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of ER Ca2þ with a stoichiometry of 1–2 moles of Ca2þ per

mole of BiP/GRP78 (5). BiP/GRP78 also acts as the

principal regulator of three ER resident transmembrane

proteins which play key roles in the unfolded protein

response (UPR): PERK (double-stranded RNA-activated

protein kinase-like ER kinase), IRE-1 (inositol requiring-1),

and ATF6 (activating transcription factor 6) (6–9). A

decrease in ER [Ca2þ] results in the dissociation of BiP/

GRP78 from PERK and IRE1 resulting in their activation

(10, 11). Similarly, the dissociation of BiP/GRP78 from

ATF6 leads to its translocation to the Golgi and its

subsequent activation (12, 13).

Various pathological conditions and pharmacological

reagents that alter Ca2þ levels, oxidizing environment, or

glycosylation machinery in the ER can trigger the unfolded

protein response (UPR) (14–16). Stimuli that perturb ER

Ca2þ homeostasis are particularly potent elicitors of the

UPR. Conditions which trigger ER stress compromise

folding reactions and result in protein aggregation (14).

Persistent protein aggregation signals apoptotic cell death

via the ER resident caspase-12 (17). In addition to eliciting

the UPR, perturbations in calcium homeostasis in the ER, a

major storage organelle for calcium in the cell, impacts on a

variety of calcium-sensitive signal transduction pathways in

the cytoplasm and the nucleus (18–20).

During the unfolded protein response, general protein

synthesis is attenuated by PERK-mediated eIF-2a phos-

phorylation in an effort to reduce ER client protein load, and

the expression of certain UPR target genes, such as the pro-

apoptotic gene gadd153, is selectively promoted through

up-regulation of the transcription factor ATF4 (21). Signal

transduction from the ER to the nucleus is mediated by

signal cascades that are similar to those initiated by the

plasma membrane. For example, ER stress is coupled to the

activation of the JNK signaling pathway (22). In as much as

the ER resident transmembrane proteins play a major role in

the adaptation of the ER, their activities may also contribute

to the broader cellular adaptation to ER stress via the JNK

pathway which controls cell viability and proliferation.

Recently, Adapt78 protein has been found to bind to

and inhibit intracellular calcineurin, a protein phosphatase

that mediates diverse cellular responses to calcium.

Calcineurin is involved in numerous cellular functions,

including T-cell activation, cytokine gene transcription,

apoptosis, neurite extension, long-term memory formation,

neurotransmitter release, and myocyte and adipocyte growth

and differentiation (23–26). Its abnormal expression is

associated with multiple pathologies (27–29). The inhibition

of calcineurin by Adapt78 establishes an important func-

tional role for Adapt78.

Here, we investigated the response of three cell lines: c-

jun knock-out mouse embryo fibroblasts (c-jun�/�), recon-

stitution of c-Jun expression in c-jun�/� cells (c-Jun Re), and

wild-type mouse fibroblast NIH 3T3 (c-junþ/þ) to thapsi-

gargin (TG, an inhibitor of sarco/endoplasmic reticulum

Ca2þ/ATPase) which induces ER stress. The results

demonstrate that TG treatment leads to the activation of

caspase-12 and apoptosis in c-jun�/� cells, while c-Jun Re

cells are relatively resistant to TG-induced ER stress. The

up-regulation of Adapt78, which blocks the activity of

calcineurin, in c-Jun Re cells may underlie their resistance

to TG-induced ER stress.

Materials and Methods

Plasmid Constructs. The segment of intron 3 from

human MCIP1 (DSCR1) gene was isolated by polymerase

chain reaction (PCR) using human genomic DNA as

template and primers based on sequence information from

human chromosome 21 data bank (30). This ;900-bp

fragment was subcloned into a pGL3 luciferase reporter

vector (gift from Dr. B. Rothermel (31)). Constitutively

active forms of calcineurin A (pCMV-CnA) have been

described elsewhere (32). Expression vector for hemagglu-

tinin (HA) epitope-tagged wild-type c-Jun (pSRa-HA-c-

Jun) was a gift from Dr. F. Claret (33).

