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When endoplasmic reticulum (ER) functions are perturbed, 
the ER induces several signaling pathways called unfolded 
protein response to reestablish ER homeostasis through three 
ER transmembrane proteins: inositol-requiring enzyme 1 
(IRE1), PKR-like ER kinase (PERK), and activating transcription 
factor 6 (ATF6). Although it is important to measure the 
activity of ATF6 that can indicate the status of the ER, no 
specific cell-based reporter assay is currently available. Here, 
we report a new cell-based method for monitoring ER stress 
based on the cleavage of ATF6α by sequential actions of 
proteases at the Golgi apparatus during ER stress. A new 
expressing vector was constructed by using fusion gene 
of GAL4 DNA binding domain (GAL4DBD) and activation 
domain derived from herpes simplex virus VP16 protein 
(VP16AD) followed by a human ATF6α N-terminal deletion 
variant. During ER stress, the GAL4DBD-VP16AD(GV)-
hATF6α deletion variant was cleaved to liberate active 
transcription activator encompassing GV-hATF6α fragment 
which could translocate into the nucleus. The translocated 
GV-hATF6α fragment strongly induced the expression 
of firefly luciferase in HeLa Luciferase Reporter cell line 
containing a stably integrated 5X GAL4 site-luciferase gene. 
The established double stable reporter cell line HLR-GV-
hATF6α(333) represents an innovative tool to investigate 
regulated intramembrane proteolysis of ATF6α. It can 

substitute active pATF6(N) binding motif-based reporter cell 
lines.

Keywords: activating transcription factor 6, ER stress, GAL4 

binding site, luciferase, regulated intramembrane proteolysis, 
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INTRODUCTION

The endoplasmic reticulum (ER) is a specialized cell organelle 

that plays important roles in the biosynthesis of many mem-

brane proteins and secreted proteins, their posttranslational 

modifications (assembly, glycosylation, and disulfide bond), 

calcium storage and gated release, and production of lipids 

and sterols. When ER functions are perturbed, the ER induces 

several signaling pathways called unfolded protein response 

(UPR) to reestablish ER homeostasis (Back and Kaufman, 

2012; Ron and Walter, 2007; Wang and Kaufman, 2016).

	 In UPR, three ER transmembrane proteins, inositol-requir-

ing enzyme 1 (IRE1), PKR-like ER kinase (PERK, EIF2AK3), 

and activating transcription factor 6 (ATF6), serve as prox-

imal transducers of UPR pathways (Hetz et al., 2011; Ron 

and Walter, 2007; Rutkowski and Kaufman, 2007; Wek and 

Cavener, 2007). IRE1 has ER-stress regulated kinase and en-
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donuclease activities that can initiate unconventional splicing 

of mRNA encoding basic leucine zipper transcription factor 

X-box binding protein 1 (XBP1) (Hetz and Glimcher, 2009). 

IRE1-mediated unconventional cytoplasmic splicing removes 

a 26-nucleotide intron from unspliced Xbp1 mRNA to induce 

a translational frameshift, producing a fusion protein encod-

ed from two evolutionarily conserved open reading frames 

(Ron and Walter, 2007). The fusion protein, XBP1s, acts as a 

potent transcription factor that can activate the expression of 

UPR target genes involved in protein folding and export from 

the ER, export and degradation of misfolded proteins, and 

lipid biosynthesis to resolve ER stress (Back and Kaufman, 

2012; Ron and Walter, 2007). Therefore, measurement or 

observation of the extent of Xbp1 mRNA splicing is a good 

tool for monitoring IRE1 activation under ER stress condition. 

Several studies (Back et al., 2006; Iwawaki et al., 2004; Spiot-

to et al., 2010) have developed reporter systems for monitor-

ing IRE1-mediated Xbp1 mRNA splicing, a partial sequence 

of Xbp1, including 26-nt ER stress-specific intron fused to the 

gene encoding firefly luciferase (FLuc) or green fluorescence 

protein (GFP). During stress, the spliced indicator mRNA is 

translated into an XBP1ΔC-Fluc or GFP fusion protein that 

can be detected by its luminescence or fluorescence.

	 Activated PERK can phosphorylate serine 51 on the 

α-subunit of heterotrimeric eukaryotic translation initiation 

factor 2 (eIF2) (Proud, 2005). Phosphorylation of eIF2α in 

eIF2 complex results in global attenuation of general mRNA 

translation while simultaneously enhancing the translation 

of selected mRNAs (such as activating transcription factor 

4 [Atf4] mRNA) that contain short upstream open reading 

frames in their 5’ untranslated regions (5’UTRs) (Pakos-Ze-

brucka et al., 2016; Wek et al., 2006). Therefore, under 

ER stress condition, measurement of Atf4 5’UTR-dependet 

translational activity is a useful tool for monitoring the status 

of eIF2α phosphorylation. A reporter construct consisting 

of translational fusions of the Atf4 5’UTR and the luciferase 

coding region has been reported (Harding et al., 2000). Re-

cently, a transgenic mouse model for monitoring translational 

activation of ATF4 in response to cellular stress has been de-

veloped (Iwawaki et al., 2017). However, in mammalian cells, 

there are three more eIF2α kinases (general control nondere-

pressible 2 [GCN2], protein kinase RNA-activated [PKR], and 

heme-regulated inhibitor kinase [HRI]) that can be activated 

by distinct stress stimuli (Pakos-Zebrucka et al., 2016; Wek 

et al., 2006), suggesting that Atf4 5’UTR-mediated transla-

tion enhancement does not always represent activation of 

PERK-dependent eIF2α phosphorylation pathway.

