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Background: The JunB transcription factor is a key mediator of proliferation, apoptosis, differentiation, and the immune
response.
Results: JunB is a caspase substrate.
Conclusion: Caspase-mediated cleavage of JunB generates a C-terminal fragment, that when overexpressed, functions as an
inhibitor of AP-1-dependent transcription.
Significance:We demonstrate a novel regulatory mechanism for an important transcription factor.

Theactivatorprotein-1 (AP-1) family transcription factor, JunB,
is an important regulator of proliferation, apoptosis, differentia-
tion, and the immune response. In this report,we showthat JunB is
cleaved in a caspase-dependent manner in apoptotic anaplastic
lymphoma kinase-positive, anaplastic large cell lymphoma cell
linesandthatectopicallyexpressedJunBiscleaved inmurineRAW
264.7 macrophage cells treated with the NALP1b inflammasome
activator, anthrax lethal toxin. In both cases, we identify aspartic
acid137as thecaspasecleavage site anddemonstrate that JunBcan
be directly cleaved in vitro by multiple caspases at this site. Cleav-
age of JunB at aspartic acid 137 separates the N-terminal transac-
tivation domain from the C-terminal DNA binding and dimeriza-
tion domains, and we show that the C-terminal cleavage fragment
retains both DNA binding activity and the ability to interact with
AP-1 family transcription factors. Furthermore, this fragment
interferes with the binding of full-length JunB to AP-1 sites and
inhibitsAP-1-dependent transcription. In summary,wehave iden-
tified and characterized a novel mechanism of JunB post-transla-
tional modification and demonstrate that the C-terminal JunB
caspase cleavage product functions as a potent inhibitor of AP-1-
dependent transcription.

Activator protein-1 (AP-1)4 family transcription factors con-
sist of homodimers and heterodimers of members of the Jun,

Fos, ATF, and Maf subfamilies (1, 2). These proteins bind
12-O-tetradecanoylphorbol-13-acetate response elements (5�-
TGAG/CTCA-3�), cAMP response elements (5�-TGACG-
TCA-3�), and variants of these sequences (1, 3, 4). Collectively,
these proteins influence the expression of many genes includ-
ing those associated with proliferation and survival (1, 3), dif-
ferentiation (5), and inflammation (6).
JunB is a member of the AP-1 family that was first described

for its ability to inhibit c-Jun transcriptional activity and block
the transformation of fibroblasts by c-Jun (7, 8). JunB is broadly
expressed (9, 10), and mice deficient in JunB die during
embryogenesis due to defects in the generation of extraembry-
onic tissues (11). Additionally, JunB is able to promote impor-
tant signaling events in some lymphomas. For example, JunB is
highly expressed in Hodgkin lymphoma (12–14), CD30� dif-
fuse large B cell lymphoma (13), anaplastic lymphoma kinase-
negative, anaplastic large cell lymphoma (ALK� ALCL) (13), as
well as anaplastic lymphoma kinase-positive, anaplastic large
cell lymphoma (ALK� ALCL) (12, 13). In ALK� ALCL, JunB
promotes the proliferation of tumor cells (15) and regulates the
expression of several genes whose encoded proteins are either
important in the pathogenesis of this lymphoma or are pheno-
typic characteristics of this cancer (16–20).
While investigating whether silencing of JunB sensitized

ALK�ALCLcell lines to apoptosis, we observed an alteration in
the electrophoretic mobility of JunB upon treatment with apo-
ptosis-inducing agents. In this report, we demonstrate that
JunB is cleaved in a caspase-dependentmanner in ALK� ALCL
cell lines treated with the apoptosis-inducing drugs staurospo-
rine and doxorubicin.Wemap the site of JunB cleavage in apo-
ptotic cells to aspartic acid 137 and show that JunB can be
cleaved directly at this site in vitro by multiple caspases. Fur-
thermore, we establish that ectopically expressed JunB is also
cleaved at aspartic acid 137 in a caspase-dependent manner in
murine RAW 264.7 macrophage cells treated with the inflam-
masome activator, anthrax lethal toxin. Importantly, cleavage
of JunB at this site separates the N-terminal transcriptional
activation domain from the C-terminal dimerization and DNA

* This work was supported by operating grants from the Natural Sciences and
Engineering Research Council of Canada and the Alberta Cancer Founda-
tion/Alberta Innovates Health Solutions (to R. J. I.).

1 Both authors contributed equally to this work and should be considered
co-first authors.

2 Recipient of studentships from the Natural Sciences and Engineering
Research Council of Canada and the Alberta Cancer Foundation.

3 To whom correspondence should be addressed: Dept. of Medical Microbi-
ology and Immunology, 6-065 Katz Group Centre for Pharmacy and Health
Research, University of Alberta, Edmonton, AB T6G 2E1, Canada. Tel.:
1-780-248-1980; Fax: 1-780-492-7521; E-mail: ringham@ualberta.ca.

4 The abbreviations used are: AP-1, activator protein-1; ALK� ALCL, anaplastic
lymphoma kinase-negative, anaplastic large cell lymphoma; ALK� ALCL,
anaplastic lymphoma kinase-positive, anaplastic large cell lymphoma;
FMK, fluoromethyl ketone; mAb, monoclonal antibody; pAb, polyclonal
antibody; PARP, poly(ADP-ribose)polymerase; Z, benzyloxycarbonyl.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 30, pp. 21482–21495, July 26, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

21482 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 30 • JULY 26, 2013



binding domains, and we show that the C-terminal JunB cleav-
age product retains the ability to bind DNA and associate with
AP-1 family proteins. In this regard, overexpression of this frag-
ment: (i) interfereswith the ability of full-length JunB to bind an
AP-1 target DNA sequence and (ii) inhibits transcription
driven by an AP-1-dependent luciferase reporter. In conclu-
sion, our findings reveal that JunB is cleaved by caspases in
apoptotic and inflammasome-stimulated cells and that this
cleavage generates a fragment that can function as an inhibitor
of AP-1-dependent transcription.

