman, 
2006; Hollien et al., 2009).

The translational control arm of the UPR is directed by PERK 
phosphorylation of eIF2, a translation initiator factor that combines 
with guanosine triphosphate (GTP) and delivers the initiator 
Met-tRNAi

Met to the translational machinery. Phosphorylation of the 
α subunit of eIF2 at Ser-51 blocks the activity of eIF2B required for 
the exchange of eIF2-GDP (guanosine diphosphate) to the active 
version eIF2-GTP (Wek and Cavener, 2007; Sonenberg and Hin-
nebusch, 2009). The subsequent reduction in protein synthesis pre-
vents further influx of nascent polypeptides into the ER and pro-
vides the cell ample time to implement the UPR reprogramming of 
the transcriptome. Accompanying this repression of global protein 
synthesis, eIF2α phosphorylation (eIF2α∼P) also enhances the trans-
lation of select mRNAs, such as that encoding ATF4, a transcrip-
tional activator of genes involved in metabolism, cellular redox sta-
tus, and regulation of apoptosis (Harding et al., 2000a, 2003; Lu 
et al., 2004; Vattem and Wek, 2004; Ron and Walter, 2007; Wek and 
Cavener, 2007). Among the ATF4 target genes are additional tran-
scription factors, such as CHOP (GADD153/DDIT3), which serve to 
amplify the restructuring of the transcriptome to manage stress or 
direct cell fate toward apoptosis (Fawcett et al., 1999; Harding et al., 
2000a; Marciniak et al., 2004; Marciniak and Ron, 2006).

In addition to ER stress, preferential translation of ATF4 occurs in 
response to diverse stress conditions that regulate other eIF2α ki-
nases, including GCN2 (EIF2AK4) activated by nutrient deprivation, 
HRI (EIF2AK1) induced by heme deficiency and oxidative stress, and 
PKR (EIF2AK2), which participates in the cellular defense against vi-
ral infection (Wek and Cavener, 2007; Sonenberg and Hinnebusch, 
2009). Because ATF4 is a common downstream target of each of the 
eIF2α kinases and their corresponding activating stress signals, this 
eIF2α∼P/ATF4 pathway has been referred to as the integrated stress 
response (ISR; Harding et al., 2000a, 2003). The ISR network is criti-
cal for ameliorating stress conditions, such as those afflicting the ER 
organelle, as genetic perturbations of the eIF2α kinases have sig-
nificant medical consequences. For example, PERK disruption leads 
to Wolcott-Rallison syndrome, which is characterized by neonatal 
diabetes, atrophy of the exocrine pancreas, skeletal dysplasia, 
growth retardation, and hepatic complications resulting in morbidity 
(Delepine et al., 2000; Senee et al., 2004; Julier and Nicolino, 2010). 
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              tion, with only modest levels of BiP protein 
in the LsPERK-KO liver samples following 
36-h tunicamycin treatment (Figures 1C and 
2E). These results suggest that PERK defi-
ciency blocks induction of eIF2α∼P and the 
translational control arm of the UPR, which 
leads to disruption of liver homeostasis and 
increased apoptosis during ER stress.

Loss of PERK in liver blocks activation 
of the UPR transcriptome
An analysis of gene expression changes in 
the LsPERK-KO mice indicated that there 
was significantly diminished induction of BiP 
expression in response to ER stress. Lowered 
BiP levels suggested that, in the liver, PERK 
normally enhances the expression of key ER 
chaperones, a function previously ascribed 
to ATF6 and IRE1/XBP1 (Lee et al., 2002; 
Yamamoto et al., 2004; Schroder and 
Kaufman, 2005; Ron and Walter, 2007). To 
investigate changes in UPR genes that re-
quire PERK, total RNA was isolated from WT 
and LsPERK-KO livers and analyzed by Af-
fymetrix microarrays. In WT livers, 9645 
probe sets were significantly changed by tu-
nicamycin treatment, with nearly 50% of 
these being induced by twofold or greater 
(Table 1; p ≤ 0.05, FDR ≤ 0.15). A comparison 
between the induction ratios (stress/control) 
for the ER stress-induced genes in the WT 
versus the PERK-deficient livers indicated 
that 63% (4599/7324) displayed a signifi-
cantly lower induction ratio in the LsPERK-
KO mice. Furthermore, among those genes 
enhanced at least twofold by tunicamycin 
treatment, 74% (3523/4737) showed a re-
quirement for PERK for full induction in re-
sponse to ER stress (Table 1). These finding 
are illustrated in Figure 3A, which features a 
comparative analysis between the stress-in-
duced transcriptome changes in WT (x-axis) 
versus LsPERK-KO (y-axis). The PERK require-
ment for changes in the UPR transcriptome is 
supported by the large number of probe sets 
that were increased in the WT livers upon ER 
stress, but lie below the diagonal where y = x.

These results indicate that PERK is a ma-
jor participant in the transcriptional phase of 
the UPR, with a majority of activated genes 
requiring PERK function for full induction. As 

expected, these PERK-dependent genes included canonical ISR tar-
get genes such as ATF4, CHOP, GADD34, ATF3, and TRIB3 (Figure 
3B). Many UPR target genes, however, also required PERK for full 
induction in response to tunicamycin treatment, including those in-
volved in protein folding and ERAD (Figure 3C). To address the ap-
parent overlap between PERK and ATF6 transcriptional target 
genes, we compared a previously reported microarray characteriza-
tion of livers from ATF6 knockout mice treated with tunicamycin with 
our LsPERK-KO data set (Rutkowski et al., 2008). A total of 2487 
genes were significantly induced by ER stress in both data sets, 
with 39% (969/2487) of these requiring ATF6 for full induction 

compared with the WT (Figure 2B). After 24 h of the ER stress, in-
creased terminal deoxynucleotidyl transferase dUTP nick end label-
ing (TUNEL) staining of hepatocytes in PERK-deficient mice indi-
cated enhanced apoptosis in the liver (Figure 2, C and D). The 
TUNEL staining was accompanied by elevated cleavage of cas-
pase-3 in the LsPERK-KO livers (Figure 2E). As expected, induction 
of CHOP protein in response to ER stress was substantially dimin-
ished in the LsPERK-KO livers, consistent with the idea that activa-
tion of the ISR was blocked as illustrated by the lowered levels of 
eIF2α∼P. Interestingly, the mRNA and protein levels of the ER chap-
erone BiP were also substantially reduced with loss of PERK func-

FIGURE 1: Liver-specific knockout of PERK reduces eIF2α∼P and the ISR in response to 
tunicamycin treatment. (A) WT and LsPERK-KO mice received intraperitoneal injections with 
tunicamycin (TUN), and following 6, 24, or 36 h of exposure to this ER stress agent, the levels of 
eIF2α∼P and total eIF2α in livers were measured by immunoblot analyses. The + indicates 
treatment with tunicamycin, and the – indicates injection with only excipient. Results shown in 
each panel are representative of at least three independent experiments. (B) Quantification of 
the levels of total and phosphorylated eIF2α in the WT and LsPERK-KO livers following 6 h of 
treatment with tunicamycin (TUN) or with excipient (NT, no treatment). (C) The levels of ATF4, 
CHOP, BiP, and CREB-H mRNAs in the WT and LsPERK-KO livers exposed to tunicamycin for 
6 h, or to no treatment, were measured by qPCR. * indicates statistically significant differences 
(p < 0.05) between the levels of tunicamycin treated (TUN) and no treatment (NT) samples; 
# indicates statistically significant differences (p < 0.05) between WT and LsPERK-KO mice. 
The error bar represents the SEM.
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(Figure 3D). Importantly, among these ATF6-target genes, 69% 
(671/969) were also dependent on PERK for full induction. We con-
clude that PERK facilitates the expression of not only the ISR genes, 
but also a majority of the UPR genes, including those targeted 
by ATF6.