Tissue Culture, Cell Transfection, and Reporter
Gene Assays. Mouse fibroblast cells were grown and

maintained in Dulbecco’s modified Eagle’s medium con-

taining 10% fetal bovine serum. Reporter gene assays were

performed on fibroblast cells plated on 60 mm culture dishes

transfected with 8 lg of each plasmid using Lipofect-

AMINE 2000 (Invitrogen, Carlsbad, CA). Cells were

harvested ;40 h after transfection in reporter lysis buffer

(Promega, Madison, WI). Luciferase activity was measured

using the Luciferase Assay System (Promega) (34). b-

galactosidase activity was measured using the Galacto-light

system (Tropix, Inc.) and used to normalize the reporter

assay results (32). All transfection data are presented as

means 6 SE for two or three separate transfection

experiments, each of which was done in triplicate.

Calcineurin Activity Assays. Calcineurin assays

were performed according to the manufacturer’s instructions

(Promega, Madison, WI) as described (35). Briefly, cells

were homogenized in lysis buffer (50 mM Tris, pH 7.4/5

mM ascorbic acid/protease inhibitors, Roche, IN) followed

by further disruption by sonication. Lysates were then

centrifuged at 21,000 g at 48C for 30 min to remove

particulate matter. Free phosphate was removed by passing

the lysate through Sephadext G25 spin column. Calcineurin

activity was measured by using the Ser/Thr phosphopeptide.

The amount of free phosphate released was measured with

molybdate dye solution. Calcineurin-specific phosphatase

activity was measured as the amount inhibited by cyclo-

sporin A. Western blots to detect calcineurin protein content

were performed on the above lysates using an antibody

specific for calcineurin (BD Biosciences, Palo Alto, CA).

Cell Culture, Treatments, and Viability As-
say. c-jun knock-out mouse embryo fibroblast (c-jun�/�)

and reconstitution of c-Jun expression in c-jun�/� cells (c-

Jun Re) were obtained from Dr. Michael Karin’s lab (36),

and wild-type cells (c-junþ/þ) from American Type Culture

1290 ZHAO ET AL

 at SAGE Publications on November 19, 2014ebm.sagepub.comDownloaded from 

RETRACTED

http://ebm.sagepub.com/


Collection (ATCC). Cells were cultured in Dulbecco’s

modified Eagle’s medium (Life Technologies, Inc.) supple-

mented with 10% fetal bovine serum (HyClone). To assess

the cells’ sensitivity to thapsigargin (TG), cell viability was

evaluated by trypan blue dye exclusion (22). Briefly, cell

suspensions were mixed with an equal volume of 0.4%

trypan blue, and the percentage of viable cells (those

excluding trypan blue) relative to the total number of cells

present was determined using a hemacytometer.

Analysis of Apoptosis by Fluorescence Acti-
vated Cell Sorting (FACS) and DNA Staining. Mouse

fibroblast cells were harvested from 60-mm tissue culture

dishes 24 h after treatment with TG. Supernatants were

collected in 15 ml conical tubes, and adherent cells were

loosened by incubation in 0.05% trypsin for 10 min,

followed by inactivation with serum. Both components were

combined and centrifuged at 2,500 rpm for 5 min. Pellets

were resuspended, fixed for 30 min in 4 ml 1%

paraformaldehyde in phosphate-buffered saline (PBS) at

48C, centrifuged again, and resuspended in 1 ml PBS. Cells

were counted with a hemacytometer, and for each

subsequent step, an exact volume of 1 ml of solution per

1 3 106 cells was used. Cells were permeabilized in 0.1%

Triton X-100 in PBS for 3 min at 48C. After another

centrifugation, the cells were resuspended in a DNA

staining solution (50 mg/ml PI) for 30 min. Cell-cycle

analysis was performed at the Yale Analytical Cytology

Core Facility on a Becton–Dickinson cell counter (FACS-

can). Apoptotic cells appeared as a hypodiploid peak due to

nuclear fragmentation and loss of DNA.

For detection of apoptosis by DNA staining with DAPI,

cells were washed with phosphate-buffered saline (PBS) and

harvested with trypsin–EDTA. Cells (50,000) were resus-

pended in 50 ll PBS, and 100 ll of 22% bovine serum

albumin (BSA) was added to the sample. This suspension

was added to the bottom of a cytofunnel mounted with a

microscope slide into the cyto-centrifuge and spun at 500

rpm for 5 min. Slides were air-dried for 30 min at room

temperature and washed with PBS. DAPI (200 ll solution

containing 2.5 lg/ml in PBS) was applied for 30 min at

room temperature. After washing with PBS, samples were

stored in the dark at 48C and viewed under the fluorescence

microscope.