EXPERIMENTAL PROCEDURES

Antibodies, cDNA Constructs, and Other Reagents—The
anti-caspase 3 mouse monoclonal antibody (mAb) (3G2) and
rabbit anti-cleaved caspase 3 polyclonal antibody (pAb) (9661)
were purchased fromCell Signaling Technology. ThemAbs for
JunB (C-11 and 204C4a), c-Fos (C-10), Myc (9E10), tubulin
(DM1A), and PARP-1 (C2-10) as well as the pAb for Fra2
(Q-20) were purchased from Santa Cruz Biotechnology. The
mouse anti-�-actin mAb (AC-15), anti-FLAG mAb (M2), and
anti-FLAG pAb were purchased from Sigma-Aldrich. The rab-
bit anti-pJunB (Ser-259) pAb (ab30628), and rabbit anti-
caspase 1 mAb (EPR4321) were purchased from Abcam, and
the rabbit anti-caspase 3 pAb (used in Fig. 1A) was a gift from
Dr. Michele Barry (University of Alberta). Staurosporine
and the pan-caspase inhibitor, Z-VAD-FMK, were purchased
from Enzo Life Sciences. Doxorubicin was purchased from
Sigma-Aldrich.
Myc-tagged JunB was generated by adding a double Myc tag

with glycine/alanine spacer to the 5� end of the JunB cDNA,
which was then cloned into pcDNA3.1A (Invitrogen). The
putative caspase cleavage site mutants were generated by site-
directed mutagenesis where aspartic acid residues 31, 137, or
144 and 145 were mutated to alanine. The Myc-tagged N-ter-
minal truncation mutant was generated by introducing a stop
codon following the codon encoding for aspartic acid 137,
whereas the Myc-tagged C-terminal truncation mutant con-
sists of amino acids 138–347 of JunB. The FLAG-tagged JunB
has been described previously (17). The pAP1-Luc AP-1 pro-
moter firefly luciferase vector was purchased from BD Biosci-
ences, and the pcDNA3.1 FLAG-tagged c-Fos (rat) (21) was
obtained from Addgene (plasmid 8966).
Cells Lines and Electroporations—The Karpas 299 and

SUP-M2 ALK� ALCL cell lines were obtained from Dr. Ray-
mond Lai (University of Alberta) and cultured in RPMI 1640
medium supplemented with 10% heat-inactivated FBS, 1 mM

sodiumpyruvate, 2mML-glutamine, and 50�M2-mercaptoeth-
anol. The RAW 264.7 murine macrophage cell line was
obtained from Dr. Stefan Pukatzki (University of Alberta) and
cultured in DMEM that was supplemented with 10% heat-in-
activated FBS, 1 mM sodium pyruvate, and 2 mM L-glutamine.
All cells were incubated at 37 °C in a 5% CO2 atmosphere.

Cells (1–2 � 107 cells/ml) were transfected by electropora-
tion in 500 �l of RPMI 1640 medium in a 4-mm gap cuvette
(VWR Canlab; Mississauga, ON, Canada). Electroporations
were carried out using an ECM 830 square wave electroporator
(BTX, San Diego, CA) with the following settings: 225 V, three
pulses, 8-ms pulse length, 1 s between pulses. Cells were

allowed to rest for 10 min following electroporation, resus-
pended in RPMI 1640medium, and then incubated at 37 °C in a
5% CO2 atmosphere.
Doxorubicin and Staurosporine Treatment—Cells (5 � 105–

1 � 106 cells/ml) were induced to undergo apoptosis by treat-
ment with either 5 �M doxorubicin for 12 h or 2 �M staurospo-
rine for 6 h at 37 °C. For time course and dose-response
experiments, the treatment times and drug concentrations are
indicated in the respective figures.
Anthrax Lethal Toxin Treatment—The anthrax lethal toxin

components, anthrax lethal factor, and protective antigen were
purchased fromCedarlane Laboratories (Burlington, ON, Can-
ada). RAW 264.7 cells were transfected in 6-well plates with 3
�g of the indicatedMyc-JunB cDNAs or vector alone using the
FuGENE HD transfection reagent (Promega). Twenty h after
transfection, cells were placed in fresh serum-free medium and
treated with anthrax lethal factor and protective antigen at a
final concentration of 1 �g/ml each for 6 h with or without
Z-VAD-FMK. Staurosporine-treated cells served as a positive
control.
Cell Lysis, Immunoprecipitations, and Western Blotting—

Cells were collected by centrifugation, washed in PBS, and lysed
in a 1%Nonidet P-40 lysis buffer (1%Nonidet P-40, 50mMTris,
pH 7.4, 150 mM NaCl, 2 mM EDTA, 10% glycerol) containing 1
mMPMSF, 1mM sodium orthovanadate, and protease inhibitor
mixture (Sigma-Aldrich). Cell lysates were cleared by centrifu-
gation at�20,000� g for 10min, and the protein concentration
of the cleared lysates was determined using the bicinchoninic
acid (BCA) Protein Assay Kit (Thermo Scientific). For immu-
noprecipitations, cleared lysates were incubated with 1–2�g of
antibody and protein G-Sepharose beads (Sigma-Aldrich) for
1–2 h on a nutator at 4 °C. Beads were then washed with lysis
buffer, and proteins were eluted by boiling in SDS-PAGE sam-
ple buffer. For Fig. 6C, the Myc-tagged JunB proteins and rat
FLAG-c-Fos were produced using the TNT T7 Quick Coupled
Transcription/Translation System (Promega). 2 �l of each
extract was mixed for 20 min at room temperature, and then
anti-FLAG immunoprecipitations were performed as outlined
above. Immunoprecipitates and cell lysates were resolved on
SDS-polyacrylamide gels before being transferred to nitrocel-
lulosemembranes.Membranes were blocked in 5% nonfatmilk
powder in TBS before being probed overnight with primaryAb.
Blots were then washed and probed with HRP-conjugated sec-
ondary antibodies, and proteins were visualized using Super-
SignalWest Pico Chemiluminescent Substrate (Thermo Scien-
tific). Reprobed blots were first stripped in 0.1% TBST, pH 2,
stripping solution for 1 h before being reprobed as described
above.
JunB Dephosphorylation Assays—6 � 106 Karpas 299 or