Turnover of a large number of gene transcripts is enhanced in 
response to ER stress (Hollien and Weissman, 2006; Hollien et al., 

2009). There were 2321 gene transcripts 
that were significantly reduced in WT livers 
upon tunicamycin treatment, with 797 being 
lowered by at least twofold (Table 1). PERK 
contributed to 24% of those genes re-
pressed by twofold or greater (190/797). 
This result is illustrated in Figure 3A, with the 
repressed transcripts in WT livers (x-axis) ly-
ing above the y = x diagonal. Turnover of a 
large number of mRNAs is known to be en-
hanced in response to ER stress, and the 
endoribonuclease activity of IRE1 is thought 
to facilitate the decay of many of these 
mRNAs (Hollien and Weissman, 2006; 
Hollien et al., 2009). These results suggest 
that PERK is also a significant contributor to 
the repression of the transcriptome in re-
sponse to ER stress.

PERK facilitates activation of ATF6 in 
response to ER stress
Our microarray analysis suggested that both 
ATF6 and XBP1 mRNA expression were 
substantially diminished in LsPERK-KO mice 
subjected to tunicamycin treatment com-
pared with WT, results that were confirmed 
by quantitative PCR (qPCR) measurements 
(Figures 3C and 4A). These findings support 
the idea that PERK can facilitate activation 
of the UPR transcriptome by contributing 
to the activation of ATF6 and XBP1 during 
ER stress. Although loss of PERK lowered 
the total levels of XBP1 mRNA and, as a 
consequence the amount of spliced XBP1 
mRNA in response to ER stress, the ratio 
of spliced/total XBP1 transcript was un-
changed between the LsPERK-KO and WT 
mice (Figure 4A). This finding suggests that, 
within this time frame of ER stress, IRE1 en-
doribonuclease activity for XBP1 mRNA 
cleavage is not significantly altered by loss 
of PERK function.

Given the larger than expected role for 
PERK in UPR-directed gene expression, we 
next addressed whether loss of this eIF2α 
kinase could adversely affect the activation 
of ATF6 in response to ER stress. Consistent 
with our previous results, PERK deficiency 
significantly reduced eIF2α∼P following 6-h 
tunicamycin treatment (Figure 4B). Immuno-
blot analyses comparing the levels of the 
full-length (ATF6-FL/G) and processed 
ATF6(N) protein in WT and LsPERK-KO mice 
indicated that activation of ATF6 was dra-
matically reduced with loss of PERK function 

(Figure 4B). Following treatment of the WT mice with tunicamycin, 
there was accumulation of unglycosylated full-length ATF6 (ATF6-
FL/UG), along with the proteolytically cleaved and activated ATF6(N). 
Cleavage of ATF6 was dependent on PERK following 6 h of ER 
stress. We note that the size of the ATF6(N) protein is consistent with 
that determined using an ATF6 expression plasmid encoding 
residues 1–373 (HA-ATF6-1-373) transfected into cultured mouse 

FIGURE 2: Loss of PERK enhances liver apoptosis in response to ER stress. (A) WT and 
LsPERK-KO mice received intraperitoneal injections with tunicamycin or excipient (NT, no 
treatment). Following 12 h of exposure to the ER stress agent, a histological analysis of the livers 
was carried out using Oil Red O stain to visualize triglycerides, and liver sections were 
counterstained with hematoxylin. (B) Quantification of triglyceride levels in WT and LsPERK-KO 
liver samples following treatment with tunicamycin (TUN) or vehicle control (NT). Dysregulation 
of metabolic genes was also noted and can be found in Supplemental Figure 2. (C) WT and 
LsPERK-KO mice were treated with tunicamycin for 24 h, and a TUNEL analysis was carried out 
on liver histological sections, with the arrows indicating TUNEL-positive cells in a representative 
field. (D) Quantification of the TUNEL-positive levels in WT and LsPERK-KO livers following 
treatment with tunicamycin (TUN) or with no treatment (NT). The error bar represents the SEM, 
and the * indicates statistically significant differences (p < 0.05) between the tunicamycin treated 
and no treatment samples; # indicates statistically significant differences (p < 0.05) between WT 
and LsPERK-KO mice. (E) WT and LsPERK-KO mice were treated with tunicamycin (+) or vehicle 
only (-) for 6, 24, or 36 h, and the levels of BiP, CHOP, and cleaved caspase 3 in liver lysates were 
measured by immunoblot analysis.
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embryonic fibroblasts (MEF; Supplemental Figure 1). Furthermore, 
ATF6 was reported to be glycosylated at multiple sites (Hong et al., 
2004), and, as described later in this article, the ATF6-FL/UG was 
detected in MEF cells treated with tunicamycin, but not detected in 
response to thapsigargin, another well-characterized ER stress agent 
that does not directly inhibit protein glycosylation (Hong et al., 
2004; Schroder and Kaufman, 2005). These results indicate that 
PERK facilitates activation of ATF6 in response to ER stress, provid-
ing an important rationale for why loss of PERK has such a broad 
impact on the UPR transcriptome.

We next addressed whether PERK also facilitates activation of 
ATF6 in cultured MEF cells exposed to ER stress agents. WT MEF 
cells were treated with either tunicamycin or thapsigargin for up to 
6 h, and ATF6 levels were measured by immunoblot analyses. We 
found that, consistent with our liver analysis, tunicamycin triggered 
accumulation of the cleaved ATF6(N), initiating at 1 h of treatment 
and continuing through the 6-h regimen (Figure 5A). Accumulation 
of ATF6(N) coincided with the induction of ATF4 expression, which 
was readily detected following 2 h of the ER stress. During the time 
course of tunicamycin exposure, there was also a gradual decrease 
of ATF6-FL/G coincident with increasing ATF6-FL/UG. The ATF6-FL/
UG is suggested to represent ATF6 that is newly synthesized during 
ER stress, as the addition of cycloheximide, a potent inhibitor of 
protein synthesis, along with tunicamycin resulted in minimal detec-
tion of ATF6-FL/UG (Figure 5B). Thapsigargin treatment also trig-
gered accumulation of ATF6(N); however, in this case there was no 
detectable ATF6-FL/UG (Figure 5A). As a consequence, we did not 
detect measurable reduction of ATF6-FL/G during the time course 
of thapsigargin treatment, as the synthesis of ATF6 is sufficient to 
replace that being processed into the activated ATF6(N).

Dependence Total

Fold change (treated/untreated)a

>1.0 ≥2.0 <1.0 ≤0.5

WT 9645b 7324 4737 2321 797

PERK-
dependent

4948c 4599 3523 349 190

aExpression profile summary of gene transcripts, as defined by probe set, 
that were significantly changed after treatment with tunicamycin (1 mg/kg). 
The number of induced genes are shown for both the >1.0-fold and ≥2.0-fold 
thresholds. The repressed genes are also shown for the <1.0- and <0.5-fold 
thresholds.
bThe total number of transcripts significantly changed (p ≤ 0.05) by ER stress.
cThe number of PERK-dependent transcripts that were significantly changed by 
ER stress.

TABLE 1: PERK facilitates expression of a large number of UPR target 
genes.

sets (p < 0.05) following treatment with 2 μM tunicamycin for 6 h. 
(B and C) Microarray measurements of gene transcripts targeted by 
the ISR (B) and the UPR (C). The mean fluorescence intensity (MFI) for 
each transcript is shown as a histogram, along with the SD. Each of 
these representative genes showed a significant induction in response 
to ER stress that was dependent on PERK (p ≤ 0.05, FDR ≤ 0.15). 
(D) Comparative analysis of genes induced by tunicamycin in mice 
livers. The LsPERK-KO microarray analysis described here was 
compared with microarray measurements derived from ATF6 
liver-specific knockout mice as reported by Rutkowski et al. (2008). 
Genes significantly induced by at least twofold were plotted as 
Venn diagrams. Shown here are genes induced by tunicamycin in 
liver that were present in both microarray data sets (blue), with 
ATF6-dependent genes (green), PERK-dependent genes (red), or 
PERK- and ATF6-dependent genes (yellow).

