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Abstract

In the course of Type 1 diabetes pro-inflammatory cytokines (e.g., IL-1b, IFN-c and TNF-a) produced by islet-infiltrating
immune cells modify expression of key gene networks in b-cells, leading to local inflammation and b-cell apoptosis. Most
known cytokine-induced transcription factors have pro-apoptotic effects, and little is known regarding ‘‘protective’’
transcription factors. To this end, we presently evaluated the role of the transcription factor CCAAT/enhancer binding
protein delta (C/EBPd) on b-cell apoptosis and production of inflammatory mediators in the rat insulinoma INS-1E cells, in
purified primary rat b-cells and in human islets. C/EBPd is expressed and up-regulated in response to the cytokines IL-1b and
IFN-c in rat b-cells and human islets. Small interfering RNA-mediated C/EBPd silencing exacerbated IL-1b+IFN-c-induced
caspase 9 and 3 cleavage and apoptosis in these cells. C/EBPd deficiency increased the up-regulation of the transcription
factor CHOP in response to cytokines, enhancing expression of the pro-apoptotic Bcl-2 family member BIM. Interfering with
C/EBPd and CHOP or C/EBPd and BIM in double knockdown approaches abrogated the exacerbating effects of C/EBPd
deficiency on cytokine-induced b-cell apoptosis, while C/EBPd overexpression inhibited BIM expression and partially
protected b-cells against IL-1b+IFN-c-induced apoptosis. Furthermore, C/EBPd silencing boosted cytokine-induced
production of the chemokines CXCL1, 9, 10 and CCL20 in b-cells by hampering IRF-1 up-regulation and increasing STAT1
activation in response to cytokines. These observations identify a novel function of C/EBPd as a modulatory transcription
factor that inhibits the pro-apoptotic and pro-inflammatory gene networks activated by cytokines in pancreatic b-cells.
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Belgique – Actions de Recherche Concertées (ARC), the European Union (NAIMIT, Ref. Health-F22009-241447; in the Framework Programme 7 of the European
Community), the Expert Center Grant 2008.40.001 from the Dutch Diabetes Research Foundation, and the Belgium Program on Interuniversity Poles of Attraction
initiated by the Belgium State (IUAP P6/40). FM was the recipient of a Post-Doctoral Fellowship from FNRS, Belgium. IS was the recipient of a postdoctoral
fellowship from the Education Department of the Basque Country. TCN was the recipient of a Post-Doctoral Fellowship from FNRS, Belgium. ENG was supported
by a European Molecular Biology Organization (EMBO) long-term Fellowship. The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: fmoore@ulb.ac.be (FM); deizirik@ulb.ac.be (DLE)

Introduction

Type 1 diabetes (T1D) is a multi-factorial disease where a

chronic autoimmune assault results in a progressive b-cell loss and
increased circulating blood glucose levels [1,2]. The recent

discovery of numerous T1D-associated susceptibly genes [3,4],

as well as T1D-predisposing environmental factors [5,6], added

new layers of complexity to our understanding of the disease.

Pancreatic islet infiltration by activated immune cells and the

development of an aberrant islet inflammation (insulitis) are

assumed to represent common events in early T1D [1,2,7]. A

detailed understanding of early insulitis, during which infiltrating

autoimmune cells induce b-cell apoptosis and inflammation [1,8],

may indicate novel and rational approaches for therapeutic

interventions [9–11].

The pro-inflammatory cytokines interleukin(IL)-1b, interfero-

n(IFN)-c and tumor necrosis factor(TNF)-a produced by infiltrat-

ing immune cells play a critical role in the progression of b-cell
demise and apoptosis in T1D [1,8,12–14]. We previously

demonstrated that these pro-inflammatory cytokines activate the

transcription factors NF-kB, STAT1 and IRF-1 in b-cells, and

performed a series of microarray analysis to determine the gene

networks regulated by these transcription factors in b-cells
[13,15,16]. Down-regulated genes targeted by the pro-inflamma-

tory cytokines and regulated by NF-kB/STAT1 include genes

associated with b-cell differentiation (e.g. MafA, Pdx1, Isl1 and

Nkx2.2) and function (e.g. insulin, Glut2, glucokinase, proconver-

tase 1 and 3) [13,16]. On the other hand there is up-regulation of

genes implicated in endoplasmic reticulum(ER)-stress, e.g. XBP-1s,

ATF6 and CHOP (GADD153, Ddit3, C/EBPf) [17–19], and of

inflammation-promoting genes, such as the CXC chemokines

CXCL1, 9, 10 and the CC chemokines CCL2, 5 and 20 [16,20].

b-cell production of chemokines may play a key role in the

initiation [21] and persistence of insulitis in murine and human

diabetes [1,22]. Cytokine-induced chemokine production is tightly

regulated by STAT1 in b-cells, while its downstream transcription

factor IRF-1 exerts inhibitory effects on chemokine production

through activation of the negative regulator SOCS-1 [16].

Combinations of IL-1b or TNF-a with IFN-c also induce a major

shift in the balance between the pro- and anti-apoptotic members
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of the apoptosis-regulating genes B cell lymphoma 2 (Bcl-2) family

in b-cells [23], with Death Protein 5 (DP5) [24], BCL2 binding

component 3 (BBC3/PUMA) [25] and BCL2-like 11 (BIM)

[26,27] contributing to cytokine-induced b-cells apoptosis. Cyto-
kine-induced b-cell apoptosis occurs through the ‘‘intrinsic’’

mitochondrial pathway, involving translocation of the pro-

apoptotic protein Bax to the mitochondria, depolarization of the

mitochondrial membrane, cytochrome c release and activation of

caspases 9 and 3 [23].

Further analysis of our microarray data pointed out to an early

induction of the transcription factor CCAAT/enhancer binding

protein delta (C/EBPd) in cytokine-treated b-cell via NF-kB and

STAT1 activation [13,15,16]. The role for this transcription factor

in b-cell, however, remains to be clarified. The C/EBP family

consists of six transcription factors (a, b, c, d, e and f) sharing a

highly conserved basic leucin zipper domain at the C-terminal

region of the protein; this domain is involved in homo- or hetero-

dimerization and in DNA binding activity [28]. C/EBPd
expression is induced in other cell types in response to various

stimuli, including mitogens, hormones, toxins and cytokines (IL-

1b, IL-6, IFN-c), and is mostly regulated at the transcriptional

level [28]. Unlike C/EBPa, b and e that exist as different splicing
variants displaying diverse functions [29,30], only one C/EBPd
isoform has been identified in rodents and humans [28]. C/EBPd
dimerises with several members of the C/EPB family (a, b and f)
but also with NF-kB1 p50, RelA, and the Ets family member

PU.1. [31–34], allowing it to exert various functions in different

cell types. C/EBPd activities have been associated with adipocytes

differentiation [35], learning and memory processes in neurons

[36], tumor suppressor activities in mammary gland epithelial cells

[37,38] and with Toll-like Receptor-mediated production of pro-

inflammatory cytokines in macrophages [39], but much less is

known about this transcription factor as compared to other

members of the C/EBP family [28].

We presently report that C/EBPd is expressed in rat insulinoma

cells, primary rat b-cells and human islets, and that its expression is

up-regulated upon exposure to IL-1b+IFN-c. Using several single

and combined siRNA-mediated knockdown approaches, we

demonstrate that C/EBPd deficiency exacerbates cytokine-

induced b-cell demise by promoting pro-apoptotic and pro-

inflammatory signalling pathways. Likewise, C/EBPd overexpres-

sion partially protects b-cells against cytokine-induced apoptosis.

All together, these results identify C/EBPd as a new transcription

factor that exerts unique and non-redundant functions in b-cells
by negatively regulating the deleterious effects of pro-inflamma-

tory cytokines.

Results

The cytokines IL-1b and IFN-c up-regulate C/EBPd mRNA
and protein expression in INS-1E cells, primary rat b-cells
and human islets
Our previous microarray data suggest that C/EBPd expression

is modified by cytokine treatment in rat b-cells [13,15,16,40]. In
order to validate these observations, we evaluated C/EBPd
mRNA and protein expression in the rat insulinoma INS-1E

cells, in primary FACS-sorted rat b-cells and human islets exposed

to cytokines. C/EBPdmRNA expression was up-regulated already

after 4 h of IL-1b+IFN-c treatment in INS-1E cells, reaching a

peak at 8 h (6-fold increase) and remaining increased until 24 h.