SUP-M2 cells were lysed in 1ml of 1%Nonidet P-40 lysis buffer
with inhibitors. Immunoprecipitations were performed, and
immunoprecipitates were washed in 1% Nonidet P-40 lysis
buffer without EDTA and sodium orthovanadate followed by a
wash in FastAP buffer (Fermentas). JunBwas then dephosphor-
ylated by incubating immunoprecipitates with 2 units of
FastAP Thermosensitive Alkaline Phosphatase (Fermentas) in
FastAP buffer for 1 h at 37 °C. Immunoprecipitations were
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again washed in FastAP buffer before proteins were eluted by
the addition of SDS-PAGE sample buffer.
In Vitro Caspase Cleavage Assay—Assays were performed as

described previously (22). Briefly, Myc-tagged JunB was pro-
duced using the TNT T7 Quick Coupled Transcription/Trans-
lation System. Two or 0.5 �l of this reaction mixture was incu-
bated with recombinant, active caspase 3 (134 or 268 pM)
(Sigma-Aldrich) in cleavage buffer (20 mM PIPES, 100 mM

NaCl, 40mMDTT, 1mMEDTA, 0.1%CHAPS, 10% sucrose) for
the indicated times. Reactions were stopped by the addition of
SDS-PAGE sample buffer. For Fig. 2F, assayswere performed as
above with the exception that 2 units of the indicated caspases
(EMD Millipore) and 0.5 �l of TNT lysate were used in reac-
tions and reactions were allowed to incubate at 37 °C for 4 h.
Luciferase Assays—Cells were transfected with the indicated

Myc-JunB cDNAs, the pAP1-Luc AP-1 promoter firefly lucif-
erase vector, as well as a constitutively expressed Renilla lucif-
erase construct. Twenty-four h after transfection, 1 � 106 cells
were analyzed in triplicate for Renilla and firefly luciferase
activity using the Dual-Glo Luciferase Assay System (Promega)
in a FLUOstar OPTIMA microplate reader (BMG Labtech;
Ortenberg, Germany). The firefly to Renilla luciferase activity
ratio was calculated for each sample and then averaged for the
triplicate measurements. Results are expressed relative to the
vector alone-transfected cells.
EMSAs—For anti-Myc supershift experiments, Karpas 299

cells were transfected with 5 �g of empty vector, Myc-JunB, or
Myc-JunB C-terminal fragment. For competitor experiments,
Karpas 299 cells were transfected with empty vector (20 �g) or
5-, 10-, or 20-�gMyc-JunBC-terminal fragment cDNA. Empty
vector was added where necessary to bring the total DNA per
transfection to 20 �g. Nuclear fractions were collected 24 h
after transfection using the ProteoJET cytoplasmic and nuclear
protein extraction kit (Fermentas). EMSA experiments were
performed using the LightShift chemiluminescent EMSA kit
(Thermo Scientific). Binding reactions were performed with
20–50 fmol of biotinylated probe containing repeating AP-1
binding sites (CTCCGCTTAGTCATTAGTCATTAGTCA
TTA GTC ATT AGT CAT AGT CAT AGT CAT TAG TCA
GAT CT). This was mixed with 3.5 �g of nuclear extract and 1
�g of the indicated antibody. The nuclear extract and antibod-
ies were preincubated on ice for 15 min prior to addition of the
biotinylated probe. For Fig. 7C, rat FLAG-tagged c-Fos and the
indicated JunB proteins were generated using the TNTCoupled
Wheat Germ Extract System (Promega). For binding reactions,
1 �l of the JunB and/or c-Fos TNT extract was incubated with
the biotinylated AP-1 probe, and EMSAs were performed as
described above.

RESULTS

The Electrophoretic Mobility of JunB Is Altered in Staurospo-
rine- and Doxorubicin-treated ALK� ALCL Cell Lines—In per-
forming experiments to examine whether JunB protects ALK�

ALCL cell lines from apoptosis, we observed that treatment of
Karpas 299 and SUP-M2 cells with staurosporine altered the
electrophoretic mobility of the anti-JunB immunoreactive
bands (Fig. 1A). The characteristic �43–45-kDa JunB doublet
observed in untreated cells was not evident in the staurospo-
rine-treated cells; insteadwe observed a single band of�43 kDa
with the same electrophoretic mobility as the lower molecular
mass band of the �43–45-kDa doublet. We also observed the
appearance of an anti-JunB immunoreactive band of �28 kDa
(Fig. 1A). The co-treatment of cells with staurosporine and the
pan-caspase inhibitor Z-VAD-FMK (23) blocked the appear-
ance of the�28-kDa anti-JunB immunoreactive band (Fig. 1B).
In addition, although total JunB protein levels were reduced in
co-treated cells, the �43–45-kDa JunB doublet was partially
preserved. These changes in electrophoretic mobility in
response to staurosporine treatment were also both time- and
dose-dependent (Fig. 1, C and D).
We next investigated whether other apoptosis-inducing agents

could similarly alter the electrophoreticmobility of JunB.Doxoru-
bicin promotes apoptosis in ALK� ALCL cell lines (24–26) and is
one component of the CHOP (cyclophosphamide, hydroxy-
daunorubicin (doxorubicin), oncovin, and prednisone) chemo-
therapy regimen used clinically to treat ALK� ALCL (27). Similar
to staurosporine treatment, we found that doxorubicin treatment
of ALK� ALCL cell lines resulted in the caspase-dependent
appearanceof the�28-kDaanti-JunB immunoreactivebandanda
single �43-kDa band in place of the �43–45-kDa JunB doublet
(Fig. 1E). Thus, the electrophoretic mobility of JunB is altered in a
caspase-dependent manner in apoptotic cells.
JunB Is Cleaved by Caspases at Aspartic Acid Residue 137—