	 ATF6 is the third proximal transducer of UPR pathways that 

is encoded by two related genes, Atf6α and Atf6β (Yoshida 

et al., 1998). The C-terminal of ATF6 protrudes into the ER 

lumen whereas its N-terminal faces the cytosol. The N-termi-

nal cytosolic part encompasses a transactivation domain and 

a basic leucine zipper region followed by a 20-amino acid 

transmembrane domain (Haze et al., 1999). Under normal 

conditions, the ER luminal domain of ATF6 maintains ATF6 in 

an inactive state by binding to BiP, a major molecular chap-

erone in the ER. Upon ER stress, BiP dissociation from the ER 

luminal domain of ATF6 exposes Golgi localization signals, 

evoking ATF6 translocation to the Golgi apparatus (Shen 

et al., 2002). In addition, ER stress can reduce the extent of 

intra- and inter-molecular disulfide bridges formed between 

the two conserved cysteine residues in the luminal domain 

(Nadanaka et al., 2007). These two molecular mechanisms 

can induce translocated ATF6 proteins to be cleaved by se-

quential actions of site 1 protease (S1P) and site 2 protease 

(S2P) at the Golgi apparatus (Shen and Prywes, 2004; Ye 

et al., 2000), resulting in liberation of a soluble and active 

transcription factor designated pATF6(N) (Yoshida et al., 

2000; 2001). Thus, activation of ATF6 is characterized as 

one regulated intramembrane proteolysis (RIP). Liberated 

pATF6(N) transcription factor can enter the nucleus and 

bind to ER stress-response elements (ERSEs) of genes that 

encode functions in ER protein folding, endoplasmic reticu-

lum-associated degradation (ERAD), protein secretion, and 

ER biogenesis (Back and Kaufman, 2012; Yoshida, 2007). 

Therefore, measurement of ATF6 activation can be another 

tool for monitoring ER stress. The most commonly utilized 

assay systems for monitoring ATF6α activation are luciferase 

reporter constructs driven by tandem copies of either a UPR 

element (UPRE) (Lee et al., 2002; Wang et al., 2000) or by 

BiP promoter which contains three ERSE sites (Gallagher et 

al., 2016; Yoshida et al., 1998). However, both UPRE and 

ERSE element sequences of these reporter constructs are a 

consensus DNA binding motif for other transcription factors 

such as spliced XBP1 or activated ATF6β that can be gener-

ated during ER stress (Bommiasamy et al., 2009; Lee et al., 

2003; Yamamoto et al., 2007). Therefore, under ER stress, 

UPRE or BiP promoter-driven luciferase expression can occur 

by binding of not only activated ATF6α and β but also spliced 

XBP1 in cell-based assays using these reporter constructs, 

suggesting that such promoter-based reporter assay will not 

solely represent activation of ATF6α during ET stress. On the 

other hand, previous studies (Chen et al., 2002; Wang et al., 

2000) have reported that full length ATF6α fused to GAL4 

DNA binding domain (GAL4DBD) could activate 5X GAL4 

site-luciferase reporter under ER stress. However, it was diffi-

cult to detect GAL4DBD-ATF6α protein in immunoblots using 

SV40 promoter (Wang et al., 2000). In addition, the expres-

sion of GAL4DBD-ATF6α protein should be regulated at low 

level to prevent activation of reporter gene in uninduced cells 

(Chen et al., 2002). As such, the development of a reporter 

cell line for monitoring activation of ATF6α under ER stress 

conditions has not been reported yet.

	 Thus, the objective of this study was to develop a lucifer-

ase reporter cell line that could monitor activation of ATF6α 

under ER stress conditions. We constructed a new expressing 

vector using fusion gene of GAL4DBD and activation domain 

derived from herpes simplex virus VP16 protein (VP16AD) 

followed by a human ATF6α N-terminal deletion variant that 

could generate a cytosolic and active transcription activator 

(encompassing GAL4DBD-VP16AD and cytosolic part of 

hATF6α) by S1P and S2P-mediated ATF6α cleavage under 

ER stress conditions. The GAL4DBD-VP16AD(GV)-hATF6α 

deletion variant expressing construct was stably integrated 

into HeLa Luciferase Reporter (HLR) cell line containing a sta-

bly integrated 5X GAL4 site-luciferase gene. The expressed 

GAL4DBD-VP16AD(GV)-hATF6α deletion variant was effi-

ciently cleaved in the established double stable reporter cell 
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line in response to ER stress inducers. The active transcription 

factor encompassing GAL4DBD-VP16AD and cytosolic part 

of hATF6α can translocate into the nucleus and strongly in-

duce the expression of firefly luciferase gene in the HLR cell 

line.

MATERIALS AND METHODS

Construction of pCMV-GAL4DBD-VP16AD-hATF6α full or 
deletion variants
pCMV-GAL4DBD-VP16AD-hATF6α full or deletion variants 

were generated by inserting coding sequences that could 

express a fusion protein of the GAL4 DNA binding domain 

(GAL4DBD, amino acids 1-147) and the VP16AD (amino 

acids 413-490) followed by human ATF6α full length or de-

letion variants into pcDNA 3.1(+) vector (Invitrogen, USA). 