Antibodies and Immunoblotting. Polyclonal anti-

c-Jun antibody and polyclonal anti-phospho-c-Jun (Ser73)

antibody were purchased from Cell Signaling (Beverly,

MA). Polyclonal anti-phospho-JNK antibody was from

Promega (Madison, WI). Polyclonal anti-JNK antibody,

polyclonal anti-Grp78 antibody, polyclonal anti-Gadd153

antibody, and polyclonal anti-atubulin antibody were from

Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Mono-

clonal anti-calcineurin antibody was from BD Biosciences

(Palo Alto, CA). Monoclonal anti-caspase-12 antibody was

a kind gift from Dr. J. Yuan (17). Polyclonal anti-Adapt78

antibody was obtained from Dr. K. J. Davies (18).

Immunoblotting was performed as described previously

(32). Briefly, mouse fibroblast cells were washed twice with

ice-cold PBS and lysed in 1 ml of lysis buffer (1% Triton X-

100, 20 mM HEPES (pH 7.4), 50 mM b-glycerol phosphate,

2 mM EGTA, 1 mM DTT, 10 mM NaF, 1 mM sodium

orthovanadate, 10% glycerol, and protease inhibitor cock-

tail). The cell lysates were clarified by centrifugation at

14,000 rpm for 10 min. Samples normalized for total protein

content were resolved by electrophoresis through either

straight or gradient NuPAGE Bis–Tris gels (10 or 4–12%)

(Invitrogen, Carlsbad, CA) and transferred onto a poly-

vinylidene difluoride membrane (Millipore, Bedford, MA).

Enhanced chemiluminescence reagent (Amersham Bio-

sciences, Piscataway, NJ) was used for the detection of

the immunoreactive bands. For reprobing, blots were

stripped with a buffer containing 50 mM Tris–HCl (pH

6.8), 2% sodium dodecyl sulfate (SDS), and 0.1 M b-

mercaptoethanol.

Northern Blot Analysis. Total RNA was isolated

with STAT-60 (Tel-Test B, Friendwood, TX). Northern blot

analysis was performed as described (22). Hybridizations

were carried out using radiolabeled cDNA probes specific

for adapt78 (kind gift from Dr. D. R. Crawford (37)).

Cytosolic Ca21 Measurements. Intracellular Ca2þ

changes were evaluated in c-jun�/� and c-Jun Re cells using

time-lapse confocal microscopy (38). Cells were plated onto

glass coverslips and confocal imaging was performed 48 h

later. Briefly, cells were loaded with 6 lM fluo-4/AM (fluo-

4 acetomethyl ester; Molecular Probes) for 30 min at 378C.

Coverslips containing the cells were transferred to a custom-

built perfusion chamber on the stage of a Bio-Rad MRC-

1024 microscope (Hercules, CA) and observed using a 633,

1.4N.A. objective. The 488 nm line of a krypton/argon laser

was used to excite the dye, and emission signals between

505 and 550 nm were collected. Cells were stimulated by

perfusion with TG and were observed at a rate of 5 frames/

sec. Changes in fluorescence intensity were calculated by

dividing the measured fluorescence intensity during appli-

cation of TG by the measured average baseline fluorescence

intensity (F0). In order to determine intracellular Ca2þ

concentration, cells were loaded with 5 lM fura-2/AM for 1

h at 378C (39, 40). Cell suspensions loaded with fura-2 were

then transferred to a cuvette to monitor changes in the

baseline of fura-2 fluorescence ratio using a Hitachi F-2000

spectrofluorometer (Danbury, CT).

Staining of the Endoplasmic Reticulum. Cells

were loaded with 100 nM of ER-Tracker dye (Invitrogen,

Carlsbad, CA) for 30 min. Coverslips containing the cells

were transferred to a custom-built perfusion chamber on the

stage of a BioRad MRC-1024 confocal microscope

(Hercules, CA) equipped with a Spectra-Physics Ti:Sap-

phire laser and a Millenia X pump laser (Mountain View,

CA) for two photon excitation, and observed using a 633,

1.4 N.A. objective lens. ER-Tracker was excited at 790 nm

by two photon excitation and fluorescence observed at 500–

540 nm using custom-built external detectors (38).

Statistical Analysis. All data are reported as means
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6 SE. The number of experiments in each group is

presented in the figure legend. Data were analyzed by two-

tailed, unpaired Student’s t test. Differences were consid-

ered significant when P , 0.05.