We next examined whether JunBmight be cleaved by caspases.
Using Cascleave, an on-line resource to identify putative
caspase cleavage sites (28), we identified three potential caspase
cleavage sites in JunB at aspartic acids 31, 137, and 145 (Fig. 2A).
As the JunB antibody used recognizes a C-terminal epitope in
the protein, cleavage of JunB at these sites could generateC-ter-
minal fragments consistent with the molecular masses of the
JunB immunoreactive products we observed experimentally in
apoptotic cells (Fig. 1). To test whether these residues were
cleavage sites, we generated N-terminal double Myc epitope-
tagged JunB constructs where these sites had been mutated
to alanine to prevent caspase cleavage. Because aspartic acid
145 is preceded immediately by another aspartic acid resi-
due, we generated a construct where both aspartic acids 144

FIGURE 1. The electrophoretic mobility of JunB is altered in a caspase-dependent manner in lysates of ALK� ALCL cell lines treated with apoptosis-
inducing drugs. A, Karpas 299 or SUP-M2 cells were left untreated or treated with staurosporine (STS) for 6 h. Lysates from these cells were then Western
blotted (WB) with an anti-JunB antibody. B, cells were treated and lysates blotted as described in A with the addition of cells co-treated with staurosporine and
Z-VAD-FMK. C and D, Karpas 299 cells were treated for increasing times (C) or with increasing concentrations (D) of staurosporine, and lysates from these cells
were probed with the indicated antibodies. The anti-PARP blot is included to demonstrate the cleavage kinetics of a known caspase substrate. E, Karpas 299 or
SUP-M2 cells were left untreated, treated with doxorubicin, or treated with doxorubicin and Z-VAD-FMK for 12 h. Anti-JunB Western blotting was then
performed on the lysates. Apoptosis induction in all experiments was determined by the disappearance of pro-caspase 3 and the appearance of cleaved, active
caspase 3. Anti-�-tubulin and anti-�-actin blots are included to demonstrate protein loading. The electrophoretic mobility of molecular mass standards is
indicated to the sides of blots.
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and 145 were mutated to alanine (Myc-JunB D144A/D145A).
We also constructed a mutant where Asp-137, Asp-144, and
Asp-145 were all mutated to alanine (Myc-JunB 3A).
In staurosporine-treated Karpas 299 cells expressing Myc-

JunB, we observed a loss of the�53–57-kDaMyc-JunB doublet
and the appearance of a single band of �53 kDa which had the
same electrophoretic mobility as the lower molecular mass
band of the doublet in the untreated samples (Fig. 2B). We also
observed the appearance of a�24-kDa anti-Myc immunoreac-
tive band inMyc-JunB-expressing cells treated with staurospo-
rine, which sometimes resolved as a doublet (see Fig. 2D). This
likely represents the N-terminal JunB cleavage fragment and
the upper band of the �24-kDa anti-Myc immunoreactive
doublet and may represent a phosphorylated species of the N-
terminal fragment. Similar to endogenous JunB, the electro-
phoretic mobility changes in Myc-JunB in response to stauro-
sporine treatment were also dependent on caspase activity (Fig.
2B). With all the mutant Myc-JunB proteins we observed a
collapse of the �53–57-kDa Myc-JunB doublet in staurospo-
rine-treated cells (Fig. 2C).We detected the�24-kDa anti-Myc
antibody immunoreactive fragment in cells expressing the
Myc-JunBD31A andMyc-JunBD144A/D145A constructs, but
not in cells expressing the Myc-JunB D137A or Myc-JunB 3A
constructs (Fig. 2C). Thus, these results implicate aspartic acid
137 as a caspase cleavage site.
We next investigated whether JunB could be cleaved directly

by caspases at aspartic acid 137. Using in vitro transcribed/
translatedMyc-JunBprotein as a substrate, we observed a time-
dependent increase in the �24-kDa anti-Myc reactive cleavage
product when Myc-JunB protein was incubated with recombi-
nant caspase 3 (Fig. 2D). Notably, the electrophoretic mobility
of this cleaved product was similar in size to the lower band of
the�24-kDa anti-Myc reactive doublet observed inMyc-JunB-
expressing Karpas 299 cells treated with staurosporine (Fig.
2D). The electrophoretic mobility of the �53-kDa Myc-JunB
generated in the in vitro transcription/translation reaction was
unchanged by caspase treatment and had the same electropho-
retic mobility as the lower molecular mass band of the �53–
57-kDa Myc-JunB doublet in untreated cells and the �53-kDa
band observed in staurosporine-treated cells (Fig. 2D). We also
examined whether purified caspase 3 could cleave the putative
caspase cleavage site mutants in this assay. Consistent with our
results in cells, we found that Myc-JunB D31A and Myc-JunB
D144A/D145A could be cleaved by recombinant caspase 3, but
theMyc-JunB D137A andMyc-JunB 3A were not (Fig. 2E). We

also found that purified caspases 1, 6, and 8 could cleave JunB at
aspartic acid 137 in vitro, although other putative cleavage
products were observed with these caspases (Fig. 2F).
JunB Is Dephosphorylated in Apoptotic Cells—Our results do