On the other hand, the combination of TNF-a+IFN-c did not

induce C/EBPd expression at any of the tested time points

(Figure 1A). Treatment of INS-1E cells for 8 h with each

individual cytokine identified IL-1b as the key inducer of C/

EBPd expression; IFN-c had no effect on its own, but it amplified

IL-1b-induced C/EBPd up-regulation (Figure 1B). Western blot

analysis in INS-1E cells corroborated these observations, since C/

EBPd proteins were up-regulated by respectively 2- and 5-fold

after 8 h of IL-1b and IL-1b+IFN-c exposure (Figure 1C;

densitometry in Figure S1A). These observations were confirmed

in FACS-purified primary rat b-cells, in which IL-1b+IFN-c
induced a 3- and 10-fold up-regulation of C/EBPd expression

after 12 and 24 h respectively (Figure 1D) while its expression was

unaffected by TNF-a+IFN-c treatment (Figure S1B). In human

islet cells, a 24 h exposure to IL-1b+IFN-c up-regulated both C/

EBPd mRNA and protein expressions by 2–3 fold (Figure 1E–G).

We also confirmed the role of the transcription factors NF-kB and

STAT1 in cytokine-induced C/EBPd up-regulation in b-cells
[15,16]. Thus, NF-kB blockade using a super-repressor IkBa
inhibited IL-1b+IFN-c-induced C/EBPd transcription until 24 h

(Figure S1C), while siRNA-mediated STAT1 knockdown affected

mostly the early (12 h) up-regulation of C/EBPd by cytokines

(Figure S1D).

siRNA-mediated C/EBPd silencing exacerbates cytokine-
induced apoptosis in INS-1E cells, primary rat b-cells, and
dispersed human islets
We next used a siRNA-mediated knockdown approach to

evaluate a putative role for C/EBPd in IL-1b+IFN-c-induced b-
cell apoptosis. INS-1E cells were transfected with an irrelevant

control siRNA (siCtrl) or with two siRNAs targeting C/EBPd
(siC/EBPd #1 and #2). Cells were subsequently left untreated,

or treated for 2 to 24 h with IL-1b+IFN-c. Cytokines induced C/

EBPd protein up-regulation, reaching a peak at 8 h and slowly

decreasing until 24 h (Figure 2A and 2B). The two siRNAs

targeting C/EBPd accurately silenced its expression in both

untreated and IL-1b+IFN-c-treated cells (Figure 2A and 2B). As

previously reported [8,16], treatment with IL-1b+IFN-c induced

apoptosis in siCtrl-transfected INS-1E cells after 24 h and in

primary b-cells after 48 h (Figure 2C & 2D), while inducing

necrosis in few cells under all experimental conditions tested

(,2% necrotic cells - data not shown). C/EBPd silencing with the

two siRNAs exacerbated INS-1E cell and primary b-cell
apoptosis after exposure to IL-1b+IFN-c (Figure 2C & 2D). This

increased apoptosis was confirmed in INS-1E cells by a second

method that detects cytoplasmic fragmented DNA (Figure 2E). In

line with these observations, quantification of the remaining

living cells by neutral red confirmed that C/EBPd deficiency

hampered the ability of the cells to survive the IL-1b+IFN-c
treatment (Figure 2F). On the other hand, C/EBPd mRNA

silencing did not induce apoptosis in untreated INS-1E cells or

after treatments with IL-1b or IFN-c alone (Figure S2A), and it

neither exacerbated apoptosis (Figure S2B) nor decreased the

survival (Figure S2C) of INS-1E cells exposed to the combination

of TNF-a+IFN-c. The enhanced apoptosis in IL-1b+IFN-c-
treated C/EBPd-silenced b-cells could not be explained by a

higher production of nitric oxide (NO), since nitrite was similarly

produced by siCtrl- and siC/EBPd-transfected cells after IL-

1b+IFN-c exposure in primary rat b-cells (Figure 2G) and INS-

1E cells (Figure S2D). Furthermore, the production of intracel-

lular reactive oxygen- or nitrogen species (ROS or RNS) was also

similar in cytokine-treated siCtrl- and siC/EBPd-transfected INS-

1E cells (Figure S2E). These data suggest that the increased

cytokine-induced apoptosis in C/EBPd-silenced cells is probably

not due to an amplified oxidative/nitrosative stress. Viability

assays in dispersed human islet cells also demonstrated that

efficient silencing of C/EBPd with three different siRNAs

(Figure 2H & Figure S2F) resulted in increased apoptotic cell

C/EBPd Regulates Cytokine-Induced b-Cell Death
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death after 48 h of IL-1b+IFN-c exposure (Figure 2I). Cytokine-

triggered b-cell apoptosis occurs through the mitochondrial-

dependent intrinsic pathway of cell death, involving the

translocation of the pro-apoptotic protein Bax to the mitochon-

dria, cytochrome c release from the mitochondria to the

cytoplasm, and subsequent cleavage and activation of caspases

9 and 3 [17,23,24]. As shown in Figure S2G, IL-1b+IFN-c-

induced apoptosis in C/EBPd-silenced cells followed the same

pathway, with Bax staining showing strong co-localization with

the mitochondrial marker ATP synthase in apoptotic cells

(arrow), while it was weak and diffuse in living cells (Figure

S2G). Moreover, cytochrome c staining co-localized with the

mitochondrial marker AIF in siC/EBPd-transfected living cells,

while apoptotic cells had diffuse cytoplasmic cytochrome c

staining (arrow), suggesting cytochrome c release from the

mitochondria (Figure S2H). Western blot analysis demonstrated

that cytokine-induced expression of cleaved caspase 9 and

caspase 3 were enhanced in siC/EBPd-transfected cells as

compared to siCtrl-transfected counterparts (Figure 2J – densi-

tometries are shown in Figures S2I & S2J), supporting the

observations from the viability assays (Figure 2C & 2D) and

confirming the involvement of the mitochondrial pathway. We

next performed glucose oxidation tests to evaluate the putative

role of C/EBPd on the functional inhibition of b-cells induced by

cytokines [8,13,16]. Cytokine treatment greatly reduced the

ability of b-cells to oxidize glucose (Figure S2K). The inhibition of

glucose oxidation was, however, similar in cytokine-treated siCtrl-

and siC/EBPd-transfected cells (Figure S2K), suggesting that C/

EBPd is not involved in inhibition of b-cell function.

We also evaluated a putative role of C/EBPb in cytokine-

induced b-cell death. This other member of the C/EBP family was

previously shown to be up-regulated by cytokines in array analysis

of cytokine-treated b-cells [13,16] and to modulate mouse b-cell

susceptibility to ER stress [41]. The expression of C/EBPb was

up-regulated in INS-1E and primary b-cells after 12–24 h of IL-

1b+IFN-c exposure (Figure S3A) [13,16]. A 36–60% silencing of

C/EBPb using two different siRNAs (Figure S3B) did not affect

cytokine-induced apoptosis in INS-1E cells (Figure S3C) while it

slightly decreased NO production (Figure S3D).

C/EBPd knockdown enhances cytokine-induced CHOP
expression and transcriptional activity in b-cells
To clarify the molecular pathways underlying the exacerbation

of cytokine-induced apoptosis in C/EBPd-silenced cells, we first

evaluated the expression of several genes induced during ER

stress, a cellular response associated with IL-1b+IFN-c-induced

apoptosis in b-cells [18,42]. XBP-1s mRNA expression was

similarly up-regulated by cytokine treatment in siCtrl- and siC/

EBPd-transfected INS-1E cells and C/EBPd silencing did not

induce nuclear translocation of XBP-1s in cytokine-treated INS-

1E cells (data not shown). Cytokine treatment equally decreased

Bip mRNA expression at 24 h in the three transfected conditions.

On the other hand, C/EBPd deficiency enhanced IL-1b+IFN-c-

induced CHOP mRNA up-regulation after 8- and 16 h in INS-1E

Figure 1. IL-1b and IFN-c up-regulate C/EBPd expression in INS-1E cells, primary rat b-cells and human islets. INS-1E cells (A–C), primary
purified rat b-cells (D) or human islets (E–G) were left untreated or treated with either IL-1b, IFN-c, TNF-a, IL-1b+IFN-c or TNF-a+IFN-c for the indicated
time points. (A, B, D, E) C/EBPd mRNA expression was assayed by RT-PCR and normalized for the housekeeping gene GAPDH (rat) or b-actin (human);
(C, F) C/EBPd and a-tubulin expressions were evaluated by Western blot. A representative experiment of 5–6 independent experiments is shown. (G)
Mean optical density measurements of C/EBPd Western blots corrected for protein loading by a-tubulin (representative figure in F). Results are mean
6 SEM of 4–6 independent experiments; * p,0.05, ** p,0.01 and *** p,0.001 vs untreated cells by Student’s t test.
doi:10.1371/journal.pone.0031062.g001
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cells (Figure 3A & 3B). This increased CHOP expression was

confirmed at the protein level after 16- and 24 h of cytokine

treatment (Figure 3D & 3E) and had a functional impact, since the

expression of the CHOP-dependent gene GADD34 was also

augmented by C/EBPd silencing in INS-1E cells (Figure 3C).