FIGURE 3: PERK is required for full induction of a majority of the 
UPR-targeted genes. (A) The scatter plot is the log ratio of stressed 
vs. no stress for WT (x-axis) and LsPERK-KO (y-axis). This comparative 
analysis of gene transcripts induced or repressed by ER stress in the 
livers of WT mice and LsPERK-KO mice displays all significant probe 
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noted that some ATF6(N) was detected in 
the A/A cells at earlier exposure times to 
tunicamycin or thapsigargin. As expected, 
induced eIF2α∼P levels were significantly re-
duced in the PERK−/− cells in response to 
these ER stress conditions, and eIF2α∼P was 
absent in the A/A cells (Figures 5, C and D, 
and 6, A and B). These results indicate that 
eIF2α∼P by PERK is required for full activa-
tion of ATF6 in response to different ER stress 
conditions both in vivo and in cultured cells.

To determine whether reduced ATF6(N) 
protein in PERK−/− and A/A MEF cells also 
resulted in lowered ATF6 transcriptional 
activity, we used an ATF6-sensitive luciferase 
reporter expressed from a promoter con-
taining five optimized UPREs (Wang et al., 
2000). This reporter system is potently in-
duced by ATF6, although it is noted that 
XBP1 has also been shown to contribute to 
activation of the UPRE-based promoters 
(Yamamoto et al., 2004). WT cells trans-
fected with this reporter plasmid showed an 
approximately 12-fold increase in ATF6 tran-
scriptional activity after 6-h tunicamycin 
treatment (Figure 6C). By comparison, ATF6 
activity was lowered by more than 50% in 
the PERK−/− and A/A mutant cells during ER 
stress. Collectively, these results indicate 
that disruption of PERK phosphorylation of 
eIF2α reduces both ATF6 proteolysis and 
transcriptional activity.

ATF4 is required for activation of ATF6
Because eIF2α∼P by PERK directs the pref-
erential translation of ATF4, we next sought 
to determine whether ATF4 was required for 
ATF6 activation in response to ER stress. In 
response to thapsigargin, there was a sig-
nificant reduction of ATF6(N) in the ATF4−/− 
MEF cells, and ATF6-FL/G was substantially 
reduced by 6 h of treatment (Figure 6D). 
We also addressed the role of ATF4 in the 
activation of ATF6 in response to up to 8 h 
of tunicamycin treatment (Figure 6E). In the 
absence of stress (0 h), there was a greater 
than 40% reduction of ATF6-FL/G in ATF4−/− 
MEF cells when compared with the WT con-
trol. Thus, in both thapsigargin and tuni-
camycin treatments, there was minimal 
accumulation of ATF6(N) in ATF4−/− MEF 
cells. Following the time course, we also 
found that in WT MEF cells there was a 

greater rate of reduction of ATF6-FL/G and, as a consequence, more 
accumulation of the active ATF6(N), when compared with ATF4−/− 
MEF cells (Figure 6E). Furthermore, the accumulation of the newly 
synthesized ATF6-FL/UG required to replenish ATF6 protein levels 
was delayed in ATF4−/− cells during the exposure to tunicamycin 
(Figure 6E). Finally, MEF cells obtained from an independently 
derived ATF4−/− knockout animal (Hettmann et al., 2000) confirmed 
that loss of ATF4 led to reduced ATF6(N) levels upon ER stress 
(Supplemental Figure 3).

FIGURE 4: PERK facilitates activation of ATF6 in livers following tunicamycin treatment. (A) WT 
and LsPERK-KO mice were treated with tunicamycin (TUN) or excipient (NT, no treatment) for 
6 h, and the levels of ATF6, XBP1, and spliced XBP1 mRNA were measured by qPCR. The ratio 
of spliced XBP1 mRNA vs. total XBP1 transcripts was also determined (XBP1spl/XBP1tot). The 
error bar represents the SD, and the * indicates statistically significant differences (p < 0.05) 
between tunicamycin treatment and non–ER stress. The # symbol indicates significant 
differences (p < 0.05) between the WT and LsPERK-KO livers. (B) Activation of ATF6 was 
measured by immunoblot analysis using whole-cell lysates prepared from WT and LsPERK-KO 
livers following tunicamycin treatment for 6 h or no treatment (NT) control. The arrows indicate 
full-length glycosylated ATF6 (ATF6-FL/G), full-length unglycosylated ATF6 (ATF6-FL/UG), and 
the cleaved ATF6(N) proteins. Two or three different liver samples are shown for each treatment 
group in the immunoblot panels. The position of the molecular weight standards (kDa) in the 
SDS–PAGE are shown to the right of the panel, and * designations indicate proteins that 
cross-react with the antibody prepared against recombinant ATF6 protein. Additionally, the 
levels of eIF2α∼P and total eIF2α were measured by immunoblot analyses using antibodies 
specific to each version of this translation initiation factor.

Similar ER stress treatments of PERK−/− MEF cells revealed a sub-
stantial reduction of ATF6(N) after 6 h of tunicamycin or thapsigargin 
exposure, although there was some cleaved ATF6(N) product at the 
earlier time points (Figure 5, C and D). A/A MEF cells expressing 
eIF2α containing alanine substituted for the phosphorylation resi-
due, Ser-51, also showed reduced ATF6(N) levels following tuni-
camycin or thapsigargin treatments (Figure 6, A and B). Lowered 
ATF6(N) levels were most apparent after 6 h of ER stress, with mini-
mal detectable ATF6(N) in the mutant cells devoid of eIF2α∼P. It is 
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              We next addressed whether preconditioning of the ISR and in-
duction of ATF4 could restore ATF6 activation in PERK−/− MEF cells 
treated with ER stress (Figure 6F). For this experiment, induction of 
ATF4 was achieved by treating PERK−/− MEF cells with a derivative 
of salubrinal (Sal003), which is an inhibitor of the PP1c regulatory 
subunits, CReP and GADD34-PP1c, that are required for eIF2α∼P 
dephosphorylation (Costa-Mattioli et al., 2007). Sal003 treatment 
for 1 h before adding the ER stress agent tunicamycin resulted in 
ATF4 protein levels that were sustained in PERK−/− cells during the 
ER stress time course. Induction of ATF4 expression in PERK−/− cells 
with this treatment regimen also rescued the processing of ATF6, 
supporting the idea that eIF2α∼P and ATF4 are required for ATF6 
activation (Figure 6F). These results indicate that the ATF4 transcrip-
tion factor is also central to the activation of ATF6 in response to 
different ER stress conditions. Further supporting this idea, loss of 
ATF4 resulted in significantly reduced ATF6 transcriptional activity 
upon ER stress, as measured by the luciferase reporter plasmid con-
taining the optimized ATF6-binding sites (Figure 6C).

We considered three models to explain the underlying mecha-
nisms by which the PERK/eIF2α∼P/ATF4 pathway facilitates 
ATF6 activation, and it is noted that these ideas are not mutually 
exclusive. The first is the Stability model, in which the PERK pathway 
facilitates stabilization of ATF6(N), thus contributing to enhanced 
levels of this activated form of ATF6. The second is the Synthesis 
model, which posits that ATF4 enhances ATF6 expression, therefore 
increasing the amount of full-length ATF6 entering the secretory 
pathway for processing in the Golgi. Last, the Trafficking model 
focuses on ER-to-Golgi transport and suggests that the PERK/
eIF2α∼P/ATF4 pathway is important for key features of ATF6 antero-
grade transport to the Golgi for cleavage by S1P and S2P. Each of 
these models—Stability, Synthesis, and Trafficking—will be experi-
mentally addressed next.