not support the idea that the�43-kDa anti-JunB immunoreac-
tive band in staurosporine- and doxorubicin-treated cells (Fig.
1) and �53-kDa Myc-JunB immunoreactive band observed in
staurosporine-treated cells (Fig. 2) are caspase cleavage prod-
ucts of JunB. Therefore, we investigated whether this alteration
in JunB electrophoretic mobility could be due to a change in
another post-translational modification. JunB is phosphory-
lated on a number of serine and threonine residues (29–34),
and phosphorylation regulates JunB levels and transcriptional
activity (20, 29–32, 34). Western blotting of lysates from
untreated or staurosporine-treatedKarpas 299 or SUP-M2cells
with an antibody that recognizes phosphorylated serine 259
(Ser-259) of JunB demonstrated that JunB is phosphorylated on
this site in untreated cells but not in staurosporine-treated cells
(Fig. 3A). The phosphorylation of JunB at this residue appears
to be restricted to the higher molecular mass band in the �43–
45-kDa JunB doublet in the untreated samples (Fig. 3A).
Phosphorylation of Ser-259 could be partially restored by co-
treatment of staurosporine-treated cells with Z-VAD-FMK,
demonstrating that dephosphorylation of Ser-259 is caspase-
dependent (Fig. 3A). Similar results were observed in cells
treated with doxorubicin (Fig. 3B), demonstrating that JunB
dephosphorylation is not just a by-product of the kinase inhib-
itory activity of staurosporine. To investigate further whether
collapse of the JunB doublet is due to dephosphorylation, we
immunoprecipitated JunB from cell lysates and treated immu-
noprecipitates with alkaline phosphatase. Western blotting
these immunoprecipitates with an anti-JunB antibody demon-
strated a collapse in the �43–45-kDa JunB doublet and
decreased phosphorylation of JunB on Ser-259 (Fig. 3,C andD).
The shift in the electrophoretic mobility of the �43–45-kDa
JunB doublet after phosphatase treatment was similar to the
shift observed after staurosporine treatment (Fig. 3E). Further-
more, the immunoprecipitation of JunB from lysates of stauro-
sporine-treated cells followed by phosphatase treatment did
not result in a further shift in electrophoretic mobility of the
�43-kDa anti-JunB immunoreactive species over staurospo-
rine treatment alone (Fig. 3F). Taken together, these results
argue that the �43-kDa JunB protein observed in apoptotic
ALK� ALCL cell lines is a dephosphorylated JunB species.

FIGURE 2. Mutation of aspartic acid 137 blocks the appearance of the lower molecular mass JunB cleavage product. A, scheme of JunB shows the location
of putative caspase cleavage sites (Asp-31, Asp-137, and Asp-145) in JunB. The approximate locations of the JNK docking site, DNA binding domain, nuclear
localization signal (NLS), and dimerization domain (leucine zipper; Leu. Zipper) are also shown. Also indicated is the location of the epitope recognized by the
anti-JunB antibody used for Western blotting. B, Karpas 299 cells transfected with either vector alone or a Myc-JunB cDNA construct were left untreated, treated
with staurosporine (STS), or treated with staurosporine and Z-VAD-FMK. Lysates of these cells were then Western blotted (WB) with the indicated antibodies.
The efficacy of apoptosis was determined by the appearance of cleaved, active caspase 3. C, Karpas 299 cells transfected with the indicated JunB constructs
were left untreated or treated with staurosporine (STS), and lysates were blotted (WB) with an anti-Myc antibody. The band marked with an asterisk (*) is a
nonspecific band observed in some experiments. The efficacy of apoptosis induction was determined by the appearance of cleaved, active caspase 3. The
anti-�-actin blot demonstrates protein loading. D and E, in vitro transcribed and translated Myc-JunB or mutant proteins were incubated with (�) or without
(�) purified, active recombinant caspase 3 for the indicated times (D) or 4 h (E). Reactions were then Western blotted with an anti-Myc or anti-cleaved caspase
3 antibody. Lysates from Myc-JunB-expressing Karpas 299 cells were included in D to compare the electrophoretic mobility of cleaved Myc-JunB in cells with
that in the in vitro cleavage assay. F, in vitro transcribed and translated Myc-JunB or Myc-D137A JunB was incubated with (�) or without (�) the indicated
purified, active recombinant caspases. Reactions were then Western blotted (WB) with an anti-Myc antibody. Bands indicated with an asterisk (*) represent
nonspecific bands, whereas the bands marked with the number sign (#) may represent additional cleavage products observed with the different caspases. In all
panels, the arrows indicate the JunB cleavage product. The electrophoretic mobility of molecular mass standards is indicated to the left of blots.
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JunB Is Cleaved at Aspartic Acid 137 in Response to Inflam-
masome Activation—Caspases also perform critical cellular
functions independent of apoptosis. For example, caspase 1 is a
component of inflammasome complexes that respond to
microbial and cellular danger signals as part of the innate

immune response (35). Inflammasome activation results in the
activation of caspase 1 which cleaves and activates the proin-
flammatory cytokines pro-IL1� andpro-IL18. It alsomediates a
distinct type of programmed cell death termed pyroptosis (35,
36). Given that recombinant caspase 1 efficiently cleaved in
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FIGURE 3. JunB is dephosphorylated in a caspase-dependent manner in ALK� ALCL cell lines undergoing apoptosis. A, lysates from Karpas 299 or
SUP-M2 cells either untreated, treated with staurosporine, or treated with staurosporine (STS) and Z-VAD-FMK were Western blotted (WB) with antibodies that
recognize JunB when phosphorylated at serine 259 (anti-pJunB (S259)) or total JunB (anti-JunB). The anti-pro-caspase 3 and anti-cleaved caspase 3 blots
demonstrate the induction of apoptosis, whereas the anti-�-actin blot demonstrates protein loading. B, Karpas 299 or SUP-M2 cells were left untreated, treated
with doxorubicin, or treated with doxorubicin and Z-VAD-FMK. Lysates were then Western blotted with the indicated antibodies. C and D, lysates from Karpas
299 (C) or SUP-M2 (D) cells were immunoprecipitated (IP) with an anti-JunB antibody, and immunoprecipitates were either left untreated (�) or treated with
alkaline phosphatase (AP) (�). Immunoprecipitates were then Western blotted with an anti-JunB or anti-pJunB Ser-259 antibody. E, Karpas 299 or SUP-M2
lysates were immunoprecipitated, treated with or without phosphatase, and Western blotted as described in C and D. Cell lysates from untreated or stauro-
sporine-treated cells were also included on the membranes. F, lysates from untreated or staurosporine-treated cells were immunoprecipitated, treated with or
without phosphatase, and Western blotted as described in C and D. IgH indicates the heavy chain of the immunoprecipitating antibody. The arrows indicate the
�43– 45-kDa JunB proteins. The electrophoretic mobility of molecular mass standards is indicated to the left of blots.
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vitro transcribed and translated Myc-JunB (Fig. 2F), we inves-
tigatedwhether JunBwas cleaved in response to inflammasome
activation. We used RAW 264.7 murine macrophages treated
with anthrax lethal toxin as our model system because this has
been shown to activate caspase 1 through engagement of the
NALP1b inflammasome (37, 38). We observed the �24-kDa
anti-Myc reactive band in lysates of Myc-JunB-expressing
RAW 264.7 cells treated with anthrax lethal toxin, but not in
lysates of treated cells expressing Myc-JunB D137A (Fig. 4).
The appearance of the �24-kDa band was not evident in Myc-
JunB-expressing cells co-treated with anthrax lethal toxin and