The coding sequence fragment of GAL4DBD-VP16AD was 

amplified from pM3-VP16 vector (Clontech Laboratories, 

USA) by polymerase chain reaction (PCR) with the following 

primers: 5'-GGGTTTGCTAGCTTCCTGAAAGATGAAG-3' and 

5'-GGGTTTGATATCCCCACCGTACTCGTCAATTC-3'. cDNAs of 

human ATF6α full length or deletion variants were obtained 

from pCGNATF6α full length (Zhu et al., 1997) generous-

ly provided by Dr. Ron Prywes (Columbia University, USA) 

by PCR with the following pairs. Forward primers included 

hATF6α (full, aa 1-670), 5'-GGGTTTGATATCATGGGGGAG-

CCGGCTGGGGTTG-3'; hATF6α (aa 93-670), 5'-GGGTTTGA-

TATCCTTCCAGCCTCCTCAAGTTAT-3'; hATF6α (aa 307-670), 

5'-GGGTTTGATATCCTAAGGAGACAGCAACGTATGAT-3'; 

hATF6α (aa 333-670), 5'-GGGTTTGATATCGGGTTAGAGGC-

GAGATTAAAGGC-3'; hATF6α (aa 362-670), 5'-GGGTTTGA-

TATCGTTGTGTCAGAGAACCAGAG-3'; and hATF6α (aa 374-

670): 5'-GGGTTTGATATCCTAAGGAGACAGCAACGTAT-3'. 

Common reverse primer was 5'-GGGTTTGCGGCCGCCTA-

AGCGTAATCTGGAACATCGTATGGGTATTGTAATG ACTCAG-

GGATGG-3'.

	 To construct pCMV-GAL4DBD-VP16AD-hATF6α full or 

deletion variants, pCMV-GAL4DBD-VP16AD was generated 

at first. GAL4DBD-VP16AD PCR fragment digested with NheI 

and EcoRV restriction enzymes was inserted into pcDNA 

3.1(+) vector (Invitrogen) digested with the same restriction 

endonucleases. Next, pCMV-GAL4DBD-VP16AD-hATF6α full 

or deletion variants were constructed by inserting hATF6α full 

or deletion variants’ PCR fragments digested with EcoRV and 

NotI into pCMV-GAL4DBD-VP16AD plasmid treated with 

the same restriction enzymes. Clones were confirmed by se-

quencing.

Cell culture and cell lines
HLR cells (Agilent Technologies, USA) containing a stably 

integrated 5X GAL4 binding site of luciferase reporter gene 

were grown in Dulbecco’s modified Eagle’s medium (Invitro-

gen) supplemented with 10% fetal bovine serum (Hyclone, 

USA), 1% glutamax (Invitrogen), 1% penicillin G/streptomy-

cin (Invitrogen), and 0.1 mg/ml of Hygromycin B (Invitrogen).

	 To generate stably transformed HLR cells expressing 

GAL4DBD-VP16AD-hATF6α∆N(aa 333-670) under the con-

trol of CMV enhancer-promoter, HLR cells were transfected 

with SspI-digested pCMV-GAL4DBD-VP16AD-hATF6αΔN(aa 

333-670) vector. Transformants were selected with both hy-

gromycin B (0.1 mg/ml) and G418 (0.5 mg/ml) antibiotics. 

Antibiotics-resistant stable cell clones were screened for the 

activity of firefly luciferase after treatment with dithiothreitol 

(DTT, 2 mM) as an ER stress inducer as described below. 

Among several positive clones identified, one clone (#3) that 

showed the highest firefly luciferase activity after DTT treat-

ment was chosen. Thus, in subsequent experiments, we used 

a clone named HLR-GV-hATF6α(333) expressing GAL4DBD-

VP16AD(GV)-hATF6αΔN(aa 333-670).

Dual luciferase assay and firefly luciferase assay
HLR cells were plated onto 48-well culture dishes the day 

before transfection. Expressing plasmids (0.5 μg of pcD-

NA3.1(+), pCMV-GAL4DBD-VP16AD-hATF6α full or dele-

tion variants) and reference plasmid (0.01 μg of pRL-CMV; 

Promega, USA) were transfected into HLR cells using Fugene 

6 (Promega) for 24 h. These cells were then further incu-

bated with fresh medium with DMSO or ER stress inducers 

(1 μg tunicamycin [Tm] or 5 nM thapsigargin [Tg]) for 12 h. 

For DTT treatment, transfected cells were exposed to 2 mM 

DTT for 2 h and then incubated with DTT-free fresh medium 

for 10 h. At 36 h post transfection, cells were washed with 

phosphate-buffered saline (PBS) three times, harvested, and 

stored at –80oC for dual luciferase assay. Dual-Luciferase® as-

say (Promega) was carried out as described previously (Back 

et al., 2006). Firefly luciferase activity was normalized against 

Renilla luciferase activity reflecting transfection efficiency. All 

transfections were performed at least three times to obtain 

mean ± SD.

	 For firefly luciferase assay in double stable cell lines ex-

pressing GV- hATF6αΔN(aa 333-670), cells were plated onto 

48-well culture dishes the day before treatment. These cells 

were treated with different amounts of ER stress inducers 

(Tm or Tg) for 12 h or specified amounts of ER stress inducers 

(1 μg Tm or 5 nM Tg) for indicated times. For DTT treatment, 

cells were exposed to different amounts of DTT or specified 

amount (2 mM DTT) for 2 h and then incubated with DTT-

free fresh medium for indicated times. After treatment, cells 

were washed with PBS three times, harvested, and stored at 
–80oC for firefly luciferase assay. Luciferase assay (Promega) 

was carried out according to the manufacturer’s instructions. 

Firefly luciferase activities were normalized to protein con-

tents (relative light units per microgram of protein).