Since CHOP is a member of the C/EBP family (C/EBPf) [28]

and may hetero-dimerize with C/EBPd [43], we next evaluated a

putative role of CHOP in the exacerbation of cytokine-induced

apoptosis in C/EBPd-silenced cells. To this end, we interfered in

parallel with C/EBPd and CHOP expressions, in a double

knockdown approach, and performed viability assays. As de-

scribed above, C/EBPd deficiency exacerbated IL-1b+IFN-c-

induced apoptosis in INS-1E cells, while CHOP silencing had no

effect on cell apoptosis after 24 h of cytokine treatment (Figure 3F).

Interestingly, the concomitant knockdown of CHOP abrogated

the exacerbating effect of C/EBPd silencing on apoptosis

(Figure 3F). These results were confirmed by Western blot for

cleaved caspase 3: the simultaneous inhibition of C/EBPd and

CHOP reversed the increased expression of cleaved caspase 3

observed after C/EBPd silencing (Figure 3G). These results

identify CHOP as a contributory factor in the exacerbation of

cytokine-induced apoptosis in C/EBPd-silenced b-cells. Since

CHOP may also regulate the mitochondrial Unfolded Protein

Response (UPRmt) [44], we evaluated whether C/EBPd silencing

exacerbates the UPRmt. This was done by evaluating the

expression of LONP1, ClpP and HSP60, well-known markers of

Figure 2. C/EBPd silencing exacerbates cytokine-induced apoptosis in rat b-cells and human islets. (A, B, C, E, F) INS-1E cells were
transfected with either a control siRNA (siCtrl – white dots/bars), or two differents siRNAs targeting C/EBPd (siC/EBPd #1 – black triangles/bars and
siC/EBPd #2 – grey squares/bars). Cells were then left untreated, or treated with IL-1b+IFN-c as indicated; (A) C/EBPd and a-tubulin expressions were
evaluated by Western blot; (B) Mean optical density measurements of C/EBPd Western blots corrected for a-tubulin (representative figure in A); (C)
Apoptosis was assessed by HO/PI staining; (E) Apoptosis was evaluated using the Cell Death Detection ELISAplus kit; (F) Cell viability was evaluated
using the neutral red-based toxicology kit. (D, G) Primary FACS-sorted rat b-cells were transfected as described above and subsequently left untreated
or treated with IL-1b+IFN-c as indicated; (D) Apoptosis was assessed by HO/PI staining. (G) Nitrite concentrations in supernatants were measured as
described in Methods. (H–I) Dispersed human islets were transfected with siCtrl (white bars) or human siC/EBPd #1 (black bars) or #2 (grey bars) or
#3 (hatched bars) and subsequently treated with IL-1b+IFN-c for 48 h; (H) C/EBPd mRNA expression was assayed by RT-PCR and normalized for the
housekeeping gene b-actin; (I) Apoptosis was assessed by HO/PI staining. (J) INS-1E cells were transfected with siCtrl or siC/EBPd #1; Cleaved caspase
3, 9 and a-tubulin expressions were evaluated by Western blot. Results are mean 6 SEM of 4–7 experiments; *: p,0.05, **: p,0.01 and ***: p,0.001
vs untreated transfected with the same siRNA; 1: p,0.05, 11: p,0.01 and 111: p,0.001 vs siCtrl treated with cytokines at the same time point;
ANOVA followed by Student’s t test with Bonferroni correction.
doi:10.1371/journal.pone.0031062.g002
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the UPRmt [44]. There were not, however, noticeable differences

in the regulation of these three UPRmt markers in cytokine-treated

C-EBPd-deficient INS-1E cells as compared to their control

counterparts (Figure S4C), making it unlikely that the UPRmt play

a major role in the pro-apoptotic effect of C/EBPd-silencing.

The expression of the pro-apoptotic protein BIM is up-
regulated in C/EBPd-silenced cells
We next evaluated the effect of C/EBPd knockdown on the

mRNA expression of pro-apoptotic members of the Bcl-2 family

associated with cytokine-induced b-cell apoptosis [23–25]. The

Figure 3. Amplified CHOP expression contributes to the exacerbation of apoptosis in cytokine-treated C/EBPd-deficient INS-1E
cells. (A–E) INS-1E cells were transfected with siCtrl (white dots), siC/EBPd #1 (black triangles) or siC/EBPd #2 (grey squares) and subsequently left
untreated, or treated with IL-1b+IFN-c for the indicated time points. (A–C) C/EBPd, CHOP and GADD34 mRNA expressions were assayed by RT-PCR
and normalized for the housekeeping gene GAPDH; (D) C/EBPd, CHOP and a-tubulin expressions were evaluated by Western blot. (E) Mean optical
density measurements of CHOP Western blots corrected for a-tubulin (representative figure in D). (F–G) INS-1E cells were transfected with siCtrl
(white bars), siC/EBPd #1 (black bars), siCHOP (grey bars) or siC/EBPd #1+siCHOP (hatched grey bars) and subsequently left untreated, or treated
with IL-1b+IFN-c for 24 h as indicated. (F) Apoptosis was assessed by HO/PI staining. (G) Cleaved caspase 3, C/EBPd, CHOP and a-tubulin expressions
were evaluated by Western blot. Results are mean 6 SEM of 4–5 experiments; *: p,0.05, **: p,0.01 and ***: p,0.001 vs untreated transfected with
the same siRNA; 1: p,0.05, 11: p,0.01 and 111: p,0.001 vs siCtrl treated with cytokines at the same time point; ##: p,0.01 vs siC/EBPd #1 treated
with cytokines at the same time point; ANOVA followed by Student’s t test with Bonferroni correction.
doi:10.1371/journal.pone.0031062.g003
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expression of DP5, PUMA and BIM mRNAs were all induced by

IL-1b+IFN-c in INS-1E cells, reaching a peak after 16 h of

cytokine treatment (Figure 4A & Figure S5A & S5B). Interestingly,

the cytokine-induced up-regulation of BIM mRNA was exacer-

bated by C/EBPd silencing (Figure 4A), while C/EBPd deficiency

did not affect the induction of DP5 and PUMA mRNAs following

cytokine treatment (Figure S5A & S5B). Of note, the cytokine-

induced up-regulation of the anti-apoptotic Bcl-2 family member

B-cell lymphoma-extra large (Bcl-XL) was also unaffected by C/

EBPd knockdown (Figure S5C). BIM expression at the protein

level was stable between 8 and 16 h in cytokine-treated C/EBPd-

silenced cells while it decreased in siCtrl-transfected cells at 8 h

(Figure 4B & 4C). This decrease in BIM expression in siCtrl-

transfected cells after 8 h of cytokine treatment is probably not due

to an off-target effect of the siCtrl, since a similar decrease in BIM

expression was observed in untransfected INS-1E cells after 8 h of

IL-1b+IFN-c exposure (Figures S5D et S5E). As a whole, the data

described above suggest that BIM plays a key role in the

sensitization of C/EBPd-silenced cells to the pro-apoptotic effects

of cytokines. To test this hypothesis, we performed viability assays

after parallel knockdown of C/EBPd and BIM. BIM inhibition

partially prevented IL-1b+IFN-c-induced apoptosis in INS-1E

cells (Figure 4D), while the double inhibition of C/EBPd and BIM

abrogated the potentiating effects of C/EBPd knockdown on

cytokine-induced apoptosis (Figure 4D), suggesting that increased

BIM activity contributes for the exacerbation of apoptosis in

cytokine-treated C/EBPd silenced cells.

C/EBPd inhibition increases cytokine-induced b-cell
chemokine production through defective control of
STAT1 transcriptional activity
b-cells produce many chemokines from the CXC and CC

families in response to IL-1b+IFN-c exposure, hence contributing

to attract and activate immune cells during insulitis [1]. Taking

this into account, we evaluated whether C/EBPd also modulates

the inflammatory response in IL-1b+IFN-c-exposed cells. C/

EBPd silencing exacerbated the expression of CXCL1, 9, 10 and

CCL20 mRNAs after 16 h of cytokine exposure (Figure 5A–E).