Results

c-Jun Expression Alters the Sensitivity of the
Cell to ER Stress. A protective role for c-Jun in the

cellular response to DNA damage has previously been

reported (41). To investigate the importance of c-Jun in the

adaptive response of the cell to ER stress, three cell lines

were compared for their sensitivity to a classic ER stress-

inducing agent, thapsigargin (TG): c-jun knock-out mouse

embryo fibroblasts (c-jun�/�), c-jun�/� cells in which c-Jun

expression is restored and expressed at high levels

constitutively (c-Jun Re), and wild-type mouse fibroblast

NIH 3T3 (c-junþ/þ) obtained from ATCC. TG, an inhibitor

of sarco/endoplasmic reticulum Ca2þ-ATPase (SERCA)

activity, results in major perturbations in calcium homeo-

stasis. The three cell lines exhibited dramatic differences in

sensitivity to TG (Fig. 1A). c-jun�/� cells were the most

sensitive, while c-Jun Re cells were relatively resistant, to

TG-induced cell death.

The ER participates in the initiation of apoptosis by at

least two different mechanisms: UPR and Ca2þ signaling

(14, 42). An ER-associated caspase, caspase-12, is impli-

cated in the local regulation of apoptosis (17). TG treatment

led to the activation of caspase-12, as indicated by the

cleavage of procaspase-12, in c-jun�/� cells in a time-

dependent manner (Fig. 1B and 1C). In contrast, caspase-12

activation was significantly attenuated in wild-type fibro-

blast cells and abrogated in c-Jun Re cells in response to TG

treatment (Fig. 1B and 1C).

The Protective Role of c-Jun in the Cellular
Response to ER Stress. As depicted by our data, c-

jun�/� cells exhibited a large degree of apoptosis after

treatment with TG, while c-Jun Re cells demonstrated

relative resistance to TG-induced apoptosis (Fig. 2A and

2B). To determine whether TG caused a different degree of

ER stress in c-jun�/� versus c-Jun Re cells, we examined the

expression of two markers of ER stress, the ER resident

chaperones Grp78 and Gadd153. Interestingly, c-Jun Re

cells had dramatically lower Grp78 and Gadd153 expression

in response to TG treatment compared to c-jun�/� cells (Fig.

2C). These results indicate that constitutive reexpression of

c-Jun can increase the cell’s tolerance to TG-induced ER

stress.

Thapsigargin’s principal mechanism of action is

inhibition of SERCA activity (43), which causes calcium

to leak out of the ER into the cytoplasm. The rise in free

intracellular [calcium] activates calcium/calmodulin-de-

pendent signaling molecules, including the protein phos-

phatase calcineurin (44). The activity of calcineurin is

modified by a protein recently identified by Ermak et al.
(18), which is encoded by DSCR1 (Down syndrome

candidate region 1). This protein known as calsipressin 1

(or Adapt78) can bind to calcineurin and inhibit its activity

(18). Adapt78 has been demonstrated to protect cells against

oxidative stress by down-regulating the activity of calci-

neurin. Because TG perturbs calcium homeostasis in a

similar manner as oxidative stress, we sought to determine

whether Adapt78 expression is associated with greater

protection against TG-induced cell death. Intriguingly,

Adapt78 expression was up-regulated in response to TG

treatment in c-Jun Re cells but not in c-jun�/� cells (Fig.

2C).

Calcineurin Is Involved in TG-induced Apopto-
sis. Calcineurin is a heterodimer composed of a catalytic A

subunit (CnA) and a calcium-binding regulatory B subunit

(CnB). Calcineurin activation induces expression of

adapt78 transcripts (31), and the induction is conferred by

a cluster of 15 NFAT binding sites immediately upstream of

exon 4 (31). Exogenous expression of calcineurin via

pCMV-CnA led to increased Adapt78 expression in both c-

jun�/� and c-Jun Re cells (Fig. 3A), although TG treatment

induced Adapt78 expression only in c-Jun Re cells.

Interestingly, Adapt78 expression induced by pCMV-CnA

in c-jun�/� cells was associated with protection against TG-

induced apoptosis (Fig. 3A and 3B).

Calcineurin has been implicated in the signal trans-

duction pathway leading to Ca2þ-dependent apoptosis (44).

Therefore, we examined the level of calcineurin activity in

our model system. We observed a higher level of calcineurin

activity in c-jun�/� cells compared with c-Jun Re cells (Fig.