Stability of ATF6(N) is independent of PERK and ATF4
The first model to be addressed concerns the role of the PERK path-
way in the stabilization of ATF6. ATF6(N) is suggested to have a 
short half-life (t1/2 ∼ 1 h) by a mechanism involving degradation 
through the ubiquitin/proteasome pathway (Thuerauf et al., 2002). 
Basic zipper transcription factors, such as ATF6 and ATF4, are often 
labile and have been shown to require partner proteins for stability 
(Lassot et al., 2001; Thuerauf et al., 2007; Chiribau et al., 2010). We 
sought to determine whether induction of the PERK/eIF2α∼P/ATF4 
pathway stabilized ATF6(N). First, WT and ATF4−/− MEF cells were 
treated with tunicamycin in the presence or absence of MG132, a 
potent proteasome inhibitor (Lee and Goldberg, 1998). Enhanced 
ATF6(N) levels were detected in both WT and ATF4−/− cells, although 
the total accumulation of ATF6(N) was significantly greater in WT 
cells (Figure 7A). This finding is consistent with an earlier report sug-
gesting that ATF6 is subject to degradation by the proteasome 
pathway. It is also noted that, in these MEF cells, 6-h treatment with 
MG132 alone does not induce ER stress, as judged by accumulation 
of ATF6(N) and splicing of XBP1 mRNA (Jiang and Wek, 2005, and 
unpublished data). As a control, other ISR inducible transcription fac-
tors, ATF4 and CHOP, which are also short-lived (Lassot et al., 2001; 
Chiribau et al., 2010), showed similar increases when MG132 was 
combined with the tunicamycin treatment in WT cells. In the ATF4−/− 
cells, there was no detectable ATF4 transcription factor, and its tar-
get CHOP showed some enhanced accumulation in the combined 
tunicamycin and MG132 treatments, although significantly less than 
that measured in WT cells. Consistent with our earlier experiments, 
there were also minimal detectable ATF6-FL/UG levels in the ATF4−/− 
cells in response to tunicamycin treatment in the presence or 

FIGURE 5: PERK is required for full activation of ATF6 in MEF cells in 
response to different ER stress conditions. (A) WT MEF cells were 
treated with 2 μM tunicamycin (TUN) or 1 μM thapsigargin (TG) for 
between 1 and 6 h, as indicated, or with no stress treatment (0). Equal 
amounts of the protein lysates prepared from the cultured cells were 
separated by SDS–PAGE, and the levels of ATF6, ATF4, and actin were 
measured by immunoblot analysis. The arrows indicate the 
glycosylated (ATF6-FL/G) and unglycosylated (ATF6-FL/UG) versions of 
full-length ATF6, and the cleaved ATF6(N) proteins. (B) WT MEF cells 
were treated with 2 μM tunicamycin (TUN), tunicamycin and 50 μg/ml 
cycloheximide (TUN/CHX), or cycloheximide alone (CHX) for up to 6 h 
as indicated. The levels of ATF6-FL/G, ATF6-FL/UG, and actin were 
measured by immunoblot analysis. (C and D) WT and PERK−/− MEF 
cells were treated with tunicamycin (TUN) or thapsigargin (TG) for up 
to 6 h, and the levels of ATF6, eIF2α∼P, and total eIF2α were measured 
by immunoblot. The position of the molecular weight standards (kDa) 
are shown to the right of the ATF6 panel.
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FIGURE 6: Phosphorylation of eIF2α and ATF4 facilitates activation of ATF6 in response to ER stress. (A and B) WT and A/A 
MEF cells were treated with 2 μM tunicamycin (TUN) or 1 μM thapsigargin (TG) for between 1 and 6 h, as indicated, or with 
no stress treatment (0). Equal amounts of the protein lysates prepared from the cultured cells were analyzed by immunoblot 
using antibodies specific to ATF6, eIF2α∼P, and total eIF2α. The arrows indicate full-length ATF6-FL/G, ATF6-FL/UG, and 
the cleaved ATF6(N) proteins. Molecular weight standards in kilodaltons are shown to the right of the panels. (C) To 
measure ATF6 transcriptional activity, a firefly luciferase reporter with a promoter containing 5X ATF6-binding elements was 
cotransfected with a Renilla normalization plasmid into PERK−/−, ATF4−/−, A/A, and WT MEF cells. The transfected cells 
were treated with thapsigargin for 6 h or no stress agent, and the ATF6 transcriptional activity was measured by using a 
dual luciferase reporter assay. The values represent the fold change in RLU after treatment with ER stress for each 
transfected cell type. The error bar represents the SD, and the * indicates a significant (p < 0.05) difference when compared 
with WT cells. (D and E) WT and ATF4−/− MEF cells were treated with thapsigargin (TG) or tunicamycin (TUN) for up to 6 or 
8 h, respectively, and the levels of ATF6, ATF4, and actin were measured by immunoblot. Panels are representative of three 
independent experiments. The bottom panel of (E) shows levels of the ATF6-FL/G and ATF6-FL/UG proteins from the 
immunoblot analysis as measured by densitometry. Measurements of ATF6-FL/G (diamonds) and ATF6-FL/UG (squares) are 
shown as a percentage of the ATF6-FL/G band from the WT untreated lane. (F) WT and PERK−/− MEF cells were treated 
with tunicamycin for up 6 h or with no ER stress (0). Where indicated, Sal003 was added to the PERK−/− cells 1 h before 
addition of tunicamycin. Levels of ATF6, ATF4, and actin were measured by immunoblot.
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              distinguishable from endogenous ATF6. MEF cells expressing 
HA-ATF6-1-373 were either untreated or exposed to tunicamycin 
for 3 h. Induction of CHOP was used as a control, as it is robustly 
induced after 3 h of ER stress by a mechanism requiring ATF4. These 
cells were then subjected to treatment with cycloheximide, and the 
rate of turnover of the tagged ATF6(N) protein was monitored. 
There was no appreciable difference in the rate of decay of the 
HA-ATF6-1-373 protein in the WT MEF cells in the presence or ab-
sence of ER stress (Figure 7B). In both cases, the activated version of 
ATF6 displayed a half-life of ∼3 h. Furthermore, loss of ATF4 did not 
alter the rate of turnover of the HA-ATF6-1-373 protein (Figure 7C). 
On the basis of these findings, we conclude that the PERK/ATF4 
pathway is not a significant contributor to the stability of the acti-
vated ATF6(N).

The PERK/eIF2α∼P/ATF4 pathway facilitates increased 
ATF6 expression during the UPR
An important part of the activation of ATF6 during ER stress is its in-
duced synthesis, which is required to replenish the full-length ATF6 
that is cleaved to generate ATF6(N). The Synthesis model suggests 
that disruption of the PERK/eIF2α∼P/ATF4 pathway lowers the levels 
of ATF6(N) by blocking the induced synthesis of full-length ATF6. 
Synthesis of the full-length protein is required for continued avail-
ability of this substrate for intramembrane proteolysis during ER 
stress. We initially addressed the role of ATF4 in ATF6 synthesis by 
determining the requirement for global transcription in the accumu-
lation of ATF6(N). Increasing amounts of ATF6(N) were detected be-
tween 1 and 6 h of tunicamycin treatment (Figure 8A). This increase 
was accompanied by a depletion of ATF6-FL/G that was nearly ab-
sent by 6 h of exposure to tunicamycin and by accumulation of ATF6-
FL/UG, which represented the ATF6 protein newly synthesized dur-
ing the ER stress condition. By comparison, a 30-min pretreatment 
with actinomycin D, a potent inhibitor of RNA polymerase II, led to a 
more rapid depletion of ATF6-FL/G, and reduced levels of ATF6-FL/
UG and ATF6(N), during the time course of tunicamycin treatment. 
These results suggest that transcription is an important contributor 
to accumulation of ATF6(N) during ER stress. This result is consistent 
with the idea that synthesis of ATF6 replenishes the processing path-
way of ATF6, ensuring a continued source of full-length ATF6 for 
cleavage into the labile ATF6(N) transcription factor.

Induced ATF6 synthesis is suggested to involve increased tran-
scription of ATF6, as there was a two- to threefold increase in ATF6 
mRNA during tunicamycin treatment (Figure 8B). As described ear-
lier regarding the LsPERK-KO mice (Figure 4A), loss of PERK or ATF4 
in the MEF cells blocked the increase in ATF6 mRNA in response to 
ER stress (Figure 8B). Also consistent with the earlier LsPERK-KO 
experiments, there was significantly lowered induction of total and 
spliced XBP1 mRNA levels during tunicamycin treatment in PERK−/− 
or ATF4−/− cells (Supplemental Figures 4 and 5). To further support 
the idea that ATF4 facilitates the transcription of ATF6, we measured 
the activity of the ATF6 promoter fused to a firefly luciferase reporter 
that was transfected into WT or ATF4−/− MEFs. Although there 
was an ∼1.5-fold increase in the ATF6 promoter activity in WT cells 
upon treatment with tunicamycin, loss of ATF4 blocked induction of 
the ATF6 promoter (Figure 8C). These results indicate that ATF4 
enhances the transcription of the ATF6 gene.