These data were at least in part confirmed at the protein level,

since C/EBPd-silenced cells secreted higher amounts of the

chemokines CXCL1 and CXCL9 as compared to control cells

after 16- and 24 h of cytokine treatment (Figure 5F & 5G). Since

we previously identified that the STAT1/IRF-1 signalling

pathway exerts a key role in cytokine-induced chemokine

production in b-cells [16], we performed time course analysis of

the expression of these transcription factors in Ctrl- and C/EBPd-
deficient INS-1E cells after cytokine exposure. Interestingly, C/

EBPd silencing hampered cytokine-induced IRF-1 expression

(Figure 5H & 5J). As previously shown [16], this impaired IRF-1

expression was accompanied by exacerbated STAT1 phosphor-

ylation after 8 h of treatment with IL-1b+IFN-c, but also by

increased expression of total STAT1 after 8, 16 and 24 h of

cytokine treatment (Figure 5H, 5K & 5L). This prolonged STAT1

activation in C/EBPd-silenced cells enhanced STAT1 transcrip-

tional activity, as shown by IL-1b+IFN-c-induced augmented

Figure 4. C/EBPd-silencing increases the expression of the pro-apoptotic Bcl-2 family member BIM. (A–C) INS-1E cells were transfected
with siCtrl (white dots), siC/EBPd #1 (black triangles) or siC/EBPd #2 (grey squares) and subsequently left untreated, or treated with IL-1b+IFN-c for
the indicated time points. (A) BIM mRNA expression was assayed by RT-PCR and normalized for the housekeeping gene GAPDH; (B) BIM, C/EBPd and
a-tubulin expressions were evaluated by Western blot. (C) Mean optical density measurements of BIM Western blots corrected for a-tubulin
(representative figure in B). (D) INS-1E cells were transfected with siCtrl (white bars), or with either siC/EBPd #1 (black bars), siBIM (grey bars) or siC/
EBPd #1+siBIM (hatched grey bars) and subsequently left untreated, or treated with IL-1b+IFN-c for 24 h as indicated. Apoptosis was then assessed
by HO/PI staining. Results are mean6 SEM of 4–6 experiments; *: p,0.05, **: p,0.01 and ***: p,0.001 vs untreated transfected with the same siRNA;
1: p,0.05, 11: p,0.01 and 111: p,0.001 vs siCtrl treated with cytokines at the same time point;###: p,0.001 vs siC/EBPd#1 treated with cytokines
at the same time point; ANOVA followed by Student’s t test with Bonferroni correction.
doi:10.1371/journal.pone.0031062.g004
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Figure 5. C/EBPd silencing increases cytokine-induced chemokine production by enhancing STAT1 activation. INS-1E cells were
transfected with either siCtrl (white dots/bars), siC/EBPd#1 (black triangles/bars) or siC/EBPd#2 (grey squares/bars) and subsequently left untreated,
or treated with IL-1b+IFN-c for the indicated time points; (A–E) C/EBPd, CXCL1, 9, 10 & CCL20 mRNA expressions were assayed by RT-PCR and
normalized for the housekeeping gene GAPDH; (F–G) CXCL1 and CXCL9 protein secretions were evaluated by ELISA. (H) C/EBPd, phospho-STAT1,
total STAT1, IRF-1 and a-tubulin expressions were evaluated by Western blot. (I) 24 h after siRNA transfection, cells were transfected with a STAT1
luciferase reporter+pRL-CMV and subsequently left untreated or exposed to cytokines for 16 h as indicated. Results are mean Relative Luciferase Unit
(R.L.U.) 6 SEM. (J–L) Mean optical density measurements of IRF1, phospho-STAT1 and total STAT1 Western blots corrected for a-tubulin
(representative figure in H). (G) SOCS-1 mRNA expression was assayed by RT-PCR and normalized for the housekeeping gene GAPDH. Results are
mean 6 SEM of 4–6 experiments; *: p,0.05, **: p,0.01 and ***: p,0.001 vs untreated transfected with the same siRNA; 1: p,0.05, 11: p,0.01 and
111: p,0.001 vs siCtrl treated with cytokines at the same time point; ANOVA followed by Student’s t test with Bonferroni correction.
doi:10.1371/journal.pone.0031062.g005
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activation of a STAT1 reporter in C/EBPd-silenced cells as

compared to controls (Figure 5I). This effect is specific, since C/

EBPd knockdown had an opposite effect on an NF-kB reporter,

inducing a 20–50% decrease (Figure S6). We next evaluated the

expression of SOCS-1, a negative regulator of STAT1 activity that

is modulated by IRF-1 activation in b-cells [16]. As shown in

Figure 5M, cytokine-induced SOCS-1 up-regulation was also

impaired in C/EBPd-silenced cells as compared to Ctrl, reflecting

the impaired activation of IRF-1 in C/EBPd-deficient cells. All

together, these results demonstrate that C/EBPd exacerbates

cytokine-induced chemokine production by interfering with IRF-1

up-regulation, hence disturbing the negative regulatory feedback

loop by which IRF-1 modulates STAT1 activation through the

induction of the inhibitory protein SOCS-1 [16].

The transcription factors CHOP and STAT1 contribute to
the enhancement of BIM expression in C/EBPd-silenced
cells
We described above that the activation of the transcription

factors CHOP and STAT1 are increased or prolonged in C/

EBPd-silenced cells (Figure 3D–E and Figure 5H–L). Since both

CHOP and STAT1 have been reported to mediate BIM

transcriptional regulation in thymocytes and b-cells respectively

[26,45], we next evaluated a putative role of these transcription

factors in the exacerbation of BIM expression in C/EBPd-silenced

b-cells. To this end, INS-1E cells were transfected with previously

validated siRNAs targeting C/EBPd (Figure 2A–B), CHOP

(Figure 3G) and STAT1 [16,46] alone or in combination, and

the expression of BIM mRNA evaluated. As shown in Fig. 6A–C,

the individual siRNAs inhibited their target gene without affecting

the expression of the other non-targeted genes evaluated. As

described in Figures 3 and 4, C/EBPd silencing exacerbated

CHOP and BIM up-regulation as compared to controls after 16 h

of cytokine treatment (Figure 6A & 6D), while the knockdown of

CHOP alone had no effect on cytokine-induced BIM expression

(Figure 6D). Interestingly, the double knockdown of C/EBPd and

CHOP reversed to a large extent the exacerbation of BIM

expression induced by C/EBPd silencing alone (Figure 6D).

STAT1 silencing, alone or in combination with C/EBPd

inhibition, potently inhibited IL-1b+IFN-c-induced BIM up-

regulation (Figure 6D). The double knockdown of CHOP and

STAT1 did not further inhibit cytokine-induced BIM expression

as compared to STAT1 silencing alone (Figure 6D). We next

studied the regulation of the rat BIM promoter using a luciferase

reporter construct containing the complete sequence of the this

promoter (22454/+2658) [47]. To this end, INS-1E cells were

successively transfected with specific siRNAs as indicated and then

with the rat BIM luciferase reporter. C/EBPd silencing augmented

the up-regulation of the BIM promoter induced by IL-1b+IFN-c

treatment as compared to siCtrl-transfected cells, while the

concomitant knockdown of C/EBPd and CHOP reversed the

exacerbating effect of C/EBPd silencing on the induction of the

BIM promoter (Figure 6E). The siSTAT1, alone or associated with

C/EBPd or CHOP inhibition also prevented cytokine-induced up-

regulation of the BIM promoter (Figure 6E). Viability assays

corroborated these observations, with CHOP silencing inhibiting

the exacerbating pro-apoptotic effects of C/EBPd inhibition in

cytokine-treated INS-1E cells, while STAT1 silencing both

protected the cells against cytokine-induced apoptosis and

counteracted the pro-apoptotic effects of C/EBPd silencing

(Figure 6F). Theses results identify STAT1 as a key mediator of

IL-1b+IFN-c-induced BIM up-regulation in b-cells, and suggest

that the transcription factor CHOP mediates the ‘‘exacerbating

effect’’ of C/EBPd silencing on cytokine-induced BIM up-

regulation.

C/EBPd overexpression decreases BIM expression and
partially protects INS-1E cells against cytokine-induced
apoptosis
We next tested whether C/EBPd overexpression affects BIM

expression in INS-1E cells. Interestingly, a strong overexpression

of C/EBPd (Figure 7A) reduced both basal and cytokine-induced

BIM expression (Figure 7A & 7B) and also decreased IL-1b+IFN-

c-induced up-regulation of BIM and CHOP mRNA expressions

(Figure 7C & 7D). The co-tranfection of the C/EBPd overexpres-

sion vector with the rat BIM promoter also reduced cytokine-

induced up-regulation of this promoter as compared to untran-

fected- and control-transfected counterparts (Figure 7E). Finally,

viability experiments demonstrated that C/EBPd overexpression

induced a moderate protection against IL-1b+IFN-c-induced

apoptosis (Figure 7F), and increased the survival of INS-1E cells

as compared to control-transfected cells (Figure 7G). Taken

together, these experiments support the hypothesis that C/EBPd

inhibits BIM expression and thus partially counteracts cytokine-

induced apoptosis.