4A), and TG treatment led to significantly increased

calcineurin activity in c-jun�/� cells but not in c-Jun Re

cells (Fig. 4A). The changes in calcineurin activity were not

due to changes in calcineurin protein levels (Fig. 4B). These

findings suggest that Adapt78 is an endogenous negative

feedback regulator of calcineurin, a key mediator of TG-

induced apoptosis. Adapt78 is a target of positive transcrip-

tional regulation by calcineurin probably as a direct

consequence of NFAT binding to a calcineurin-responsive

region in proximity to exon 4 of the adapt78 gene (31). We

observed that there are 5 consensus binding sites for AP-1

transcription factors in the nucleotide sequence flanking

exon 4 (Fig. 5A), which may contribute to the increase in

Adapt78 expression in response to TG treatment.

The calcineurin specific inhibitor, cyclosporin A (CsA),

attenuated TG-induced caspase-12 activation in c-jun�/�

cells (Fig. 4C). Interestingly, CsA also blocked TG-induced

Adapt78 expression in c-Jun Re cells (Fig. 4C). These

results indicate that TG-induced calcineurin activation

contribute to caspase-12 activation in c-jun�/� cells. The

up-regulation of Adapt78 expression in response to TG

treatment in c-Jun Re cells is also related to calcineurin

activity, because CsA blocked TG-induced Adapt78

expression in c-Jun Re cells as well (Fig. 4C).

Transcriptional Induction of adapt78 in c-jun2/2

and c-Jun Re Cells. adapt78 mRNA expression in c-

jun�/� and c-Jun Re cells following treatment with TG was
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Figure 1. c-Jun protects against cell death caused by TG-induced ER stress. (A) Wild-type (c-junþ/þ), c-jun�/� and c-Jun Re cells were treated
with the indicated concentrations of thapsigargin (TG) for 4 h. They were then placed in fresh medium lacking TG and allowed to incubate for an
additional 24 h, after which cell viability was assessed using trypan blue exclusion as described in Experimental Procedures. Results shown are
mean 6 SE from four independent experiments. * P , 0.05 vs. controls. (B) Cells were treated with 100 nM TG for 4 h, then incubated in fresh
medium. After the indicated time interval, cells were lysed as described in Experimental Procedures for immunoblotting with the specific
caspase-12 antibody. (C) The bar graph quantifies the relative cleavage caspase-12 levels expressed as means 6 SE for three independent
experiments. * P , 0.05 vs.12 h group; � P , 0.05 vs. WT 12 h.
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investigated by Northern blotting. While basal adapt78
mRNA levels were very low in both c-jun�/� cells and c-Jun

Re cells, TG treatment resulted in a potent increase in

adapt78 mRNA abundance in c-Jun Re cells but not in c-

jun�/� cells (Fig. 5B). The induction of adapt78 mRNA by

TG was consistent with the up-regulation of Adapt78

protein expression by TG (Fig. 2C).

To examine whether adapt78 induction was mediated

through enhanced transcription, a luciferase reporter con-

struct (25), which was generated using a human adapt78
genomic DNA fragment spanning nucleotides �874 to þ30

relative to the first nucleotide of exon 4, was utilized (Fig.

5A and 5C). This reporter was transiently transfected into c-

jun�/� and c-Jun Re cells, and luciferase activity was

assayed after treatment of cells with TG. As shown in Figure

5C, no activation of the promoter occurred in c-jun�/� cells.

In contrast, a dramatic increase in adapt78 promoter activity

was seen following TG treatment of c-Jun Re cells.

Because the promoter region (�874 to þ30) of exon 4

was found to contain a remarkably dense cluster of

consensus AP-1 binding motifs (TGAC/GTCA), we exam-

ined c-Jun N-terminal protein kinase (JNK) signaling

pathway in response to TG treatment. TG treatment leads

Figure 2. c-jun�/� cells challenged with TG have greater apoptosis
and loss of up-regulation of Adapt78. Extent of apoptosis was
detected by analysis of DNA content by FACS of fixed, propidium
iodide-stained mouse fibroblast cells (A) and DNA staining with DAPI
(B) in cells treated with TG (100 nM) for 4 h, followed by an additional
24 h growth in fresh medium. Note the presence of a population of
cells with hypodiploid DNA content typical of apoptosis (A). (C) c-
jun�/� and c-Jun Re cells were treated with TG (100 nM) for 4 h, then
incubated in fresh medium for additional 24 h, then immunoblotted
with specific antibodies recognizing Grp78, Gadd153, Adapt78, c-Jun
or tubulin.