Z-VAD-FMK. Moreover, the electrophoretic mobility of this
�24-kDa bandwas comparable with the band observed in stau-
rosporine-treated RAW 264.7 cells. Thus, these findings dem-
onstrate that the caspase-dependent cleavage of JunB of aspar-
tic acid 137 is not limited to apoptotic cells. Some collapse
of the �53–57-kDa Myc-JunB doublet was observed in cells
treated with anthrax lethal toxin, but this was less pronounced
than was observed in staurosporine-treated cells (Fig. 4).
Caspase Cleavage of JunB Generates a C-terminal Cleavage

Product with Biological Activity—The cleavage of JunB at
aspartic acid 137 separates the N-terminal transactivation
domain from the C-terminal dimerization and DNA binding
domains (see Fig. 2A). Thus, although this cleavage would be
predicted to inactivate the protein, the cleavage products may
retain some biological activity. To investigate this, we gener-
ated double Myc-tagged constructs of the JunB N- and C-ter-
minal cleavage fragments and examined whether these could
influence transcription from an AP-1-responsive luciferase
reporter construct. Of note, both the N- and C-terminal Myc-
tagged JunB cleavage fragments resolved as doublets when
expressed in Karpas 299 cells (Fig. 5A), presumably due to dif-
ferent phosphorylated species of these proteins. We found that
expression of full-length JunB in Karpas 299 cells resulted in an
approximate 2.5-fold increase in luciferase activity compared
with vector alone-transfected cells (Fig. 5A). In cells transfected
with theN-terminal cleavage fragment, therewas no significant
difference in luciferase activity over cells transfected with vec-
tor alone; however, in cells transfected with the C-terminal
JunB fragment, luciferase activity was significantly reduced
compared with vector alone-transfected cells (Fig. 5A).We fur-
ther found that the C-terminal JunB fragment functioned as a
dose-dependent inhibitor of AP-1 transcriptional activity in
Karpas 299 cells, whereas the N-terminal fragment had a neg-
ligible effect on AP-1 luciferase activity (Fig. 5B). Thus, these
results demonstrate that theC-terminal cleavage fragment is an
efficient inhibitor of AP-1-dependent transcription.
The C-terminal JunB Cleavage Product Retains the Ability to

Associate with AP-1 Family Proteins—We next explored the
mechanism by which the C-terminal fragment could be inhib-
iting AP-1-dependent transcription. We postulated that
because this fragment contains the dimerization and DNA
binding domains, but lacks the transcriptional activation
domain, it may bind AP-1 DNA binding sites as a homodimer
or a transcriptionally inactive/impaired heterodimer. This
might prevent transcriptionally competent AP-1 dimers from
binding AP-1 sites and promoting transcription which is con-
sistent with the results of our luciferase reporter experiments
(Fig. 5). To test this model, we first examined whether the
C-terminal fragment could associate with other AP-1 family
proteins. Co-immunoprecipitation experiments demonstrated
that full-length JunB and the C-terminal fragment, but not the
N-terminal fragment, could co-precipitate with endogenous
c-Fos and Fra2 in Karpas 299 cells (Fig. 6A). We further found
that the Myc-tagged JunB C-terminal fragment could co-im-
munoprecipitate with FLAG-tagged JunB when expressed in
Karpas 299 cells (Fig. 6B). Finally, in vitro transcribed and trans-
lated C-terminal JunB cleavage fragment was able to co-immu-
noprecipitate with in vitro transcribed and translated c-Fos

RAW 264.7 Lysate

STS (2 μM)
Z-VAD-FMK (100 µM) - -

- -
LF + PA (1 µg/ml)

+-
-

- + -+ -

vector WT D137A
Myc-JunB

-
-
-

-
+

+ -
+ +

-
-
+

-
-
-

35 kDa

40 kDa

15 kDa

35 kDa

25 kDa

40 kDa

55 kDa

WB: anti-caspase 1

WB: anti-β-actin

WB: anti-cleaved-caspase 3

WB: anti-Myc (dark exposure)

35 kDa

25 kDa

40 kDa

55 kDa

WB: anti-Myc (light exposure)