Discussion

A better understanding of the signalling pathways involved in

cytokine-induced b-cell apoptosis during insulitis may help to

define potential therapeutic targets to interfere with T1D

development [9]. We presently demonstrate, using silencing and

overexpression approaches, that the transcription factor C/EBPd

is up-regulated by IL-1b+IFN-c in rat b-cells and human islets and

exerts regulatory functions in these cells, inhibiting pro-apoptotic

and pro-inflammatory signals (Figure 8). NF-kB plays an

important role in cytokine-induced C/EBPd expression, as IL-1b

(a known NF-kB inducer) up-regulates C/EBPd expression in b-

cells, while NF-kB blockade inhibits cytokine-induced C/EBPd

mRNA up-regulation (present data; [15]). These results are in line

with previous observations describing NF-kB recruitment at the

C/EBPd promoter after 1 h of LPS exposure in macrophages

[48]. The transcription factor STAT1 is also involved in cytokine-

induced C/EBPd expression, since IFN-c enhances IL-1b-

induced-C/EBPd up-regulation and interfering with STAT1

activity hampers cytokine-induced C/EBPd expression at early

time points (Figure S1D; [16]). It is surprising, however, that the

combination of TNF-a+IFN-c does not up-regulate C/EBPd

expression in b-cells, and likewise, that C/EBPd silencing or

overexpression does not affect TNF-a+IFN-c-induced cells death

in b-cells (Figure S2B–C and data not shown). Indeed, TNF-a is

also an inducer of NF-kB activation in these cells, albeit to a lesser

extent than IL-1b [49]. C/EBPd was shown to auto-regulate its

expression by binding to sites located downstream of the C/EBPd

gene [43,50]. Unlike IL-1b, TNF-a alone does not up-regulate C/

EBPd expression (Figure 1B–C). It is thus conceivable that C/

EBPd transcription in b-cells is initiated by NF-kB and other

transcription factors induced by IL-1b (but not by TNF-a) and

that this initial synthesis of C/EBPd is required to allow further C/

EBPd-mediated auto-transcription. Interestingly, IL-1b+IFN-c-

induced C/EBPdmRNA up-regulation was sustained until 24 h of

cytokine treatment while the expression of C/EBPd protein

returned to basal after 16 h (Figs. 1 & 2). This may be explained by

the progressive increase of cytokine-induced ER-stress, previously

suggested to inhibit mRNA translation of many proteins in b-cells

[42].
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Inhibiting C/EBPd activity in b-cells exacerbates IL-1b+IFN-c-
induced apoptosis by increasing the expression of the pro-

apoptotic factors CHOP and BIM, while overexpressing C/EBPd
down-regulates CHOP and BIM expression and partially protects

b-cells against the deleterious effects of cytokines (Figure 3, 4 & 7).

This increased cytokine-induced apoptosis in C/EBPd-silenced
cells is independent of increased oxidative or nitrosative stress

(Figure 2G & S2D–E), and our preliminary experiments did not

Figure 6. The transcription factors STAT1 and CHOP mediate cytokine-induced BIM up-regulation in C/EBPd-silenced cells. INS-1E
cells were transfected with siCtrl (white bars), siC/EBPd #1 (black bars), siCHOP (grey bars), siSTAT1 (grid bars), siC/EBPd #1+siCHOP (hatched grey
bars), siC/EBPd #1+siSTAT1 (hatched bars) or siCHOP+siSTAT1 (grid grey bars) and subsequently left untreated or treated with IL-1b+IFN-c for 16 or
24 h as indicated. (A–D) CHOP, C/EBPd, STAT1 & BIM mRNA expressions were assayed by RT-PCR and normalized for the housekeeping gene GAPDH.
(E) 24 h after siRNA transfection, cells were transfected with a BIM promoter reporter+pRL-CMV and subsequently left untreated or exposed to
cytokines as indicated. Results are mean Relative Luciferase Unit (R.L.U.) 6 SEM. (F) Apoptosis was assessed by HO/PI staining. Results are mean 6
SEM of 4–5 experiments; *: p,0.05, **: p,0.01 and ***: p,0.001 vs untreated transfected with the same siRNA; 1: p,0.05, 11: p,0.01 and
111: p,0.001 vs siCtrl treated with cytokines at the same time point; #: p,0.05 and ###: p,0.001 vs siC/EBPd #1 treated with cytokines at the
same time point; ANOVA followed by Student’s t test with Bonferroni correction.
doi:10.1371/journal.pone.0031062.g006
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indicate a role of modified autophagy in this process (data not

shown). Autophagy has recently been suggested to be involved in

b-cell death in both type 1 & type 2 diabetes [51,52]. This negative

regulatory role of C/EBPd on cytokine-induced apoptosis in b-
cells appears to be critical and non-redundant, since it is conserved

between rodents and humans (Figures 1 and 2). This adds a new

dimension to C/EBPd functions, as previous reports described C/

EBPd mostly as a cell growth regulator and tumor suppressor.

Indeed, C/EBPd expression is down-regulated in acute myeloid

leukemia [53] and in cervical, breast and liver cancers [54,55],

while C/EBPd knockout mice display mammary gland ductal

hyperplasia [37]. These anti-proliferative activities in mammary

gland epithelial cells are linked to C/EBPd-induced Cdc27

expression, resulting in proteasome-mediated destruction of the

cell cycle promoting factor Cyclin D1 [38,56]. Putative tumor-

suppressing activities of C/EBPd may, however, depend on the

hormonal background, since C/EBPd is highly expressed in

androgen-dependent but not androgen-independent prostate

carcinomas [57]. These data underline the context dependency

of the function of regulatory transcription factors in different cell

types or hormonal backgrounds, and indicate two novel functions

for C/EBPd in primary non-dividing cells namely as an important

anti-apoptotic and anti-inflammatory regulator. Our preliminary

data on C/EBPb silencing suggest that C/EBPb does not play a

key role in IL-1b+IFN-c-induced b-cell death. This differs from

the previously reported effects of C/EBPb in ER-stress-induced b-

cell and tumoral cell death [41,58], palmitate-induced b-cell
apoptosis [59], and NO-dependent hepatocyte apoptosis [60]. On

the other hand, C/EBPb knockdown slightly decreases NO

production in INS-1E cells (present data), which is in accordance

with the reported roles of C/EBPa and C/EBPb for iNOS

induction in hepatocytes [60]. We cannot exclude that the

moderate (60%) C/EBPb silencing achieved in our experiments

was not sufficient to disclose the putative effect of the transcription

factor in cytokine-induced apoptosis. Additional experiments are

required to clarify this issue.

Our data suggest that increased CHOP and BIM expression in

C/EBPd-silenced cells contributes for the exacerbation of

apoptosis upon exposure to IL-1b+IFN-c. Indeed, concomitant

silencing of CHOP and C/EBPd or BIM and C/EBPd abrogates

the exacerbating effects of C/EBPd silencing on cytokine-induced

up-regulation of the rat BIM promoter and on cytokine-induced

apoptosis (present data). CHOP is a well known ER-stress-induced

transcription factor that may trigger apoptosis through perturba-

tion of intracellular pH and cellular cytoskeleton, down-regulation

of the anti-apoptotic factor Bcl-2 and increase of reactive oxygen

species production [61,62]. CHOP expression is regulated by

other C/EBP family members, including C/EBPa and C/EBPb
[63]. CHOP has been shown to hetero-dimerize with C/EBPa, b
and d [28,43,64], hence targeting these transcription factors to

Figure 7. C/EBPd overexpression decreases BIM expression and partially protect INS-1E cells against cytokine-induced apoptosis.
INS-1E cells were left untransfected (grey bars) or transfected with pCMV-Ctrl (white bars) or pCMV-C/EBPd (black bars) and subsequently left untreated
or treated with IL-1b+IFN-c for 16 or 24 h as indicated. (A) BIM, C/EBPd and a-tubulin expressions were evaluated by Western blot. (B) Mean optical
density measurements of BIMWestern blots corrected for a-tubulin (representative figure in A). (C–D) BIM and CHOPmRNA expressions were assayed by
RT-PCR and normalized for the housekeeping gene GAPDH. (E) Cells were co-tranfected with the vectors as decribed above and with a BIM promoter
reporter+pRL-CMV and subsequently left untreated or exposed to cytokines as indicated. Results are mean Relative Luciferase Unit (R.L.U.) 6 SEM; (F)
Apoptosis was assessed by HO/PI staining; (G) Cell viability was evaluated using the neutral red-based toxicology kit. Results are mean 6 SEM of 4–6
experiments; **: p,0.01 and ***: p,0.001 vs untreated untransfected or transfected with the same plasmid vector; 1: p,0.05,
11: p,0.01 and 111: p,0.001 vs pCMV-Ctrl treated with cytokines at the same time point; ANOVA followed by Student’s t test with Bonferroni correction.
doi:10.1371/journal.pone.0031062.g007
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specific DNA binding sequences [65]. The nature of the

interaction between C/EBPd and CHOP in cytokine-treated b-

cells and how C/EBPd deficiency enhances CHOP expression,

remain to be determined. Increased CHOP expression in C/

EBPd-silenced cells is associated with increased CHOP-regulated

transcription, since the expression of the CHOP-regulated pro-

apoptotic gene GADD34 [66] is also exacerbated in C/EBPd-

deficient cells (present data). Moreover, increased CHOP

expression enhances the expression of the pro-apoptotic Bcl-2

family member BIM in cytokine-treated C/EBPd-silenced cells

(see below). Previous reports indicate that BIM has an important

role in high glucose- [27], virus- [67] and cytokine-induced b-cell

death [26,68], which occurs through the mitochondrial apoptotic

pathway [23]. We presently show that the exacerbation of

cytokine-induced up-regulation of BIM mRNA and BIM

promoter activity in C/EBPd-silenced cells is at least in part

mediated by the transcription factors STAT1 and CHOP. BIM

up-regulation was already shown to be mediated by STAT1 in IL-

21-treated lymphocytic leukaemia cells [69] and TNF-a+IFN-c-

exposed b-cells [26], while CHOP activity is required for BIM up-

regulation and apoptosis induction in thapsigargin-treated thymo-

cytes [45] and growth factor-deprived lymphoid precursors [70].