Figure 3. Up-regulation of Adapt78 in c-jun�/� cells by introduction of
a constitutively active form of calcineurin inhibits TG-induced cell
death. (A) Presence of a constitutively active calcineurin up-regulates
Adapt78 expression and inhibits caspase-12 cleavage caused by TG
(4 h treatment followed by incubation in fresh medium for 24 h). (B)
Control cells or cells transfected with pCMV-CnA were treated with
TG (100 nM) for 4 h. They were placed in fresh medium lacking TG
and allowed to incubate for an additional 24 h, after which cell viability
was assessed by trypan blue exclusion as described in Experimental
Procedures. Results shown are means 6 SE for four independent
experiments. * P , 0.05 vs. untreated controls; � P , 0.05 vs. TG
treatment alone.
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to strong JNK activation in c-Jun Re cells but not in c-jun�/�

cells (Fig. 5D). Furthermore, phosphorylation of c-Jun, one

target of JNK, increased in response to TG treatment in c-

Jun Re cells (Fig. 5D).

Calcium Signal Levels in c-jun2/2 and c-Jun Re
Cells. Thapsigargin is an inhibitor of SERCA (43), which

causes calcium release from the ER into the cytoplasm,

leading to perturbations in calcium homeostasis and

inducing ER stress. Calcium signaling is likely an important

factor contributing to TG-induced ER stress. To investigate

the cytosolic [calcium] changes of c-jun�/� and c-Jun Re

cells in response to TG stimulation, we used time-lapse

confocal microscopy to determine the calcium signal (38).

We found that TG triggers a much stronger intracellular

calcium signal in c-Jun Re cells than in c-jun�/� cells

relative to their respective baseline (Fig. 6A). However, c-

jun�/� cells seemed to load ‘bethel’ higher, so we used

spectrofluorometry to measure the basal intracellular free

calcium of c-jun�/� and c-Jun Re cells. Intriguingly, the

basal intracellular [calcium] of c-jun�/� cells was indeed

higher than that of c-Jun Re cells by about 2.5-fold (Fig.

6B), suggesting that some calcium has already entered in the

cytoplasm in c-jun�/� cells. Because the relatively higher

intracellular [calcium] could induce ER structural changes

(45), we used the ER-tracker to examine the ER structure of

c-jun�/� and c-Jun Re cells and found different patterns in

the ER structure between c-jun�/� and c-Jun Re cells (Fig.

6C).

Exogenous Expression of c-Jun in c-jun2/2

Cells Restores TG-Induced Adapt78 Expression
and Inhibits TG-Induced Cell Death. To further

confirm the role of c-Jun in regulating Adapt78 expression

in response to ER stress, we transfected the SRa-HA-c-Jun

construct into c-jun�/� cells to determine the effect of

exogenous c-Jun on sensitivity to TG treatment and

Adapt78 expression levels. Interestingly, overexpression of

exogenous c-Jun in the c-jun�/� cells caused both an

autophosphorylation of c-Jun in the target cells (Fig. 7A)

and induced up-regulation of Adapt78 expression (Fig. 7B).

Moreover, the exogenous expression of c-Jun recovered

thapsigargin-induced Adapt78 up-regulation (Fig. 7A) and

inhibited TG-induced cell death (Fig. 7C).