ATF4 facilitates trafficking of ATF6 from the ER to the Golgi
A final model to explain the role of the PERK/eIF2α∼P/ATF4 path-
way in the activation of ATF6 suggests that this pathway facilitates 
the cellular trafficking of ATF6 during ER stress. In support of this 
model, our earlier observations showed that the rate of decrease of 

FIGURE 7: ATF6(N) protein has a short half-life that is independent of 
ATF4. (A) WT and ATF4−/− MEF cells were treated with tunicamycin 
(TUN) or cotreated with tunicamycin and MG132 (TUN/MG132) for up 
to 6 h, as indicated. The levels of ATF6-FL/G, ATF6-FL/UG, ATF6(N), 
ATF4, CHOP, and actin were measured by immunoblot analysis. Each 
of the panels was derived from a single immunoblot and is 
representative of three independent experiments. (B and C) WT and 
ATF4−/− cells were subject to the same treatment regimen. The 
half-life of ATF6(N) was measured in these cells by introducing a 
plasmid expressing an HA-tagged version of ATF6 encoding residues 
1-373 (HA-ATF6-1-373). Cells were pretreated with 2 μM tunicamycin 
for 3 h, or exposed to no ER stress, followed by the addition of 50 μg/
ml cycloheximide. Cells were then cultured for up to 8 h as indicated, 
and the HA-ATF6-1-373 (HA), CHOP, or actin proteins were measured 
by immunoblot analysis.

absence of MG132 (Figure 7A). This finding suggests that ATF4 con-
tributes to the synthesis of ATF6 in response to ER stress, an idea 
that will be explored more fully later in this article.

We next directly measured the half-life of ATF6(N) in WT 
and ATF4−/− cells. Because the steady-state levels of ATF6(N) are a 
consequence of both the processing of full-length ATF6 and the 
turnover of ATF6(N), a HA-tagged version of ATF6(N) containing 
amino acid residues 1-373 (HA-ATF6-1-373) was expressed in both 
WT and ATF4−/− MEF cells. The synthesis of the HA-ATF6-1-373 
would therefore occur independently of intramembrane proteolysis, 
and the HA tag would allow for the expressed ATF6 protein to be 
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sence of ATF4, with similar levels of ATF6(N) 
accumulation at each of the time points 
(Figure 9A). This finding demonstrates that 
the S1P and S2P proteases are active in the 
ATF4−/− cells, and supports the idea that 
ATF4 is required to facilitate passage of 
ATF6 from the ER to the Golgi.

Trafficking and activation of ATF6 is sug-
gested to involve multiple steps, including 
the reduction of the disulfide bonds that fa-
cilitates deoligomerization of ATF6 into 
ATF6 monomers, the release of inhibitor BiP 
(Shen et al., 2002; Nadanaka et al., 2007), 
and the loading of ATF6 into COPII vesicles 
for transport from the ER to the Golgi 
(Schindler and Schekman, 2009). Deletion of 
the BiP binding domain and the cysteine 
residues from the luminal portion of ATF6 
(1-500 Δ431-475) were reported to lead to a 
constitutively active transcription factor that 
is transported to the Golgi for cleavage in-
dependent of ER stress (Shen et al., 2002). 
Consistent with this idea, we found that 
expression of ATF6-1-500 Δ431-475 in non-
stressed WT MEF cells led to a significant 
increase in ATF6 activity as measured by lu-
ciferase reporter expressed from a promoter 
with optimized ATF6-binding elements 
(Figure 9B). The ATF6 activity was blocked, 
however, when the ATF6-1-500 Δ431-475 
was expressed in the ATF4−/− cells. In con-
trast, when WT and ATF4−/− MEF cells were 
transfected with the ATF6(N) (residues 
1–373) construct that is not dependent on 
Golgi processing, transcriptional activity was 
similarly induced in both WT and ATF4−/− 
cells. These results suggest that even when 
ATF6 is readily released from the ER, loss of 
ATF4 function interferes with the passage of 
ATF6 to the Golgi for processing by S1P to 
S2P proteases.

ATF4 facilitates gene expression 
important for trafficking to the Golgi
Given that ATF4 facilitates trafficking of 
ATF6 from the ER to the Golgi, we reasoned 

that ATF4 may induce the expression of genes involved in ER-to-
Golgi transport. In our microarray analysis, a number of the genes 
that showed a PERK-dependent induction in response to tunicamy-
cin are known to participate in this trafficking process (Figure 9C). 
These genes include COPII vesicle coat proteins, GTPase activating 
proteins, and genes associated with vesicle formation and fusion 
such as STX5a (Rowe et al., 1998; Geng et al., 2008) and α/β-SNAP 
required for recycling of SNARE complexes at target membranes 
(Ungar and Hughson, 2003). Further supporting this idea, measure-
ments of STX5a and α/β-SNAP mRNAs by qPCR confirmed that 
ATF4 contributes to increased expression of these ER-to-Golgi traf-
ficking genes in MEF cells during ER stress (Figure 9D). These results 
suggest that the PERK/eIF2α∼P/ATF4 pathway directs increased ex-
pression of genes involved in protein trafficking, and highlights the 
importance of the ISR in facilitating ATF6 transport from the ER to 
the Golgi for cleavage by S1P and S2P.

FIGURE 8: PERK and ATF4 facilitate increased expression of the ATF6 gene in response to ER 
stress. (A) WT MEF cells were treated with tunicamycin (TUN), 10 μM actinomycin D and 
tunicamycin (AD/TUN), or actinomycin D (AD) alone for up to 6 h, as indicated. The levels of 
ATF6-FL/G, ATF6-FL/UG, and actin were measured by immunoblot analysis. (B) PERK−/− and 
ATF4−/− MEF cells, and their WT counterparts, were treated with tunicamycin for up to 6 h, and 
the levels of ATF6 mRNA were measured by qPCR. (C) A 1.5-kb segment (−1500 to −1) of the 
ATF6 promoter was fused to a firefly luciferase reporter and assayed for expression in MEF cells 
treated with either tunicamycin for 6 h or no stress agent. The fold change in ATF6 promoter 
activity in response to ER stress was determined by the dual luciferase assay. In panels B and C, 
the error bar represents the SD, and the * indicates significance between untreated and treated 
samples; the # indicates significance between cell types, with p < 0.05.

ATF6-FL/G in response to ER stress was slower in the ATF4−/− cells 
than in the WT, and was accompanied by reduced levels of cleaved 
ATF6(N) (Figure 6E). We used two experimental approaches to ad-
dress whether ATF4 facilitates ATF6 trafficking. First, we used brefel-
din A, a chemical inhibitor of anterograde ER-Golgi vesicle traffick-
ing that causes S1P and S2P relocalization from the Golgi 
compartments to the ER (DeBose-Boyd et al., 1999; Shen and Pry-
wes, 2004, 2005). We reasoned that brefeldin A would trigger a re-
distribution of Golgi proteins, including the S1P and S2P proteases, 
to the ER causing cleavage of ATF6 that was independent of traffick-
ing. Consistent with an earlier study (Shen and Prywes, 2004), there 
was an accumulation of ATF6(N) in WT cells within 2 h of brefeldin A 
exposure (Figure 9A). This accumulation was accompanied by ex-
pression of ATF4 after 3 h of treatment, suggesting that at later time 
points brefeldin A can stress the ER organelle. Importantly, this pat-
tern of ATF6 activation by brefeldin A was not changed in the ab-
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DISCUSSION
In this study we showed that PERK-mediated eIF2α∼P not only trig-
gers translational control in response to ER stress, but also facilitates 
the activation of ATF6 and the transcriptional phase of the UPR. 
Among the UPR genes induced by twofold, 74% showed a signifi-
cant reduction in gene expression in the LsPERK-KO livers (Table 1 
and Figure 3A). Furthermore, activation of ATF6 in response to ER 
stress was significantly diminished with loss of PERK (Figure 4B). 
These central findings were observed not only in liver tissues, but 
also in MEF cells containing mutations that blocked each of the 
steps in the PERK/eIF2α∼P/ATF4 pathway (Figures 5 and 6). ATF4 

facilitates induction of ATF6 during ER stress by at least two mecha-
nisms. First, ATF4 enhances the transcription of the ATF6 gene, en-
suring that there are sufficient amounts of newly synthesized ATF6 
available for continued processing into activated ATF6(N) (Figures 
4A and 8B). Second, ATF4 contributes to the trafficking of ATF6 
from the ER to the Golgi for subsequent proteolysis and activation 
by S1P and S2P. Supporting this idea is the finding that mutations 
that adversely affect each step of the PERK/eIF2α∼P/ATF4 pathway 
significantly diminish the levels of activated ATF6(N) in response to 
either tunicamycin or thapsigargin treatments (Figures 4B, 5, and 6). 
By comparison, ATF4 is dispensable for the processing of ATF6(N) in 