Although BIM mRNA was up-regulated by cytokines at all time

points studied in siCtrl-tranfected cells, we observed a transient

decrease in BIM protein expression after 8 h of IL-1b+IFN-c

exposure (Figure 4C). This is not due to an off-target effect of the

siCtrl, as BIM protein also decreased after 8 h of cytokine

exposure in untransfected cells (Figure S5D–E). This transient

decrease in BIM protein expression was not observed in siC/

EBPd-silenced cells, in which exacerbated up-regulation of BIM

mRNA expression seems to allow constant BIM protein expression

throughout cytokine exposure. BIM has been reported to be

targeted to proteasome-mediated degradation during rapid

ischemic tolerance in neurons [71,72] and subjected to caspase

3-mediated degradation as a feedback mechanism in MEFs and

osteoclasts [73], but the putative pathways leading to BIM

degradation and re-synthesis in IL-1b+IFN-c-exposed b-cells
remain to be clarified. As a whole, our data suggest that IL-

1b+IFN-c-induced BIM up-regulation in b-cells is mediated

mostly via STAT1 activation, while CHOP seems to contribute

for the exacerbating effects of C/EBPd silencing on BIM

expression. Nonetheless, while C/EBPd overexpression repressed

to a large extent BIM expression in INS-1E cells, it only

moderately protected these cells against IL-1b+IFN-c-induced

apoptosis (Figure 7). These results emphasize the complexity of the

pro-apoptotic pathways induced by cytokines in b-cells and the

relative complementarity/redundancy of function of the pro-

apoptotic Bcl-2 family members in cytokine-exposed b-cells [23].

Cytokine-induced up-regulations of the chemokines CXCL1, 9,

10 and CCL20 mRNAs are all exacerbated in C/EBPd-silenced

cells, as is the release of the tested chemokines CXCL1 and

CXCL9, suggesting that C/EBPd elicit anti-inflammatory activ-

ities in b-cells. These observations contrast with previous reports,

describing C/EBPd as a pro-inflammatory transcription factor

that promotes LPS-induced activation of microglial cells and

astrocytes [74], participates in TLR-induced pro-inflammatory

cytokines production [39] and discriminates between transient and

persistent LPS-mediated signalling in macrophages [48]. On the

other hand, the anti-inflammatory agent dexamethasone was

shown to induce C/EBPd expression in skeletal muscle [57], while

amyloid-b fibrils down-regulate C/EBPd in astro-microglial cells

during Alzheimer’s disease [75]. We have previously shown that

cytokine-induced chemokine production is increased by the

prolongation of STAT1 activation in b-cells; IRF-1 controls a

negative regulatory feedback loop that limits STAT1 activation

through induction of the STAT1 regulator SOCS-1 [16]. In the

present experiments, prolonged IL-1b+IFN-c-induced STAT1

activation in C/EBPd-silenced cells was also associated with

defective induction of IRF-1 and its downstream gene SOCS-1,

and augmented chemokine production. Of note, C/EBPd
deficiency decreases NF-kB-dependent transcription in cytokine-

treated INS-1E cells. Since NF-kB is involved in cytokine-induced

IRF-1 expression [16,76] it is likely that C/EBPd activation

promotes IRF-1 expression by either participating directly to IRF-

1 transcription by dimerizing with NF-kB1 p50 or RelA, or by

inhibiting a negative regulator of NF-kB activation. The relation

between C/EBPd and IRF-1 expression remains to be clarified,

and the co-immunoprecipitation experiments that we performed

did not indicate a direct interaction between IRF-1 and C/EBPd

(data not shown), as it was previously reported for C/EBPb in

IFN-c-treated HepG2 cells [77].

We and others observed that b-cells have in place regulatory

mechanisms devoted to control excessive activation of deleterious

factors induced by cytokines. These include PTPN2- and IRF-1/

SOCS-1-mediated attenuation of STAT1 activation [16,78],

JunB-mediated attenuation of NO production and ER stress

[79], A20- and SOCS-3-mediated NF-kB inactivation [80,81] and

HSP70 synthesis upon cytokine-treatment [82]. It is likely that C/

EBPd contributes to these signalling pathways that provide ‘‘local’’

regulation to inflammatory processes in order to protect poorly

proliferating and long-lived cells, such as b-cells, against excessive

damage. It remains to be clarified why these regulatory

mechanisms are overruled in T1D, but the identification of novel

agents that selectively promote protective pathways in b-cells may

Figure 8. Suggested model for the role of C/EBPd signalling in
cytokine-treated b-cells. Transcription factors are highlighted in
circle, thin arrows represents positive (inducing) effects, while bold T-
shaped lines represent inhibitory effects. Upon IL-1b+IFN-c exposure, C/
EBPd is up-regulated downstream of the transcription factors NF-kB and
STAT1. Once synthesized, it inhibits CHOP and BIM expression,
hampering cytokine-induced caspase 9 and 3 cleavage and apoptosis.
C/EBPd also exerts a positive role on cytokine-induced IRF-1 expression,
which, via the induction of the regulator SOCS-1, down-regulates STAT1
activation and STAT1-driven chemokine production.
doi:10.1371/journal.pone.0031062.g008
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represent an alternative and ‘‘local’’ approach to protect b-cells
against the relentless destructive assault initiated by autoimmune

cells.

Materials and Methods

Culture of primary FACS-sorted rat b-cells, human islets
and INS-1E cells
Male Wistar rats (Charles River Laboratories, Brussels,

Belgium) were housed and used according to the guidelines of

the Belgian Regulations for Animal Care; all experiments

performed have been approved by the CEBEA Ethical Committee

(Commission d’Ethique du Bien-Etre Animal, Universite Libre de

Bruxelles, Permit Number LA 1230351, valid until 2014). For islet

isolation, pancreases were digested by collagenase and islets were

hand picked under a stereomicroscope. B-cells were purified by

autofluorescence-activated cell sorting (FACSAria, BD Bioscience,

San Jose, CA, USA) [83]. The preparations contained 9562% b-
cells (n=9). b-cells were cultured for 2 days in Ham’s F-10

medium containing 10 mM glucose, 2 mM glutaMAX, 50 mM 3-

isobutyl-1-methylxanthine, 5% FBS, 0.5% charcoal-absorbed BSA

(Boehringer, Indianapolis, IN, USA), 50 U/ml penicillin and

50 mg/ml streptomycin [83]. During cytokine exposure, cells were

cultured in the same medium but without serum.

Human islets were isolated from 10 non-diabetic organ donors

(age 6564 years; body mass index 26.161 kg/m2) in Pisa, Italy,

with the approval of the Ethics Committee of the University of

Pisa. A written consent was obtained from each organ donor for

the use of the pancreas for research purposes. Islets were isolated

by enzymatic digestion, density-gradient purification [84], and

cultured in M199 medium containing 5.5 mM glucose. The

human islets were shipped to Brussels within 1–5 days of isolation.

After overnight recovery in Ham’s F-10 containing 6.1 mM

glucose, 10% FBS, 2 mM GlutaMAX, 50 mM 3-isobutyl-1-

methylxanthine, 1% BSA, 50 U/ml penicillin and 50 mg/ml

streptomycin, islets were dispersed for viability assays or exposed

to cytokines in the same medium without FBS for 24 h. The

percentage of b-cells, examined in the 10 dispersed islet

preparations by staining with anti-insulin antibody (1:1000, Sigma,

Bornem, Belgium) and donkey anti-mouse IgG rhodamine (1:200,

Lucron Bioproducts, De Pinte, Belgium), was 6365%; only

preparations containing .40% b-cells were used in the experi-

ments.