Discussion

The unfolded protein response (UPR) stimulates the

expression of ER resident chaperones to adapt to the

increased demand for protein folding in the ER. The ER

plays a central role in the function and viability of the cell,

and perturbations in ER function impact on a diverse array

of important cellular functions. Underlying the general

cellular response to ER stress are stress-activated kinase

pathways, including the JNK signaling pathway. c-Jun, a

downstream target of JNK, is expressed in many different

cell types at low levels, and its expression is enhanced in

response to many stimuli including PMA, growth factors,

UV irradiation and cytokines (46). The DNA binding and

transcriptional activities of c-Jun are regulated by several

mechanisms. c-Jun interacts with numerous other tran-

scription factors such as the NFAT (nuclear factor of

activated T-cells) family of proteins (47). The NFAT

proteins are critical in the regulation of cytokines and other

immune response genes. Many of these genes contain

composite NFAT-AP-1 binding sites in their regulatory

regions to which Jun/Fos dimer and NFAT bind coopera-

Figure 4. Calcineurin activation induced by TG contributes to
apoptosis in c-jun�/� cells. (A) TG treatment induces activation of
calcineurin in c-jun�/� cells, but not in c-Jun Re cells. Calcineurin
activity was assayed according to the manufacturer’s instruction as
described in Experimental Procedures. * P , 0.05 vs. untreated
control; � P , 0.05 vs. c-jun�/�. (B) TG treatment does not affect
calcineurin protein expression in either c-jun�/� or c-Jun Re cells. (C)
Calcineurin inhibitor cyclosporin A (CsA) blocks TG-induced apop-
tosis in c-jun�/� cells. Calcineurin inhibition with CsA abrogates TG-
stimulated Adapt78 expression in c-Jun Re cells. c-jun�/� and c-Jun
Re cells were treated with TG (100 nM) for 4 h and incubated for an
additional 24 h in fresh medium. The cells were then lysed, and
extracted proteins were immunoblotted for calcineurin or tubulin (B),
and caspase-12 or Adapt78 (C).
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Figure 5. An intragenic calcineurin response element from the adapt78 gene. (A) Schematic representation of the organization of the human
adapt78 (DSCR1) gene, indicating four alternative initial exons (E1 through E4) and three exons common to all forms of adapt78 mRNA (E5
through E7) (58). The nucleotide sequence proximal to exon 4 contains five consensus binding sites for AP-1 transcription factors. The first
nucleotide of exon 4 is designated as þ1. (B) Total RNA was extracted from c-jun�/� and c-Jun Re cells, and Northern blot analysis was
performed to assess adapt78 expression in response to TG treatment. (C) Transient transfection assays of adapt78-luciferase reporter plasmids
in c-jun�/� and c-Jun Re cells. adapt78-luciferase reporter plasmids were constructed to link-defined genomic segments proximal to exon 4 of
the human adapt78 gene to luciferase reporter gene. Values are expressed in relative light units (RLU) and represent means 6 SE for three
independent transfections of c-jun�/� or c-Jun Re cells. Results were corrected for variation in transfection efficiency by normalizing to the
expression of a cotransfected pSV-b-galactosidase plasmid. * P , 0.01 vs. control; � P , 0.01 vs. c-jun�/�. (D) TG treatment induces
phosphorylation of JNK and c-Jun in c-Jun Re cells but not in c-jun�/� cells. Protein extracts were immunoblotted with antibodies specific for
phospho-JNK (Thr183/Tyr185), JNK or phospho-c-Jun (Ser73).
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tively (47). The promoter region of adapt78 contains both

NFAT and AP-1 binding motifs, but this study did not

provide direct evidence that the motifs are functionally

active. Both reconstitution of c-Jun expression in c-jun�/�

cells and the constitutively active calcineurin expression

resulted in c-Jun and NFAT translocation to the nucleus,

leading to the up-regulation of Adapt78 expression in

response to TG treatment. TG induced JNK activation and

downstream c-Jun phosphorylation in c-Jun Re cells,

associated with an up-regulation of Adapt78 expression,

but not in c-Jun deficient cells.

We further examined the responsiveness of c-Jun

deficient cells to other stress stimuli known to activate

JNK pathway; i.e. oxidative stress and cytokines. We found

that H2O2 and TNFa treatment failed to activate JNK

signaling pathway in a manner reminiscent of TG treatment

(data not shown). We hypothesize that the senescent

phenotype of c-Jun deficient cells (48) might decrease the

sensitivity of JNK to stress stimuli. The greater sensitivity of

c-jun�/� cells to TG-induced apoptosis may result from a

rise in intracellular calcium levels and a consequent increase

in calcineurin activity caused by TG treatment. In contrast,

the up-regulation of Adapt78 in response to TG-induced ER

stress in c-Jun Re cells led to an inhibition of calcineurin

activity and resistance to TG-induced apoptosis.

It has been shown that four ER transmembrane proteins

PERK, IRE1a, IRE1b and ATF6 act in concert to mediate

the UPR. The ER resident BiP/Grp78 negatively regulates

each of these four proteins; its dissociation results in their

activation (10, 12, 13). It is suggested that these four

regulatory proteins can be activated simultaneously to

initiate the cascade of events comprising the UPR. One or

more of these ER transmembrane proteins may functionally

interact with JNK to mediate specific aspects of the UPR.