Immunoblot analysis
HLR-GV-hATF6α(333) cells, but not HLR cells, were treated 

with 2 mM DTT for 2 h and then incubated with DTT-free 

fresh medium for indicated times. HLR-GV-hATF6α(333) cells 

were treated with or without 1 μg/ml Tm or 5 nM Tg for 12 

h, respectively. For DTT treatment, cells were exposed to 2 

mM DTT for 2 h and then incubated with DTT-free fresh me-

dium for 10 h. Cell lysates were prepared from HLR cells or ER 

stress inducer-treated HLR-GV-hATF6α(333) cells using EzRI-

PA lysis kit (20 mM HEPES pH 7.5, 150 mM NaCl, 1% IGEPAL 

CA-630, 0.1% SDS, 0.5% sodium deoxycholate) including 1

× protease inhibitors (aprotinin, pepstatin A, and leupeptin) 

and 1× phosphatase inhibitors (sodium fluoride, sodium va-

nadate, and sodium glycerophosphate) as specified by the 
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manufacturer (ATTO, USA). Cell lysates were centrifuged at 

13,000g for 15 min. Cellular proteins (70 μg) were resolved 

on SDS-polyacrylamide gels and transferred to polyvinylidene 

difluoride (PVDF) membranes. Immunoblot analyses were 

performed as described previously (Back et al., 2006) using 

anti-GAL4 DNA-BD monoclonal antibody (Clontech Labo-

ratories) and anti-β-actin monoclonal antibody (Santa Cruz 

Biotechnology, USA).

Subcellular fractionation
To obtain nuclear and cytosolic fractions from HLR or HLR-

GV-hATF6α(333) cells treated with or without three ER stress 

inducers, cell pellets were resuspended in 350 μl 1× hypo-

tonic buffer (10 mM HEPES pH 7.4, 10 mM KCl, 0.1 mM 

EDTA, 0.5% NP-40, 1 mM DTT, protease inhibitor cocktail, 

and phosphatase inhibitor cocktail) by passing cell suspen-

sion through 20-gauge needle 15 to 20 times. Homogenates 

were incubated on ice for 40 min. During incubation, ho-

mogenates were vortexed for 20 seconds at the highest set-

ting every 10 min. Samples were then centrifuged at 15,700g 

at 4oC for 15 min. Supernatants were kept as cytoplasmic 

fractions at –80oC. Cell pellets were resuspended in 80 μl 

nuclear extraction buffer (20 mM HEPES, 400 mM NaCl, 1 

mM EDTA, 1 mM DTT, protease inhibitor cocktail, and phos-

phatase inhibitor cocktail), sonicated, and stored as nuclear 

fractions at –80oC until analysis. Cellular proteins of nuclear 

Fig. 1. Selection of a GV-ATF6α 

fusion variant to measure regu

lated intermembrane proteolysis 

of ATF6α in HLR cell line during 

ER stress. (A) Predicted domain 

structure of human ATF6α full 

length. (B) Schematic diagrams 

of fusion proteins expressed from 

pCMV-GAL4DBD-VP16AD(GV)-

ATF6α full or deletion variants as 

described in Materials and Methods 

section. (C-F) HLR cells were 

transfected with each expressing 

plasmid, including pcDNA 3.1(+) 

and pRL-CMV as internal controls. 

DTT (2 mM), Tm (1 µg/ml), or Tg 

(5 nM) was used for treatment 

for 12 h. Firefly luciferase and 

Renilla luciferase activities were 

measured as described in Materials 

and Methods section. Results are 

given as absolute values of firefly 

luciferase normalized against 

Renilla luciferase activities in 

each cell lysate. The number of 

parenthesis indicates average fold 

induction relative to the untreated 

group. Data are expressed as 

mean ± SD of three independent 

experiments. *P < 0.05, **P < 0.01 

(untreated group vs each treated 

group); n.s., not significant.
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and cytosolic fractions were resolved on SDS-polyacrylamide 

gels and transferred to PVDF membranes. Immunoblot anal-

yses were performed using anti-GAL4 DNA-BD monoclonal 

antibody (Clontech Laboratories), anti-α-tubulin monoclonal 

antibody (Sigma-Aldrich, USA), and anti-Histone H3 antibody 

(Abcam, USA).

Fluorescence microscopy analysis
For fluorescence microscopy, HLR-GV-hATF6α(333) cells 

were grown on 1% gelatin-coated coverslips. The cells were 

exposed to 2 mM DTT for 2 h and then incubated with DTT-

free fresh medium for 4 h. Next, cells were washed with PBS 

three times and then fixed with 4% (w/v) paraformaldehyde 

(Sigma-Aldrich) at room temperature for 15 min. After wash-

ing with PBS three times, cells on coverslips were permeabi-

lized in 0.1% Triton X-100 at room temperature for 2 min 

and washed with PBS three times. For GAL4DBD immunos-

taining, samples were blocked in a blocking solution (PBS 

containing 3% bovine serum albumin) for 1 h at room tem-

perature and then incubated with anti-GAL4 antibody (Santa 

Cruz Biotechnology) at 4oC overnight. After washing with 

PBS three times, samples were treated with Hoechst 33342 

at room temperature for 2 min and washed again with PBS 

three times. They were then incubated with rhodamine (te-

tramethyl rhodamine isothiocyanate [TRITC])-conjugated 

goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, 

USA) at room temperature for 1 h. Finally, these coverslips 

were washed three times with PBS, placed on glass slides, 

and sealed with transparent nail polish. Images were cap-

tured with a cooled charge-coupled device camera and a 

confocal laser scanning microscope (FLUOVIEW FV10i; Olym-

pus, Japan).