FIGURE 9: ATF4 is dispensable for activation of ATF6 in response to brefeldin A treatment. (A) WT and ATF4−/− MEF 
cells were treated with 5 μg/ml brefeldin A (BFA) for up to 5 h, and the levels of ATF6-FL/G, ATF6(N), ATF4, and actin 
were measured by immunoblot analysis. (B) Plasmids encoding ATF6-1-500Δ431-475 or ATF6-1-373 (indicated by +), 
along with a firefly luciferase reporter containing a promoter with 5X ATF6-binding elements, were introduced into WT 
and ATF4−/− MEF cells. Luciferase values normalized to a Renilla internal control are shown, * represents significance 
(p < 0.05) with respect to untransfected control, and # shows significance between cell types. Error bars represent the 
SD. (C) Graphical representation of the expression of genes involved in ER-Golgi trafficking that are PERK dependent. 
The mean fluorescence intensity (MFI) for each transcript is shown as a histogram, along with the SD. (D) WT and 
ATF4−/− MEF cells were treated with tunicamycin for up to 6 h, as indicated. The mRNA levels of NAPA, NAPB, and 
STX5A were measured by qPCR. The * indicates that a significant difference was detected between the cell types.
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MEF cells upon exposure with brefeldin A, which triggers redistribu-
tion of S1P and S2P to the ER (Figure 9B). This result suggests 
that although S1P and S2P are functional in ATF4−/− cells, the pas-
sage of ATF6 to the Golgi is impeded with loss of ATF4. ATF4 con-
tributes to the expression of many genes involved in ER-to-Golgi 
transport (Figure 9, C and D), and diminished levels of key proteins 
that are important for ATF6 trafficking is suggested to be an impor-
tant underlying reason for the reduced activation of ATF6(N) in 
ATF4-deficient cells. These findings provide a mechanistic under-
standing of earlier reports that suggested that PERK may affect the 
expression of ER chaperones and the efficiency of secretory pro-
cesses (Adachi et al., 2008; Rutkowski et al., 2008; Gupta et al., 
2010). In this regard, this study suggests that ATF4 plays a role in the 
expression of genes contributing to the assembly and processing of 
secretory proteins, in addition to its earlier described role in regulat-
ing genes involved in metabolism, resistance to oxidative stress, 
and regulation of apoptosis (Harding et al., 2003).

The PERK/eIF2α∼P/ATF4 pathway alleviates ER stress 
by multiple mechanisms
Phosphorylation of eIF2α by PERK directs essential adaptive func-
tions that alleviate cellular injury during ER stress. This idea is illus-
trated by our finding that the LsPERK-KO livers showed enhanced 
activation of caspase-3 and apoptosis during ER stress (Figure 2). 
One underlying mechanism by which PERK can alleviate stress dam-
age is by reducing translation, which would lower the influx of na-
scent proteins into the ER organelle that is inundated with misfolded 
proteins (Harding et al., 2000b). Our study suggests that the PERK/
eIF2α∼P/ATF4 pathway is also central for activation of ATF6 during 
ER stress and, as a consequence, is critical for full implementation of 
the transcription of UPR genes, including those involved in protein 
folding, ERAD, and trafficking in the secretory system. This recon-
figuration of the transcriptome would contribute to the expansion of 
the processing capacity of the secretory pathway, which would be 
essential for returning the stressed ER to homeostasis. Consistent 
with these ideas, the livers of ATF6−/− mice also showed increased 
apoptosis when challenged with tunicamycin (Wu et al., 2007). It 
was suggested that lowered protein chaperone expression in the 
ATF6-deficient mice compromised the ability of the ER to cope with 
stresses that disrupt protein folding and assembly. Livers from the 
ATF6−/− mice treated with tunicamycin also exhibited significantly 
more intracellular triglycerides compared with WT, accompanied by 
evidence of microvesicular steatosis (Rutkowski et al., 2008). To-
gether, these results suggest that perturbations in the hepatic lipid 
homeostasis in the ER-stressed LsPERK-KO mice may result at least 
in part from the failure to appropriately activate ATF6 and its tar-
geted gene expression (Figures 2A, 3, and 4B).

PERK is also suggested to contribute to cell death during pro-
longed and severe ER stress. Although the underlying mechanisms 
by which eIF2α∼P can contribute to apoptosis is not well under-
stood, it is thought that chronic ER stress can induce CHOP expres-
sion to a certain threshold that induces the expression of genes 
critical for triggering cell death (Marciniak and Ron, 2006; Ron and 
Walter, 2007). In this sense, PERK has a dynamic and balanced range 
of cellular responsiveness that is optimal for cellular adaption to ER 
stress (Wek and Anthony, 2009). The eIF2α∼P by PERK would lower 
protein synthesis and facilitate activation of the UPR, which would 
serve to expand the secretory pathway. Perturbations in the ISR that 
lead to levels of eIF2α∼P outside this adaptive zone would trigger 
extremes in translational control that would be detrimental to cells. 
For example, hypophosphorylation of eIF2α as can be seen in 
Wolcott-Rallison syndrome can prevent proper implementation of 

UPR transcription, along with heightened protein synthesis, which 
can exacerbate protein trafficking deficiencies during ER stress. 
This UPR dysfunction can lead to cell death by mechanisms inde-
pendent of CHOP induction (Harding et al., 2000a). Hyperphospho-
rylation of eIF2α during chronic ER stress can heighten CHOP 
expression, which potentiates signaling pathways that can culmi-
nate in apoptosis.

The range of eIF2α∼P levels is important to consider when exam-
ining the biological effects of eIF2α∼P and the UPR during different 
stress conditions. Chemically induced ER stress, such as that elicited 
by tunicamycin used in this study, can produce an acute and termi-
nal stress response, whereas physiological stresses that the liver can 
encounter may be more transient and within the adaptive zone 
(Rutkowski and Kaufman, 2007; Rutkowski and Hegde, 2010). For 
example, a high-fat diet can elicit eIF2α∼P in the liver, and it was 
reported that attenuated eIF2α∼P in transgenic animals expressing 
elevated levels of GADD34 can diminish liver triglycerides and he-
patosteatosis (Oyadomari et al., 2008). In this case, dephosphoryla-
tion of eIF2α would be viewed as protective in the liver, and our 
LsPERK-KO study would suggest an important role for the ISR for 
cellular survival. The mechanistic rationale for these differences is 
not well understood. Clearly the expression of important regulators 
of intermediary metabolism, including those involved in lipogenesis 
and lipid oxidation, are affected by the PERK pathway (Supplemen-
tal Figure 2), and the expression of these genes may be influenced 
by the diversity, intensity, and duration of the critical stress signals 
triggered by physiological changes in the liver.