For example, IRE1 has been shown to be required for the

activation of JNK in mouse embryonic fibroblasts (MEFs)

upon treatment with TG (49). We show in the present study

that TG induces JNK activation in c-Jun Re and WT MEF

(data not shown) cells, but not in c-jun�/� MEF cells. This

finding suggests that c-Jun, a downstream target of JNK, has

a feedback effect on JNK activation in response to TG-

induced ER stress.

Calcineurin is a calcium/calmodulin-activated serine/

threonine phosphatase. The most thoroughly characterized

calcineurin substrate proteins are members of the nuclear

factor of activated T-cells (NFAT) family of transcription

factors (50). Calcineurin dephosphorylates multiple residues

within the regulatory domain of NFAT, leading to its

nuclear translocation and activation of target genes through

cooperation with multiple partners including AP-1 (47),

MEF2 (51), and GATA (52) proteins. The calcineurin/

NFAT pathway was first described in the activation of T-

cells upon antigen presentation and binding to the T-cell

receptor (53). Calcineurin has also been reported to play an

important role in numerous other physiologic processes that

include memory formation, neuronal apoptosis (54), differ-

Figure 6. TG induces a rise in intracellular Ca2þ levels in c-jun�/� and
c-Jun Re cells. (A) Tracing of fluo-4 fluorescence in cells stimulated
with 100 nM TG over time. Intracellular [Ca2þ] increases in c-Jun Re
cells in response to TG treatment starting at 100 seconds and persists
after 400 seconds. An increase in intracellular [Ca2þ] is also observed in
c-jun�/� cells but at smaller amplitude. The graph is representative of
that seen in 32 cells for c-Jun Re and 23 cells for c-jun�/�. (B) Magnitude
of free Ca2þ concentration in cells loaded with the ratiometric Ca2þ dye
fura-2. Ratio measurements of fura-2 loaded cells demonstrates that
the baseline free Ca2þ concentration in c-jun�/� is about twice as big as
that observed in c-Jun Re cells (n¼12, P , 0.01 relative to either group
of cells). (C) Confocal images of cells loaded with the ER-Tracker and
visualized by two-photon microscopy. The ER extends throughout the
cells in a reticulated pattern. The ER structures are more abundant and
widespread in c-Jun Re compared to c-jun�/� cells.

c-JUN UP-REGULATION OF ADAPT78 1297

 at SAGE Publications on November 19, 2014ebm.sagepub.comDownloaded from 

RETRACTED

http://ebm.sagepub.com/


Figure 7. Exogenous, constitutive expression of c-Jun restores TG-induced up-regulation of Adapt78 in c-jun�/� cells. (A) Overexpression of
SRa-HA-c-Jun in c-jun�/� cells causes autophosphorylation of c-Jun and restores the up-regulation of Adapt78 in response to TG (100 nM).
Proteins extracts were immunoblotted for c-Jun, phospho-c-Jun (Ser73) and Adapt78. * Non specific protein as a loading control. (B) Transient
transfection assays of adapt78-luciferase reporter plasmids in c-jun�/� and c-jun�/� þ SRa-HA-c-Jun cells. The adapt78-luciferase reporter
plasmid is the same as that described in Figure 5. Luciferase activity was normalized to b-galactosidase values and expressed in relative light
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entiation and remodeling of skeletal and cardiac myocytes

(51, 52). Here, we found that c-jun�/� cells have higher

basal calcineurin activity compared to c-Jun Re cells. TG

treatment significantly increased calcineurin activity in c-

jun�/� cells but not in c-Jun Re cells, likely as a result of

Adapt78 up-regulation in c-Jun Re cells which blocks

calcineurin activity in response to TG-induced ER stress.

Adapt78, previously referred to as DSCR1 or MCIP1, is an

important intracellular phosphatase that mediates many

cellular responses to calcium. Adapt78 was first identified as

a Down syndrome critical region-localized gene on human

chromosome 21 (55). Adapt78 protein has been shown to

bind to calcineurin and inhibit its intracellular activity (56,

57), which may be the mechanism for the resistance of c-Jun

Re cells to TG-induced ER stress, as illustrated in our study.

In conclusion, the results suggest that c-Jun acts as a

positive transcriptional regulator of Adapt78 in response to

TG-induced ER stress, and Adapt78, in turn, blocks the

activity of calcineurin and contributes to the protection

against TG-induced cell death (Fig. 8).
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