-

-
+

FIGURE 4. JunB is cleaved at Asp-137 in response to inflammasome acti-
vation. RAW 264.7 cells transfected with vector alone or cDNAs encoding for
Myc-JunB or D137A Myc-JunB were left untreated or treated with anthrax
lethal factor (LF) and protective antigen (PA), anthrax lethal factor and protec-
tive antigen and Z-VAD-FMK, staurosporine (STS), or staurosporine and
Z-VAD-FMK for 6 h. Lysates of these cells were then probed with the indicated
antibodies. The anti-caspase 1 blot demonstrates the cleavage of pro-caspase
1 in inflammasome-activated cells, and the anti-caspase 3 blots demonstrate
apoptosis induction. The lower anti-Myc blot is a shorter exposure of the blot
above and was included to demonstrate changes in electrophoretic mobility
of the �53–57-kDa Myc-JunB doublet. The electrophoretic mobility of molec-
ular mass standards is indicated to the left of blots.
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arguing that the C-terminal fragment is able to interact directly
with other AP-1 family proteins (Fig. 6C).
AP-1 Complexes Consisting of the C-terminal JunB Cleavage

Product Retain the Ability to Bind DNA—We next performed
EMSA to examine whether the C-terminal fragment could bind

DNA. We found that a biotinylated AP-1 probe was bound by a
protein(s) in Karpas 299 cell nuclear extract, and the electropho-
retic mobility of these complexes was altered when the probe was
incubated with extracts from cells expressing the Myc-tagged
JunBC-terminal fragment (compareFig. 7A, lanes 2 and8).More-
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(CT) along with an AP-1 firefly luciferase reporter construct and a constitutively expressed Renilla luciferase vector. Cells were lysed, and luciferase activity was
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were calculated by performing paired, one-tailed t tests. NS indicates no significant difference. The anti-Myc Western blot (WB; to the right) indicates the
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Western blot is included to demonstrate protein loading. The electrophoretic mobility of molecular mass standards is indicated to the left of Western blots.

Caspase-mediated Cleavage of JunB

21490 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 30 • JULY 26, 2013



over, the addition of an anti-JunB antibody to these probe-protein
complexes resulted in a supershift of the complexes, demonstrat-
ing that JunB is present in these complexes (Fig. 7A, lanes 3, 6, and
9). Probe-protein complexes could also be shifted with an anti-
Myc antibody when this antibody was incubated with nuclear

extracts from Myc-tagged JunB (Fig. 7A, lane 7) or Myc-tagged
JunB C-terminal cleavage fragment-expressing cells (Fig. 7A, lane
10), butnotvectoralone-transfectedcells (Fig.7A, lane4).This last
result demonstrates that the C-terminal JunB cleavage fragment
can interact with an AP-1 binding site.

FIGURE 6. The C-terminal JunB cleavage fragment can co-precipitate with c-Fos, Fra2, and full-length JunB. A, Karpas 299 cells were transfected with
vector alone or cDNAs encoding for Myc-tagged JunB (WT), Myc-tagged N-terminal JunB cleavage fragment (NT), or Myc-tagged C-terminal JunB cleavage
fragment (CT). Twenty-four h after transfection, cells were lysed, and lysates were immunoprecipitated (IP) with an anti-Myc antibody. Western blotting (WB)
was then performed on immunoprecipitates with anti-c-Fos, anti-Fra2, or anti-Myc antibodies. B, Karpas 299 cells were transfected with the cDNAs encoding
for the indicated proteins. Cells were lysed 24 h after transfection, and anti-FLAG immunoprecipitation was performed on lysates. Western blotting was then
performed on the immunoprecipitates. C, the indicated in vitro transcribed/translated Myc-tagged JunB proteins were incubated with in vitro transcribed/translated
FLAG-c-Fos, and anti-FLAG immunoprecipitations (IP) were performed. Western blotting (WB) was then performed on the immunoprecipitates. Cell lysates (A and B)
or TNT extracts (C) were run to show the electrophoretic mobility and the presence of the respective proteins. The immunoglubulin heavy (IgH) and light chains (IgL)
of the immunoprecipitating antibody are indicated. The electrophoretic mobility of molecular mass standards is indicated to the left of blots.
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We also examined whether the C-terminal fragment could
interfere with the binding of endogenous JunB to this AP-1
probe.We again performedEMSA, this time using an anti-JunB
antibody for supershift that recognizes an epitope in the N ter-
minus of JunB not present in the C-terminal fragment. Fig. 7B
shows that with increasing expression of the C-terminal JunB
fragment, a dose-dependent decrease in JunB-probe complexes
super-shifted with the N-terminal anti-JunB antibody, was
observed (compare lanes 6–9). However, we still observed
supershifting with the C-terminal anti-JunB antibody that rec-
ognizes both endogenous JunB and the C-terminal fragment
(lanes 10–13).
Finally, we examined whether in vitro transcribed/translated

Myc-JunB C-terminal cleavage fragment could bind this AP-1
probe independent of other factors present in Karpas 299
nuclear extract. Intriguingly, no shifting of the AP-1 probe was
observed when incubated with extracts of either in vitro tran-
scribed/translated Myc-JunB or the C-terminal cleavage frag-

ment (Fig. 7C, lanes 3 and 5). However, we observed shifting of
this probewhen incubatedwith extract containing FLAG-c-Fos
as well as extract containingMyc-JunB (lane 8) or the C-termi-
nal fragment (lane 10). Taken together, our EMSA results are
consistent with the notion that the C-terminal JunB caspase
cleavage product binds AP-1 sites, prevents endogenous JunB
from binding these sites, and, at least with this synthetic AP-1
probe, binds as a heterodimer with c-Fos.

DISCUSSION

In this study, we make the novel observation that the JunB
transcription factor is a caspase substrate.We show that JunB
is cleaved in a caspase-dependent manner at aspartic acid
137 in both apoptotic cells and cells stimulated through the
NALP1b inflammasome. Importantly, cleavage of JunB at
aspartic acid 137 generates a C-terminal fragment that, when
overexpressed in cells, functions as an inhibitor of AP-1-de-
pendent transcription.