Earlier studies have suggested divergent effects of PERK and 
IRE1 on cell viability (Lin et al., 2007, 2009). Sustained PERK signaling 
was proposed to be maladaptive to cells, and similar durations of 
IRE1 activation were suggested to be restricted to remedying ER 
stress. These ideas are complicated by the findings that PERK is re-
quired for full activation of ATF6 and implementation of the UPR 
transcriptome. Furthermore, the PERK/eIF2α∼P/ATF4 pathway re-
duced XBP1 expression, although it did not appear to alter IRE1 ac-
tivity as measured by splicing of XBP1 mRNA (Figure 4A and Supple-
mental Figures 4 and 5). Therefore, each of the branches of the UPR 
are fully integrated, and perturbations of PERK can reduce the critical 
signaling functions required for cell survival during ER stress.

IRE1 is also suggested to be a contributor to apoptosis dur-
ing certain ER stress arrangements. IRE1 can bind the scaffold-
ing protein TRAF2, which serves to activate JNK, a potent in-
ducer of apoptosis (Urano et al., 2000; Ron and Walter, 2007). 
This underlying explanation may be important for the enhanced 
apoptosis of LsPERK-KO livers during ER stress (Figure 2). IRE1-
dependent JNK signaling is suggested to be significantly en-
hanced with reductions in XBP1 expression (Glimcher, 2010), 
and the levels of XBP1 mRNA were significantly reduced in 
LsPERK-KO livers, despite IRE1 endonuclease activity being fully 
retained (Figure 4A).

Role of ATF4 in the implementation of the UPR
ATF4 is suggested to be required for full activation of ATF6 in re-
sponse to ER stress by enhancing ATF6 transcription and by facilitat-
ing the expression of genes that contribute to ATF6 trafficking from 
the ER to the Golgi. ATF4 may carry out these functions by directly 
binding to the promoters of UPR genes, through additional tran-
scription factors targeted by ATF4, or by critical cellular changes 
resulting from ATF4-directed transcription. ATF4-deficient cells are 
suggested to be defective for the expression of genes involved in 
nutrient import and metabolism that predispose cells to oxidative 
stress (Harding et al., 2003). This stress may interfere with cellular 
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              processes such as the release of ATF6 from the ER, which requires 
the reduction of disulfide linkages within ATF6 to promote deoli-
gomerization required for loading and passage into COPII vesicles 
for anterograde transport to the Golgi (Nadanaka et al., 2007).

MATERIALS AND METHODS
Animals
The animal study protocol was approved by the Institutional Care 
and Use Committee at the Indiana University School of Medicine–
Evansville. Mice homozygous for the LoxP allele of PERK (PERKfl/fl) 
were mated with transgenic mice heterozygous for Cre recombinase 
expressed from the albumin gene promoter (AlbCre) to create a 
liver-specific deletion of PERK, LsPERK-KO (AlbCre+•PERKfl/fl). This 
mating also produced littermates that are Cre negative that express 
a WT version of PERK (AlbCre−•PERKfl/fl; Bobrovnikova-Marjon 
et al., 2008; Bunpo et al., 2009). The lsPERK-KO mice were derived 
from a cross between C57BL/6 and 129SvE mice. Genotyping that 
showed efficient PERK gene deletion in the LsPERK-KO livers was 
reported (Bunpo et al., 2009), and is consistent with lowered eIF2α∼P 
levels in response to tunicamycin treatment (Figures 1, A and B, and 
4B). Male and female adult mice (n = 5–8 per treatment group), 
ages 3-6 mo, were individually housed in wire-bottomed cages, 
maintained on a 12-h light/dark cycle, and provided unrestricted 
access to food (7017 NIH-31 Open Formula Mouse/Rat Sterilizable 
Diet; Harlan Teklad, Indianapolis, IN) and water. The key gene ex-
pression, triglyceride, and apoptotic findings that we reported 
were similar between the male and female mice. Among the assays 
in which n = 8, there were between four and seven males, and 
between one and three females. Analysis of ATF6 activation in 
Figure 4B includes independent liver samples prepared from at 
least one male and one female in each treatment group. Mice re-
ceived intraperitoneal (i.p.) injections of tunicamycin at a dose of 
1 mg/kg body weight or an equivolume of excipient (0.3% dimethyl 
sulfoxide in phosphate-buffered saline; Nair et al., 2007). Mice were 
killed by decapitation at 6, 12, 24, or 36 h after injection. Dissected 
livers were rinsed in ice-cold PBS, weighed, and either snap-frozen 
in liquid nitrogen or fixed in 4% paraformaldehyde.

Immunoblot analyses
Liver tissue samples were prepared for SDS–PAGE as previously 
described (Bunpo et al., 2009). Tissues were homogenized in seven 
volumes of a solution consisting of 20 mM N-2-hydroxyethylpiper-
azine-N’-2-ethanesulfonic acid (pH 7.4), 100 mM KCl, 0.2 mM 
EDTA, 2 mM EGTA, 1 mM dithiothreitol, 50 mM sodium fluoride, 
50 mM β-glycerophosphate, 0.1 mM phenylmethylsulfonyl fluo-
ride, 1 mM benzamidine, and 0.5 mM sodium orthovanadate. Fol-
lowing electrotransfer to polyvinylidene fluoride membranes, im-
munoblots were incubated with primary and secondary antibodies, 
and then were visualized using enhanced chemiluminescence re-
agents (ECL; GE Biosciences, Piscataway, NJ). Cellular lysates were 
prepared from cultured MEF cells using RIPA-buffered solution 
containing 50 mM Tris-HCl (pH 7.9), 150 mM sodium chloride, 1% 
Nonidet P-40, 0.1% SDS, 100 mM sodium fluoride, 17.5 mM 
β-glycerophosphate, 0.5% sodium deoxycholate, and 10% glyc-
erol supplemented with EDTA-free protease inhibitor cocktail tab-
let (Roche, Basel, Switzerland) and were subjected to SDS–PAGE. 
Antibodies for eIF2α∼P (Ser-51), cleaved caspase-3, and Grp78/
BiP were purchased from Cell Signaling Technology (Danvers, MA), 
total eIF2 and CHOP were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA), and actin was obtained from Bethyl Labora-
tories (Montgomery, TX). Secondary antibodies were purchased 
from Jackson ImmunoResearch (West Grove, PA) and BioRad 

(Hercules, CA). ATF6 antibody was prepared in rabbits using the 
mouse ATF6 N-terminal amino acids 6–307 as the antigen and was 
used at a concentration of 1:500 in 5% milk powder (wt/vol) in PBS. 
ATF4 antibody prepared against recombinant human ATF4 was af-
finity purified and used in immunoblot analyses. The Odyssey in-
frared imaging system (LI-COR, Lincoln, NE) was used in conjunc-
tion with the ECL method for antibody detection as described 
(Teske et al., 2011). Densitometric measurements (integrated 
density) were taken in Adobe Photoshop using a scanned image 
(600 dpi) that was inverted for histogram analysis; background 
measurements were also recorded and subtracted from final 
measurements.

To measure the half-life of ATF6(N), plasmid p913 encoding 
an N-terminal HA-tagged version of ATF6 residues 1–373 
(HA-ATF6-1-373) was transfected into WT or ATF4−/− MEF cells. Af-
ter 24 h, cells were pretreated with 2 μM tunicamycin for 3 h, or ex-
posed to no ER stress, followed by the addition of 50 μg/ml cyclo-
heximide. Cells were then incubated for up to 8 h. Lysates were 
prepared and analyzed by SDS–PAGE and immunoblot analysis 
using antibodies specific to the HA-tag, CHOP, or actin.

Reverse transcription and real-time PCR
Total RNA was extracted from frozen tissue using TriReagent 
(Molecular Research Center, Cincinnati, OH) followed by a DNase 
treatment (VersaGene DNase kit; Gentra Systems, Minneapolis, MN). 
To inactivate the reaction, the samples were heated to 70°C for 5 min. 
RNA samples were further purified using the RNeasy mini kit (Qiagen, 
Chatsworth, CA), yielding preparations with an A260/A280 ratio be-
tween 1.8 and 2.0. The levels of the indicated mRNAs were deter-
mined by qPCR. Approximately 1 μg each of the RNA solutions was 
used for reverse transcription, which used the High-Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems, Foster City, CA) ac-
cording to the manufacturer’s instructions. TaqMan Gene Expression 
Master Mix (Roche) and TaqMan Gene Expression Assays (Applied 
Biosystems, Carlsbad, CA) were used for the qPCR. Amplification and 
detection were performed on the LightCycler 480 (Roche). For mea-
surement of the spliced version of the XBP1 mRNA, the forward 
primer 5’-GAGTCCGCAGCAGGTG-3’ and reverse primer 5’-CTCT-
GGGAGTTCCTCCAGACT-3’ were used in the qPCR. All measure-
ments were in triplicate and normalized to β-actin or 18S mRNA. Re-
sults were obtained by the comparative Ct method, and results were 
expressed as fold change with respect to the nonstressed control.