RESULTS AND DISCUSSION

Determination of the minimal domain of ATF6α required 
for RIP reporter system
We determined the C-terminal minimal domain required by 

the ATF6α N-terminal deletion variant fused to a trans-ac-

tivator protein (GAL4DBD-VP16AD, GV) consisting of the 

GAL4DBD and the VP16AD. Toward this end, we construct-

ed six vectors expressing a fusion trans-activator protein (GV) 

followed by full-length or various N-terminal-deleted variants 

of human ATF6α (GV-hATF6α or GV-hATF6αΔNs; Figs. 1A 

and 1B). Resulting vectors were co-transfected into HLR cells, 

which carries a stably integrated firefly luciferase reporter 

gene, with Renilla luciferase-expressing vector pRL-CMV to 

normalize the transfection efficiency. The reporter gene con-

Fig. 2. Isolation of a GV-hATF6α∆N(333-670) chimeric protein expressing HLR cell line. (A) Graphical representation of the pCMV-GV-

hATF6α∆N(aa 333-670) plasmid described in Materials and Methods section. (B) Graphical representation of a double-stable HLR cell 

line having both pGAL4USA-Luc plasmid and pCMV-GV-hATF6α∆N(aa 333-670) plasmid stably integrated into the genome. (C) Both 

hygromycin B (0.1 mg/ml) and G418 (0.5 mg/ml)-resistant stable cell clones were isolated. These clones were treated with DTT (2 mM) as 

described in Materials and Methods section. Firefly luciferase activities in cell lysates were measured. Results are given as absolute values 

of firefly luciferase activity to 1 µg of proteins in each cell lysate. The number in parenthesis indicates average fold induction relative to the 

untreated group. Data are expressed as mean ± SD of three independent experiments. *P < 0.05, **P < 0.01 (untreated group vs each 

treated group); n.s., not significant.
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sisted of five direct repeats of yeast GAL4 binding site that 

controls the expression of firefly luciferase gene. Under ER 

stress, if the expressed fusion protein is cleaved to release a 

specific fragment containing GAL4DBD-VP16AD(GV) for nu-

clear translocation, the nuclear trans-activator fragment binds 

to the 5X GAL4-binding site and induces the expression of 

firefly luciferase gene. Therefore, the firefly luciferase activity 

represents the direct cleavage efficiency of GV-ATF6αΔN in 

transfected cells.

	 Through Dual-Luciferase® Reporter (DLRTM) assay, the 

ratio of firefly luciferase to Renilla luciferase activity in each 

different construct including an empty vector was calculat-

ed and fold induction values were compared for conditions 

with or without treatment with three different ER stress 

inducers (DTT, Tm, and Tg), respectively (Figs. 1C-1F). In 

empty vector-transfected HLR cells, no significant changes 

were observed in fold induction following treatment with 

three different ER stress inducers and the numeric values of 

luciferase activity were significantly lower (at least 10-fold) 

compared with HLR cells transfected with Full: GV-ATF6α(1-

670) or all GV-ATF6αΔN deletion variants regardless of treat-

ment (Fig. 1C vs Figs. 1D-1F). Therefore, the results indicate 

that the expression of the firefly luciferase reporter gene de-

pends on the availability of a nuclear trans-activator protein 

(GAL4DBD-VP16AD). However, the transient overexpression 

of Full: GV-ATF6α(1-670) or all GV-ATF6αΔN deletion vari-

ants in HLR cells significantly increased luciferase activities 

compared with empty vector-transfected HLR cells without 

treatment (Fig. 1C vs Figs. 1D-1F). The findings suggest un-

desirable expression of the firefly luciferase reporter gene 

due to transactivation of a GAL4DBD-VP16AD-containing 

trans-activator fragment generated by constitutively activated 

proteolysis of overexpressed fusion proteins. The change was 

more significant in the 333: GV-hATF6α(333-670) express-

ing cells. Similarly, the N-terminal active 50-kDa pATF6(N) 

transcription factor fragment was detected in transient full-

length ATF6α-overexpressing cells (Haze et al., 1999; Yoshida 

et al., 1998), suggesting that the fragment was produced 

via constitutively activated proteolysis of full-length ATF6α(1-

670) overexpressed in transfected cells. Thus, in our reporter 

system, transient overexpression of Full: GV-ATF6α(1-670) 

or GV-ATF6αΔN deletion variants might cause dysregulation 

of regulated cleavage. Nevertheless, upon treatments with 

ER stress inducers, average fold inductions of firefly luciferase 

activities from most constructs were significantly increased up 

to 6-fold at different levels (Figs. 1D-1F), suggesting that ER 

stress could induce S1P and S2P-mediated cleavage of each 

GV-ATF6α fusion variant at the Golgi apparatus to generate 

active trans-activator proteins. In DTT (Fig. 1D) or Tg (Fig. 

1F)-treated HLR cells, average fold inductions from Full: GV-

hATF6α(1-670), 93: GV-hATF6αΔN(93-670) and 307: GV-

hATF6αΔN(307-670) deletion variants were significantly 

increased. However, the average fold induction in the 333: 

GV-hATF6αΔN(333-670)-expressing HLR cells carrying a 

deletion (333: GV-hATF6αΔN(333-670)) extending until the 

basic motif of bZIP domain was only 2-fold (DTT and Tg) or 

2.5-fold (Tm) because of increased luciferase activity in the 

absence of ER stress (Figs. 1D-1F). Nevertheless, the highest 

relative luciferase activities were observed in 333: GV-hATF6

αΔN(333-670) expressing HLR cells during ER stress (Figs. 

1D-1F). Further deletions (362 and 374 constructs) close to 

transmembrane domain (aa 378-398) gradually decreased 

relative luciferase activities under ER stress conditions (Figs. 

1D-1F).

	 In Tm-treated HLR cells, no significant fold inductions were 

detected following the expression of Full: GV-hATF6α(1-

670), 93: GV-hATF6αΔN(93-670), 307: GV-hATF6αΔN(307-

670) and 374: GV-hATF6αΔN(374-670) deletion variants. 