FIGURE 7. The C-terminal JunB cleavage fragment binds DNA and competitively inhibits full-length JunB from binding DNA. A, EMSAs were performed
by incubating nuclear extracts prepared from Karpas 299 cells transfected with the indicated cDNAs with a biotinylated AP-1 probe. The indicated antibodies
were also included to test for supershifting of probe-protein complexes. Control IgG is an irrelevant, isotype control antibody that serves as a negative control
for supershifting. In the lane labeled probe alone, no nuclear extract or antibody was included in the reaction. The Western blot below indicates the expression
level of Myc-JunB and the Myc-JunB (CT) fragment in the different nuclear fractions. B, EMSAs were performed as described in A. with Karpas 299 nuclear
extracts from cells expressing the indicated amounts of the Myc-JunB C-terminal (CT) fragment. Supershifts were performed using the indicated antibodies. In
the lane labeled probe alone, no nuclear extract or antibody was included in the reaction. The Western blot below indicates the expression level of the Myc-JunB
(CT) fragment in the different nuclear fractions. C, EMSAs were performed using the indicated in vitro transcribed/translated Myc-JunB and/or FLAG-c-Fos
proteins. Bands indicated with an asterisk (*) are biotinylated proteins in the wheat germ extract, whereas the band marked with the number sign (#) is a complex
between the probe and wheat germ extract protein. The Western blots to the right of the EMSA demonstrate the production of the indicated proteins using the
in vitro transcription/translation system. The electrophoretic mobility of molecular mass standards is indicated to the left of Western blots.
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FIGURE 8. Comparison of TAM67 and the JunB C-terminal cleavage fragment. The c-Jun and JunB protein sequences were collected from the NCBI protein
database, and the alignment and figure were generated using the MAFFT (51) and PFAAT software (52). The deletion found in TAM67 is indicated by the line,
and the Asp-137 cleavage site of JunB is indicated by the arrow.
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Many transcription factors are caspase substrates in apoptotic
cells including theNF-�B subunits, p65/RelA, p50, and c-Rel (39–
41), as well as STAT1 (42), STAT3 (43), FOXO3a (44), and
GATA-1 (45). We also examined whether other members of the
AP-1 familyof transcription factorswerecleaved inapoptoticcells.
No putative FosB or c-Jun cleavage products were observed in
staurosporine-treated Karpas 299 cells, but we did observe a
lower molecular mass anti-Fos immunoreactive band; how-
ever, it was only evident with longer exposure times and
much less prominent than was observed for JunB (results not
shown). Thus, caspase-mediated cleavage in apoptotic cells
is not a characteristic shared among all AP-1 family proteins
and, at least with the proteins tested, is most prominent with
JunB.
Similar to our observations with JunB, the caspase-mediated

cleavage of several other transcription factors results in the sepa-
ration of transactivation domains from DNA binding domains.
These include p65/RelA (40), FOXO3a (44), Ying Yang 1 (YY1)
(46), as well as PU.1 (47), and cleavage of some of these transcrip-
tion factors has been demonstrated to generate a fragment that
functions as an inhibitor of transcription. For example, cleavage of
p65/RelA by caspases generates an N-terminal fragment where
the transcriptional activation domains have been disrupted, but
the DNA binding domain is still intact (40). This fragment was
demonstrated to inhibit full-length p65/RelA from promoting
transcription.Aswell, a noncleavable p65/RelAmutantwas found
to protect human umbilical vein endothelial cells from apoptosis
induced by growth factor withdrawal, suggesting a role for the
N-terminal cleavage product in apoptosis induction (40). How-
ever, we found that the noncleavable D137A JunBmutant did not
affect either spontaneous or staurosporine-induced apoptosis
when expressed in Karpas 299 cells (results not shown). Thus,
whether cleavage of JunB is important in apoptosis or inflam-
masome signaling, ormerely a “by-stander”whose cleavagehasno
role in apoptotic or NALP1b inflammasome-activated cells is an
unresolved question from our study.
We were intrigued by our observation that JunB is dephos-

phorylated in a caspase-dependentmanner in apoptotic cells. It
is also likely that JunB is dephosphorylated to some extent in
inflammasome-activated cells. JunB is phosphorylated at sev-
eral sites, and phosphorylation at specific sites has been
reported to enhance (29, 30) or impair (48) the ability of JunB to
promote transcription or target JunB for ubiquitin-mediated
degradation (20, 32, 34). Thus, there are many ways dephos-
phorylation of JunB in apoptotic cells could potentially impact
JunB function. It needs to be established whether this dephos-
phorylation is primarily due to activation of a phosphatase(s),
inactivation of a kinase(s), or both these processes. However, to
begin to address these questions we first need to identify the
sites of JunB phosphorylation in ALK� ALCL and the kinases
and phosphatases that regulate these sites.
The C-terminal JunB cleavage fragment we have character-

ized is structurally and functionally reminiscent of TAM67, a
c-Jun construct generated by the Birrer group which functions
as a dominant negative inhibitor of AP-1-dependent signaling
(49) (Fig. 8). TAM67 lacks amino acids 3–122 of c-Jun, which
comprises the majority of the transcriptional activation
domain, but the protein retains theDNAbinding and dimeriza-

tion domains of c-Jun (49). Similar to our findings, TAM67
bindsAP-1 sites and interfereswithAP-1-dependent transcrip-
tion (49, 50). The Birrer group proposed that TAM67 primarily
inhibits transcription via a “quenching” mechanism. In their
model, transcriptionally impaired TAM67/c-Fos or TAM67/c-
Jun heterodimers bind AP-1 sites in place of more transcrip-
tionally active c-Jun homodimers or c-Jun/c-Fos heterodimers
(50). Our findings are consistent with the C-terminal JunB
cleavage fragment functioning in a similar manner.
More than 100 studies in PubMed have used the TAM67 con-

struct to dissectAP-1-dependent signaling events. Thus, although
it is unclear whether the C-terminal JunB cleavage product func-
tions as an inhibitor of AP-1-dependent signaling in apoptotic or
inflammasome-activated cells, we feel that this fragment repre-
sents an additional tool to interrogate AP-1 signaling.
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