Histology
Tissues fixed in 4% paraformaldehyde were frozen and then sec-
tioned (10 μm) using a cryostat. TUNEL assays were performed 
according to the manufacturer’s instructions (Trevigen TACS 2 TdT-
Blue Label In Situ Apoptosis Detection Kit; R&D Systems, Minne-
apolis, MN). TUNEL-positive cells were measured from three equal 
sized areas per section. Digital images of selected areas captured 
at 200× were imported into Scion Image for Windows (Scion 
Corporation, Frederick, MD), and TUNEL-positive cells were man-
ually marked and counted using the counting tool. The TUNEL-
staining showed pyknotic bodies, and the nucleus was stained 
darker than the cytoplasm portion in the tissue preparations. Fro-
zen sections were also stained with Oil Red O and counterstained 
with hematoxylin to visualize lipid content and tissue morphology.

Triglyceride measurements
Triglycerides were measured using the Triglyceride Quantification 
Kit from BioVision Research Products (Mountain View, CA) following 
the manufacturer’s instructions. Tissue samples (∼40 mg) were 
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weighed and homogenized in 10 volumes of a 5% NP-40 solution. 
Samples were heated to 85°C then subjected to centrifugation at 
10,000 × g for 2 min at room temperature. The resulting superna-
tants were diluted 1:500 (vol/vol) with sterile water, a volume of 
50 μl of diluted supernatant was added to 50 μl of reaction mix, and 
absorbances were measured at 570 nm. Absorbances of standards 
were plotted, and test sample readings were applied to the stan-
dard curve to calculate the triglyceride concentration.

Microarray analysis
The microarray analysis was carried out using RNA prepared from liv-
ers obtained from WT and LsPERK-KO mice that received injections 
(1 mg/kg body weight) of tunicamycin or excipient for 6 h, as high-
lighted in the Animals section of Materials and Methods. Three mice 
from each control and four mice from each experimental group were 
analyzed, for a total of 14 preparations analyzed. Total RNA was 
isolated from liver tissue using TRIzol reagent (Invitrogen, Carlsbad, 
CA) following the manufacturer’s instructions, and a RNeasy mini kit 
(Qiagen) was used to further purify samples. The RNA was then la-
beled using the standard Affymetrix protocol for 3’-IVT arrays 
(Affymetrix, Santa Clara, CA). Labeled cRNA was hybridized for 17 h 
to the Affymetrix Mouse Genome 430 2.0 Array. The signal values 
and detection calls were derived using the MAS5 algorithm in 
Affymetrix GeneChip Operating Software. Probe sets were elimi-
nated from further analysis if an absent call was determined in 
greater than 50% of the samples in both the WT treated/untreated 
and LsPERK-KO treated/untreated. The filtered data were imported 
into Partek Genomics Suite (Partek, St. Louis, MO), where hierarchi-
cal clustering and principal components analysis were used to de-
tect any outlier arrays; none were found. Values of p were deter-
mined for treatment condition (stress/no stress), genotype (WT/
LsPERK-KO), and interaction terms by two-way analysis of variance 
(ANOVA) using the Partek software. False discovery rates (FDR) were 
calculated according to Benjamini and Hochberg (1990). Probe sets 
that were not significantly changed during tunicamycin treatment 
were filtered out (p > 0.05 or FDR > 0.15), such that the resulting 
data set would further represent ER stress-dependent genes. From 
these ER stress-dependent data, probe sets that had an interaction 
p value (condition * genotype) of p > 0.05 were removed to enrich 
the subset of PERK-dependent genes. Values of p for each statistical 
test and FDR values for each comparison are listed in Supplemental 
Tables 1, 2, and 3. The following gene ontology (GO) terms were 
used to identify genes in the PERK-dependent data set that were 
linked with ER-to-Golgi transport: Primary GO term, Biological pro-
cess: 0006810 (transport). Secondary GO terms, Gene Ontology 
Cellular Compartment: 0005783 (endoplasmic reticulum), 0005789 
(endoplasmic reticulum membrane), 0000139 (Golgi membrane), 
0005794 (Golgi apparatus). Microarray data have been deposited in 
GEO (gene expression omnibus; www.ncbi.nlm.nih.gov/geo) under 
the accession number GSE29929.

Cell culture
PERK−/−, ATF4−/−, and A/A MEF cells, and their WT counterparts, 
have been described previously (Jiang et al., 2004). We also ana-
lyzed ATF4−/− MEF cells that were derived from an independent 
knockout (Hettmann et al., 2000), as presented in Supplemental 
Figure 3. These MEF cells were grown in DMEM (4.5 g/l glucose), 
supplemented with 1X MEM nonessential amino acids (HyClone 
SH30238.01), 1X MEM essential amino acids (HyClone SH30598.01), 
and 50 μM β-mercaptoethanol, as described previously (Harding 
et al., 2003). Cultured cells were treated with 2 μM tunicamycin, 
1 μM thapsigargin, 1 μM MG132, 10 μM actinomycin D, 50 μg/ml 

cycloheximide, 5 μg/ml brefeldin A, and 10 μM Sal 003 as indi-
cated. Specific experimental details regarding pretreatments or 
cotreatments are provided in figure legends when more than one 
drug was used.

Luciferase assays
Luciferase assays were carried out in six-well plates using the Dual-
Luciferase reporter assay system (Promega, Madison, WI) following 
the manufacturer’s instructions. The ATF6 expression plasmids were 
described by Prywes and colleagues (Wang et al., 2000). For mea-
surements of ATF6 transcriptional activity, plasmid p912 encoding 
five ATF6-binding elements fused to the firefly luciferase reporter 
gene was cotransfected with a Renilla normalization plasmid into 
PERK−/−, ATF4−/−, A/A, and WT MEF cells. Measurements were de-
termined as the relative light units (RLU) of the firefly luciferase nor-
malized to Renilla luciferase. Plasmid p1018 expressing ATF6 en-
coding residues 1-500Δ431-475 (Shen et al., 2002) was cotrans-
fected with p912 and the Renilla normalization plasmid into WT and 
ATF4−/− MEF cells, and the ATF6 transcriptional activity with the 
cotransfection of ATF6-1-500Δ431-475 was determined. The activ-
ity of the ATF6 gene promoter was measured by using a luciferase 
reporter assay. A DNA segment encoding −1500 to −1 base pairs 
relative to the transcriptional start site of the ATF6 gene was ampli-
fied using the primers F5’-GGGACGCGTGCAAACGTGCAGCCTG-
GTCTGTATGTGGGTCCCC-3’ and R5’-GGGCTCGAGCACCGC-
CCCGTGGCCTCCTGCCGCGCCCAGCCTTTCTAGG-3’, with the 
Mlu1 and Xho1 restriction sites underlined. The resulting PCR prod-
uct was then digested, and the DNA fragment was inserted using 
the Mlu1 and Xho1 restriction sites of the pGL3-basic vector 
(Promega), resulting in p1052. The plasmid p1052 was cotrans-
fected with the Renilla vector into ATF4−/−, and WT MEF cells and 
the ATF6 promoter activity was determined using the dual luciferase 
assay.

Statistics
Data were analyzed using two-way ANOVA to assess main and in-
teraction effects, with drug and genotype as the independent vari-
ables (StatSoft, Tulsa, OK). When a significant overall effect was de-
tected, differences among treatment groups were assessed with 
Duncan’s multiple range post hoc test. The level of significance was 
set at p < 0.05 for all statistical tests.
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