The rat insulin-producing INS-1E cell line (a kind gift from Dr.

C. Wollheim, Centre Medical Universitaire, Geneva, Switzerland)

was cultured as previously described [85] and used between

passages 52 and 72.

RNA interference
The following: siRNAs were used (sequence 59-39): BLOCK-iT

StealthTM Select siRNA (Invitrogen, Paisley, UK) for rat siC/

EBPd #2 CCGACCUCUUCAACAGCAAUCACAA, human

siC/EBPd #1 ACAGCCUGGACUUACCACCACUAAA, hu-

man siC/EBPd#2 GCCUCCGGCAGUUCUUCAAGCAGCU,

human siC/EBPd #3 CGAGAGAAGCUAAACGUGUUUAU-

UU, rat siSTAT1 CCCUAGAAGACUUACAAGAUGAAUA,

rat siBIM CGAGGAGGGCGUUUGCAAACGAUUA; ON-

TARGETplus SMARTpoolH (Thermo Scientific, Chicago, IL,

USA) for rat siC/EBPd #1 Seq. #1 CGCAGACAGUGGU-

GAGCUU Seq. #2 CGACUUCAGCGCCUACAUU Seq. #3

GAUCUUCGCCGACCUCUUC Seq. #4 CCACGACCCCU-

GCCAUGUA and rat siCHOP Seq. #1 GGAAGAACUAG-

GAAACGGA Seq. #2 GGGCUCUGAUCGACCGCAU Seq.

#3 CUGAAGAGAACGAGCGGCU Seq. #4 ACGAGGA-

AAUCGAGCGCCU; Silencer Select Pre-designed siRNA for

rat siC/EBPb #1 CUAUUUCUAUGAGAAAAGAtt, rat siC/

EBPb #2 GCAUUAAAGUGAAGACAUUtt. Allstars Negative

Control siRNA was used for control-transfected conditions

(Qiagen, Venlo, The Netherlands, sequence not provided). The

concentration of siRNA used for cell transfection (30 nM) was

selected based on previous dose-response studies [78,86]; neither

transfection nor the control siRNA affect b-cell viability, function

or gene expression as compared to non-transfected b-cells

[16,17,78]. In co-transfection experiments 30 nM of each active

siRNA was used while 60 nM siCtrl siRNA was transfected in the

control condition. Lipofectamine RNAiMAX lipid reagent

(Invitrogen) was used for siRNA transfection, following the

previously described protocol [78]. After transfection, cells were

cultured for a 48 h recovery period and subsequently exposed to

cytokines.

Cell treatment and NO measurement
The following cytokine concentrations were used, based on

previous dose-response experiments [8,85,87]: recombinant hu-

man IL-1b (specific activity 1.86107 units/mg; a gift from C.W.

Reinolds, National Cancer Institute, Bethesda, MD) at 10 units/

ml (for rat cells) or 50 units/ml (for human cells); recombinant

murine TNF-a (specific activity: 26108 units/mg; Innogenetics,

Gent, Belgium) at 1,000 units/ml; and recombinant rat or human

IFN-c (specific activity: 26107 units/mg; R&D Systems, Abing-

don, U.K.) at 100 and 1,000 units/ml for rat cells and human islets

respectively. Culture supernatants were collected for nitrite

determination (nitrite is a stable product of NO oxidation) at

OD540 nm using the Griess method.

Evaluation of intracellular ROS/RNS content
Cells were transfected with siCtrl, siC/EBPd #1 or siC/EBPd

#2 and left untreated or treated as described above for 2–24 h

with IL-1b+IFN-c. Cells were then lysed in PBS by freeze/thaw

cycles followed by sonication. Cell lysates were centrifuged to

discard cellular debris and lysates were quantified using the

Bradfod method. Intracellular ROS/RNS content was then

evaluated in an equivalent amount of cell extract for each

condition using the OxiSelect in vitro ROS/RNS assay kit (Green

Fluorescence - Cell Biolabs, San Diego, CA, USA).

Western blots
Cells were washed, lysed, extracts were resolved by 10–14%

SDS-PAGE and transferred to a nitrocellulose membrane as

described [78]. The antibodies used were: anti-C/EBPd (sc-636),

anti-STAT1 (sc-346), anti-CHOP (GADD153 – sc-575) and anti-

IRF-1 (sc-640) from Santa Cruz Biotechnology (Santa Cruz, CA,

USA); anti-phospho-STAT1 (Y701 - #9171), anti-BIM (#2819),

anti-HSP60 (#4870), anti-cleaved caspase 3 (#9661) and anti-

cleaved caspase 9 (#9507) from Cell Signalling (Danvers, MA,

USA); anti ClpP (15698-1-AP) and anti-LONP1 (15440-1-AP)

from Proteintech (Manchester; UK); anti-a-tubulin (T9026) from

Sigma (Bornem, Belgium). HRP-conjugated anti-rabbit or anti-

mouse IgG (Lucron Bioproducts, De Pinte, Belgium) were used as

secondary antibodies. Immunoreactive bands were revealed using

the SuperSignal West Femto chemiluminescent substrate (Thermo

Scientific), detected using a LAS-3000 CCD camera and

quantified with the Aida Analysis software (Fujifilm).

mRNA extraction and real time PCR
Poly(A)+ mRNA was isolated from INS-1E cells or rat primary

b-cells using the Dynabeads mRNA DIRECTTM kit (Invitrogen),
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and reverse transcribed as previously described [83]. The real time

PCR amplification reaction was done as described [83], using

SYBR Green and compared to a standard curve. Expression

values were corrected for the housekeeping genes glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) and b-actin for rat and

human assays respectively; we have previously shown that

cytokines do not modify GAPDH and b-actin expressions in these

species [78]. The primers used in this study are listed in Table S1.

Assessment of apoptosis and viability
The percentage of viable, apoptotic and necrotic cells was

determined after staining with the DNA-binding dyes Propi-

dium Iodide (PI, 5 mg/ml, Sigma) and Hoechst 33342 (HO,

5 mg/ml, Sigma) [83]. This method is quantitative, and has

been validated by systematic comparison against electron

microscopy [88] and several other well-characterized methods,

including fluorometric caspase 3 & 7 assays and determination

of histone-complexed DNA fragments by ELISA [24,25,89–91].

A minimum of 500 cells was counted in each experimental

condition. Viability was evaluated by two independent observ-

ers, one of them being unaware of sample identity. The

agreement between findings obtained by the two observers was

.90%. Results are expressed as percent apoptosis, calculated as

(number of apoptotic cells/total number of cells)6100. Apop-

tosis was confirmed in some experiments by the Cell Death

Detection ELISAplus kit (Roche Diagnostics, Vilvoorde, Bel-

gium), which detects cytoplasmic fragmented DNA. For some

key experiments, cellular viability after cytokine treatment was

assessed using the Neutral Red-based in vitro toxicology assay kit

(Sigma) as follows: neutral red (final concentration 33%) was

added to the culture medium for 2 h before the end of cytokine

treatment. The culture medium was then removed and cells

were washed once with the fixative solution to discard detached

cells and remove unincorporated neutral red. The neutral red

incorporated into living cells was then eluted using the

solubilisation solution. ODs were read at 540 nm; the

magnitude of the OD540 nm is directly proportional to the

number of remaining living cells for each condition.

Luciferase reporter assay and immunofluorescence
INS-1E cells were transfected as previously described [49]

with pRL-CMV encoding Renilla luciferase (Promega) and

either a luciferase promoter-reporter construct containing 3

GAS consensus sequences (STAT1 reporter) or 5 NF-kB
consensus binding sites (NF-kB reporter) or the fragment

(22545/+2658) from the rat BIM promoter (BIM promoter

experiments – a kind gift of Pr. M. Li, Sun Yat-sen University,

China) [47]. Luciferase activities were assayed after 16–24 h of

cytokine treatment [49].

For immunofluorescence studies, INS-1E cells were seeded

onto polylysine-coated glass coverslips and treated as indicated.

Cells were washed with cold PBS, fixed for 10 min in 4%

paraformeldehyde and permeabilized for 5 min in PBS contain-

ing 0.1% Triton X-100 (PBST). Following a 1 h blocking with

5% normal goat serum (NGS) in PBST, cells were incubated

overnight with the following primary antibodies diluted at 1/

1000 in PBST 5% NGS: anti-Bax (sc-493, Santa Cruz

Biotechnology), anti-AIF (#4642, Cell Signaling), anti-ATP

synthase b (A9728, Sigma) or mouse anti-cytochrome c (#

556432, BD Pharmingen, San Jose, CA, USA). Cells were

washed three times with PBS and DyLight488-conjugated donkey

anti-mouse and DyLight549-conjugated donkey anti-rabbit anti-

bodies (Lucron Bioproducts) were applied for 2 h at 1:1000 in

PBST. After 2 washes with PBST, nuclei were counterstained

with Hoechst 33342 (HO) for 5 min, and washed 3 times with

PBS. Coverslips were mounted in 50% glycerol, and immuno-

fluorescence was visualized on a Zeiss Axiovert 200 microscope

(Oberkochen, Germany).