Therefore, the four constructs were not selected for further 

studies. Next, among the remaining two constructs, the 

333: GV-hATF6αΔN(333-670) deletion variant expressing 

HLR cells always showed higher luciferase activities than the 

362: GV-hATF6αΔN(362-670) expressing HLR cells. Nev-

ertheless, the former had a smaller fold induction than the 

latter because of strong basal firefly luciferase activity without 

treatments. Based on the constitutive proteolysis observed in 

overexpressed GAL4DBD-ATF6α (Chen et al., 2002) or full-

length ATF6 (Haze et al., 1999; Yoshida et al., 1998), the 

highly basal firefly luciferase activity was induced by such 

proteolysis of 333: GV-hATF6αΔN(333-670) overexpressed 

in transfected cells. However, if the deletion variant is ex-

pressed at a lower level when 333: GV-hATF6αΔN(333-670)-

expressing HLR stable cell lines are generated, the constitu-

tively activated proteolysis of 333: GV-hATF6αΔN(333-670) 

may be decreased and the basal firefly luciferase activity may 

be lowered, resulting in higher fold induction under ER stress. 

Based on this rationale, the 333: GV-hATF6αΔN(333-670)-

expressing construct was selected to generate double stable 

luciferase reporter cell lines to monitor RIP of ATF6α.

Generation of a double stable reporter cell line (HLR-GV-
hATF6α(333) cell line) for monitoring RIP of ATF6α
To generate a double stable reporter cell line expressing fire-

fly luciferase by regulated proteolysis of GV-hATF6αΔN(aa 

333-670) chimeric protein, HLR cells were transfected with 

Ssp1-digested DNA fragment of pCMV-GV-hATF6αΔN(aa 

333-670) vector encoding a fusion trans-activator protein 

(GAL4DBD-VP16AD) followed by N-terminal deleted variant 

(aa 333-670) of hATF6α (Figs. 2A and 2B). These transfected 

cells were selected using medium containing both G418 for 

GV-hATF6αΔN(aa 333-670) expressing cassette (Fig. 2A) and 

hygromycin B for firefly luciferase expressing cassette. After 

generation of double stable cell lines, the ability of the report-

er cell line to monitor intramembrane proteolysis-dependent 

ATF6α activation was evaluated based on increased firefly 

luciferase activity under DDT treatment (Fig. 2C). Of 10 G418 

and hygromycin B resistant clones, two clones showed ~30 

folds (clone #3) or ~50 folds (clone #6) induction in firefly 

luciferase activity upon treatment with DTT, respectively. Be-

cause clone #3 showed the highest relative luciferase activity, 

this clone was chosen for further characterization and named 

HLR-GV-hATF6α(333) cell line.

Characterization of a new RIP reporter system (HLR-GV-
hATF6α(333) cell line) for monitoring regulated proteoly-
sis of ATF6α
To check the ability of HLR-GV-hATF6α(333) reporter cell 

line in response to ER stress, luciferase activities of HLR-GV-
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hATF6α(333) cells were measured after treatment with DDT, 

Tm, and Tg at different concentrations or times. Concen-

trations that showed the maximal luciferase activities were 

found to be 2 mM for DTT, 1 mM for Tm, and 5 nM for Tg 

(Figs. 3A-3C). Higher concentrations did not further increase 

luciferase activity. Next, the best treatment time of each ER 

stress inducer was determined at these concentrations select-

ed based on results from Figures 3A-3C. Significant increase 

of luciferase activity was detected after treatment with DDT 

for 2 h. The maximal luciferase activity was detected after 

treatment with DDT for 12 h, Tm for 18 h, or Tg for 12 h 

(Figs. 3D-3F). However, the maximal activity did not sustain 

after further incubation. Next, to confirm that HLR-GV-

hATF6α(333) cell line expressed GV-hATF6αΔN(aa 333-670) 

fusion protein and ER stress could induce its proteolysis to 

generate GV-hATF6α∆N∆C(aa 333-380) fragment, Western 

blot analysis was performed using GAL4 antibody and each 

ER stress inducer-treated cell lysate (Figs. 3G and 3H). HLR-

GV-hATF6α(333) cells constitutively expressed ~75 kDa GV-

hATF6αΔN(aa 333-670) protein while the original HLR cells 

did not (Fig. 3G; lanes 1 and 2). However, DDT treatment im-

mediately made the full length GV-hATF6αΔN(aa 333-670) 

Fig. 3. Concentration and time-

dependent effects of ER stress 

inducer treatments to HLR-

GV-hATF6α(333) cell line and 

detection of GV-hATF6α∆N(aa 

333-670) cleavage on ER stress-

induced HLR-GV-hATF6α(333) 

cells. (A-C) HLR-GV-hATF6α(333) 

cells were treated with DTT, Tm, 

or Tg at indicated concentrations 

for 12 h. (D-F) HLR-GV-hATF6α(3 

33) cells were treated with DTT 

(2 mM), Tm (1 µg/ml), or Tg (5 

nM) at indicated times. Firefly 

luciferase activities in cell lysates 

were measured. Results are 

given as absolute value of firefly 

luciferase activity to 1 µg of 

proteins in each cell lysate. The 

number in parenthesis indicates 

average fold induction relative 

to the untreated group. Data are 

expressed as mean ± SD of three 

independent experiments. *P < 

0.05, **P < 0.01, ***P < 0.001 

(untreated group vs each treated 

group); n.s., not significant. (G) 

HLR-GV-hATF6α(333) cells were 

treated with DTT (2 mM) for 2 h 

and then incubated with DTT-free 

medium for the indicated times. 

At indicated time points, cells were 

harvested and total cellular extracts 

were prepared and then subjected 

to Western blot analysis with anti-

Gal4 and anti-β-actin antibodies. 

The asterisk (*) indicates non-

specific bands in Western blot. 

(H) HLR-GV-hATF6α(333) cells 

were treated with DTT (2 mM), 

Tm (1 µg/ml), or Tg (5 nM) for 

12 h as described in Materials 

and Methods section. Cells were 

harvested and total cellular extracts 

were prepared and then subjected 

to Western blot analysis.
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disappear till 4 h after treatment (lanes 3 and 4). Simultane-

ously, ~40 kDa small cleaved products supposed to be GV-

hATF6α∆N∆C(aa 333-380) fragments were detected till 18 

h (lanes 3 to 6). As described for DTT treatment experiments 

in Materials and Methods section, DDT-free media replaced 

DDT-containing media after 2 h of treatment. Therefore, it 

was believed that DDT effect diminished and cells recovered 

from ER stress as time went by, resulting in reduction of GV-

hATF6α∆N∆C(aa 333-380) fragments and appearance of 

full length GV-hATF6αΔN(aa 333-670) proteins (Fig. 3G; 

lanes 5-8). Moreover, RIP of GV-hATF6αΔN(aa 333-670) was 

also observed in Tm or Tg-treated cell lysate (Fig. 3H). Impor-

tantly, GV-hATF6α∆N∆C(aa 333-380) fragments generated 

by RIP were detected in only ER stress inducer-treated cell 

lysates, but not in mock-treated cell lysate (Figs. 3G; lane 2 

and 3H; lane 1), indicating that GV-hATF6αΔN(aa 333-670) 

expressing HLR-GV-hATF6α(333) cell line could be utilized 

as a specific and novel reporter cell line for measuring RIP of 

ATF6α.

ER stress-mediated nuclear translocation of cleaved 
fragment of GV-hATF6αΔN(aa 333-670) in HLR-GV-
hATF6α(333) cell line
As described our reporter system in the introduction part, 

the GV-hATF6α∆N∆C(aa 333-380) fragment working as 

a transcription factor should translocate into the nucleus 

to induce expression of firefly luciferase gene in HLR-GV-

hATF6α(333) cell line during ER stress. To assess nuclear 

localization of the chimeric fragment, immunofluorescence 

analysis was performed using GAL4 antibody and DTT-treat-

ed cells (Fig. 4A). Without DTT treatment, majority of an-

ti-GAL4 reactive proteins were localized in the cytosol (Fig. 

4A; upper panels). However, with DTT treatment, most 

anti-GAL4 reactive proteins were observed in the nucleus 

of HLR-GV-hATF6α(333) cells (Fig. 4A; lower panels), sug-

gesting that the GAL4DBD-containing cleavage fragment 

of GV-hATF6αΔN(aa 333-670) believed to be GAL4DBD-

VP16AD(GV)-ATF6α∆N∆C(aa 333-380) fragment was 

generated after DTT treatment. It then translocated into the 

nucleus. Next, we further confirmed nuclear localization 

of GV-ATF6α∆N∆C(aa 333-380) fragment by subcellular 

fractionation. Cytosolic and nuclear fractions were extracted 

from original HLR cells and ER stress inducer-treated HLR-

GV-hATF6α(333) cells. Western blot analysis of “house-keep-

er” (HK) proteins (α-tubulin and histone H3 for cytosolic 

and nuclear fractions, respectively) validated the purity of 

fractionated samples (Fig. 4B). In Western blot analysis of 

fractionated samples of HLR cells, there was no anti-GAL4 

specific band in either fraction (lanes 1 and 6). Before ER 

stress inducer treatment, the GV-ATF6α∆N∆C(aa 333-380) 

fragment was virtually undetectable in the nuclear fraction 

of HLR-GV-hATF6α(333) cells (lane 7). Instead, full length 

GV-hATF6αΔN(aa 333-670) proteins were only detected in 

the cytosolic fraction of HLR-GV-hATF6α(333) cells (lane 2). 

Fig. 4. Subcellular localization 

of GV-hATF6α∆N(333-670) 

chimeric protein during ER stress. 

(A) HLR-GV-hATF6α(333) cells 

were stained with Hoechst 33342 

(blue fluorescence) and anti-

Gal4 antibody (red fluorescence) 

after DTT treatment for 6 h and 

analyzed by confocal fluorescence 

microscopy. Scale bars = 30 

μm. (B) HLR-GV-hATF6α(333) 

cells were treated with DTT (2 

mM), Tm (1 μg/ml), or Tg (5 nM) 

for 12 h. Cytosolic and nuclear 

fractions extracted from HLR-

GV-hATF6α(333) cells treated 

as indicated were subjected to 

Western blot analysis using anti-

Gal4, anti-α-tubulin, and anti-

histone H3 antibodies.
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However, GV-ATF6α∆N∆C(aa 333-380) fragments were 

clearly observed in nuclear factions of ER stress inducer (DTT, 

Tm, or Tg)-treated HLR-GV-hATF6α(333) cells (lanes 8-10), 

indicating that HLR-GV-hATF6α(333) cell lines could produce 

nuclear localized anti-GAL4 reactive protein as a transcription 

factor to induce expression of firefly luciferase gene under ER 

stress conditions.

Summary of a reporter system monitoring RIP of trans-
membrane bZIP transcription factor ATF6α
In this report, we developed a specific, rapid, and convenient 

monitoring system for the in vivo activation of ATF6α that 

may also be used to determine RIP of other transmembrane 

bZIP transcription factors such as ATF6β and CREBH (Bailey 

and O'Hare, 2007). Therefore, we modified the HLR cell line 

carrying a stably integrated firefly luciferase reporter gene 

consisting of five direct repeats of yeast GAL4-binding site 

that controls the expression of firefly luciferase gene (Fig. 

5). We introduced an expression cassette containing the 

gene of a fusion trans-activator protein (GAL4DBD-VP16AD-

hATF6αΔN) into this cell line. The gene for the fusion 

trans-activator protein (GAL4DBD-VP16AD-hATF6αΔN(aa 

333-670)) consists of the GAL4DBD and the VP16AD fol-

lowed by N-terminal deletion variant (aa 333-670) of ATF6α. 

Thus, the final double stable cell line contains both the lu-

ciferase expression cassette and the fusion trans-activator 

expression cassette. Without ER stress, the ATF6α∆N-fused 

trans-activator protein (GAL4DB-VP16AD(GV)-ATF6αΔN(aa 

333-670)) is localized to ER membrane by transmembrane 

and ER-luminal domains of ATF6α (Fig. 5). Therefore, no 

significant expression of the firefly luciferase gene is detect-

ed (Figs. 2C and 3A-3F). However, when cells were treated 

with ER stress inducers such as DTT, Tm, and Tg to activate 

ATF6α, the ER-localized GV-ATF6αΔN protein is translocated 

to the Golgi apparatus for sequential cleavage by S1P at aa 

412, and by S2P at aa 380 (Ye et al., 2000) to release the 

cytoplasmic GV-ATF6αΔN∆C fragment (Figs. 4 and 5). The 

GV-ATF6αΔN∆C fragment is translocated to the nucleus to 

induce the transcription of firefly luciferase from the reporter 

cassette in HLR cells (Figs. 4 and 5). Thus, the firefly lucifer-

ase activity represents the cleavage efficiency of GAL4DBD-

VP16AD-ATF6αΔN directly and endogenous ATF6α proteins 

Fig. 5. Schematic diagram of the reporter system for monitoring RIP of ATF6α. The RIP reporter cell line carries two stably integrated 

expression constructs. The first construct is a firefly luciferase gene controlled by a synthetic promoter comprising five direct repeats of 

yeast GAL4-binding site (GAL4 Upstream Activating Sequences [GAL4 UAS]) and TATA box. The second expression cassette is composed 

of a fusion gene encoding GAL4DBD and the VP16AD followed by the N-terminal deletion variant of ATF6α (ATF6αΔN(aa 333-670)).

In the absence of ER stress, the localization of GAL4DBD-VP16AD(GV)-ATF6αΔN(aa 333-670) protein is restricted at the ER membrane; 

therefore, there is no significant expression of the firefly luciferase gene because of the absence of active transcription factors. However, 

under ER stress, the GV-ATF6αΔN(aa 333-670) is translocated to the Golgi apparatus for cleavage by S1P and S2P. The cytosolic 

N-terminal fragment GV-ATF6αΔNΔC(aa 333-380) is translocated into the nucleus to bind with the GAL4-binding site (GAL4 UAS) as an 

active transcription factor and induces the expression of firefly luciferase.
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indirectly in the double stable cell line.

	 Compared with other known reporter systems, the RIP 

reporter system is unique. It is distinct from other UPRE or 

ERSE element-based reporter systems (Gallagher et al., 2016; 

Lee et al., 2002; Wang et al., 2000; Yoshida et al., 1998) in 

that the transcription of luciferase is not induced by endoge-

nous transcription factors (such as XBP1s or activated ATF6β) 

generated upon ATF6α activation, but is solely dependent 

on the translocation of GAL4DBD-VP16AD-ATF6αΔN to the 

Golgi followed by the cleavage of transmembrane domain 

under specific conditions. Therefore, our RIP reporter system 

is not only a unique tool to monitor RIP of ATF6α, but also 

represents a substitute for other nonspecific reporter systems 

that use an UPRE- or ERSE-based luciferase reporter (Gallagh-

er et al., 2016; Lee et al., 2002; Wang et al., 2000; Yoshida et 

al., 1998). Furthermore, compared with GAL4DBD full-length 

ATF6α fusion protein reported by Ron Prywes’s group before 

(Chen et al., 2002; Wang et al., 2000), our GV-ATF6αΔN(aa 

333-670) does not carry most functional domains of ATF6α 

N-terminal active transcription factor fragment (pATF6(N)). 

The active pATF6(N) fragment generated from full-length 

ATF6α interacts with other transcription factors (such as 

serum response factor [SRF] or spliced XBP1) (Yamamoto 

et al., 2007; Zhu et al., 1997). The pATF6(N)/SRF or pAT-

F6(N)/XBP1s heterodimer complexes cooperatively lead to 

induce expression of several serum- or ER stress-dependent 

genes, respectively. Hence, the active GAL4DBD-pATF6(N) 

fragment generated from GAL4DBD-full length ATF6α can 

also form a heterodimer complex, which may affect the 

expression of various endogenous target genes. Conse-

quently, a reporter cell line additionally expressing the active 

GAL4DBD-pATF6(N) fragment may show different cellular 

response compared to a normal cell line, and in turn the re-

sults of the reporter cell line may be distorted by exogenous 

and active GAL4DBD-pATF6(N) fragment. However, our GV-

ATF6αΔN(aa 333-670) may not show the binding ability or 

transcriptional activity, which affect the expression of endog-

enous serum- or ER stress-dependent genes. Thus, we believe 

that our RIP reporter system represents a specific and reliable 

experimental tool to monitor RIP of ATF6α.

	 Therefore, this reporter system can be used to screen for 

genes, small-molecules, and protein-based drugs that can 

activate or inhibit RIP of ATF6α. Moreover, for other known 

transmembrane bZIP transcription factors including Luman/

CREB3, OASIS/CREB3L1, BBF2H7/CREB3L2, CREB-H/CRE-

B3L3, CREB4/AIbZIP/CREB3L4, and CREBL1/ATF6β (Bailey 

and O'Hare, 2007), if the optimal DNA fragment for cleavage 

of GAL4DBD-VP16AD(GV)-bZIP transcription factor is deter-

mined as shown in the present study, the resulting plasmid 

can be used to develop a new reporter system for monitoring 

RIP of the transmembrane bZIP transcription factor in the 

luciferase reporter cell line which contains a stably integrated 

5X GAL4 site-luciferase gene.
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