Glucose oxidation assay
D-[U-14C] glucose (specific activity: 300 mCi/mmol, concen-

tration: 1 mCi/ml, Perkin Elmer, Waltham, MA) was used to

evaluate glucose oxidation in untreated and IL-1b+IFN-c-treated
siCtrl- or siC/EBPd-transfected cells. Cells were trypsinized and

resuspended in KRBH solution without glucose at 56106 living

cells/ml. 20 ml of the cell suspension (1.105 cells) was transferred to

glass vials containing 20 ml KRBH buffer supplemented with

0.19 mCi of D-[U-14C] glucose and non-radioactive glucose to a

final concentration of 1.67, 10 or 16.7 mM of glucose. The vials

were inserted into 20 ml glass scintillation flasks, gassed with 95%

CO2 and 5% O2, airtight sealed with rubber membranes and

shaken continuously for 2 h at 37uC. After incubation, 0.02 ml of

metabolic poison (400 mM citrate buffer - pH 4.9, 3 mM KCN,

10 mM Antimycin A, 20 mM Rotenone; pH 7.4) was injected

through the rubber cap into the vials containing the cells and

0.2 ml hyamine hydroxide was injected outside of the vials to

absorb the released CO2. Following 1 h incubation at 37uC, the

vials were removed and scintillation fluid (6 ml) was added to the

hyamine. After 14 h at 4uC, the radioactivity was measured in a

TriCarb 2100TR Liquid scintillation analyzer (Perkin Elmer,

Waltham, MA). The rate of glucose oxidation was expressed as

mmol/120 min.1000 cells.

Infection with recombinant adenoviruses
Cells were infected either with Ad-Luc (luciferase-expressing

adenovirus) or Ad-srIkB (a virus expressing an NF-kB super-

repressor IkBa protein) [40]. Cells were infected for 2 h at 37uC

with a multiplicity of infection (MOI) of 10. The MOI was selected

based on lowest toxicity by viral infection combined with highest

blockade of NF-kB activation. After infection (24 h), cells were

treated with cytokines. We have previously shown that infection of

b-cells with Ad-srIkB at the MOI used in the present study does

not change its function or viability [40].

Overexpression of rat C/EBPd
The expression vectors pCMV-Ctrl [16] and pCMV-C/EBPd

(TrueORF cDNA Clones - OriGene, Rockville, MD, USA) were

transfected in INS-1E cells using Lipofectamine 2000 (Invitrogen)

as previously described [49]. After overnight incubation, the

medium was changed and cells were exposed to cytokines as

indicated.

Evaluation of chemokine accumulation in the medium by
ELISAs
Cells were transfected with siCtrl, siC/EBPd #1 or siC/EBPd

#2 and subsequently left untreated or treated with IL-1b+IFN-c
as described above. Supernatants were collected after 2, 4, 8, 16 &

24 h of treatment for determination of CXCL1 and CXCL9

chemokines secretion using the commercially available ELISA kits

for rat CXCL1 (R&D Systems) and rat CXCL9 (Uscn Life

Science, Wuhan, China).

Statistical analysis
Data are presented as mean 6 SEM. Comparisons were

performed by two-tailed paired Student’s t-test or by ANOVA

followed by Student’s t test with Bonferroni correction as

indicated. A p value,0.05 was considered statistically significant.
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Supporting Information

Figure S1 IL-1b and IFN-c up-regulate C/EBPd expres-

sion in INS-1E cells and primary FACS-sorted rat b-cells.

(A) INS-1E cells were left untreated or treated for 8 h with either

IL-1b, IFN-c, TNF-a, IL-1b+IFN-c or TNF-a+IFN-c. The figure

represents mean optical density measurements of C/EBPd

Western blots corrected for a-tubulin (representative figure in

Figure 1C). (B) Primary purified rat b-cells were left untreated or

treated with the combination of TNF-a+IFN-c for 24 h; C/EBPd

mRNA expression was assayed by RT-PCR and normalized for

the housekeeping gene GAPDH. (C) INS-1E cells were infected

with Ad-Luc or Ad-srIkB and subsequently treated with cytokines

as indicated. (D) INS-1E cells were transfected with siCtrl (white

dots) or siSTAT1 (black triangles) and subsequently left untreated,

or treated with IL-1b+IFN-c for 12- or 24 h as indicated. (C–D)

C/EBPd mRNA expression were assayed by RT-PCR and

normalized for the housekeeping gene GAPDH. Results are mean

6 SEM of 4–5 independent experiments; *: p,0.05, **: p,0.01

and ***: p,0.001 vs untreated (transfected with the same siRNA);

1: p,0.05 and 11: p,0.01 vs siCtrl treated with cytokines at the

same time point; ANOVA followed by Student’s t test with

Bonferroni correction.

(TIF)

Figure S2 C/EBPd-silencing neither exacerbates IL-1b-

or IFN-c-induced apoptosis nor aggravates cytokine-

induced inhibition of glucose oxidation in INS-1E cells.

(A–E) INS-1E cells were transfected with either siCtrl (white dots/

bars), siC/EBPd #1 (black triangles/bars) or siC/EBPd #2 (grey

squares/bars) and subsequently left untreated, or treated with

either IL-1b, IFN-c, TNF-a, IL-1b+IFN-c or TNF-a+IFN-c for

the indicated time point. (A–B) Apoptosis was assessed by HO/PI

staining after 24 h; (C) Cell viability was evaluated using the

neutral red-based toxicology kit. (D) Nitrite production was

evaluated as described in Materials & Methods; (E) ROS and

RNS content was evaluated as described in Materials & Methods.

(F) HeLa cells were transfected with siCtrl or 3 siRNAs targeting

human C/EBPd (#1, #2 & #3) and subsequently left untreated

or treated with IL-1b+IFN-c for 8 h. C/EBPd and a-tubulin

expressions were evaluated by Western blot. (G–H) INS-1E cells

were transfected with rat siC/EBPd #1 and subsequently treated

with IL-1b+IFN-c for 16 h. Cells were fixed and processed for

immunofluorescence as described in Methods; A: apoptotic cell, L:

living cell. The figure is representative of 5 independent

experiments. (I–J) Mean optical density measurements of cleaved

caspase 3 & 9 Western blots corrected for a-tubulin (representative

figure in Figure 2I). (K) Glucose oxidation assay was performed as

described in Materials & Methods. Results are mean 6 SEM

of 4–5 independent experiments; *: p,0.05, **: p,0.01 and

***: p,0.001 vs untreated transfected with the same siRNA;

1: p,0.05, 11: p,0.01 and 111: p,0.001 vs siCtrl treated with

cytokines at the same time point; ANOVA followed by Student’s t

test with Bonferroni correction.

(TIF)

Figure S3 C/EBPb silencing doesn’t affect IL-1b+IFN-c-

induced apoptosis and nitrite production in INS-1E

cells. (A) INS-1E cells were left untreated or treated with the

combination of IL-1b+IFN-c for 12 or 24 h as indicated and C/

EBPbmRNA expression was assayed by RT-PCR and normalized

for the housekeeping gene GAPDH. (B–D) INS-1E cells were

transfected with siCtrl (white bars), siC/EBPb #1 (black bars) or

siC/EBPb #2 (grey bars) and subsequently left untreated, or

treated with IL-1b+IFN-c for 24 h as indicated. (B) C/EBPb

mRNA expression was assayed by RT-PCR and normalized

for the housekeeping gene GAPDH. (C) Apoptosis was assessed

by HO/PI staining. (D) Nitrite production was evaluated as

described in Materials & Methods. Results are mean 6 SEM of 4

independent experiments; *: p,0.05, **: p,0.01 and ***: p,0.001

vs untreated transfected with the same siRNA; 1: p,0.05 and

11: p,0.01 vs siCtrl treated with cytokines at the same time point;

ANOVA followed by Student’s t test with Bonferroni correction.

(TIF)

Figure S4 Expressions of XBP-1s, BIP and the UPRmt

markers are unaffected by C/EBPd silencing in INS-1E

cells. (A–C) INS-1E cells were transfected with siCtrl (white dots),

siC/EBPd#1 (black triangles) or siC/EBPd #2 (grey squares) and

subsequently left untreated, or treated with IL-1b+IFN-c for the

indicated time points. (A–B) XBP-1s and BIP mRNA expression

were assayed by RT-PCR and normalized for the housekeeping

gene GAPDH. (C) The UPRmt markers LONP1, HSP60, ClpP

and a-tubulin expressions were evaluated by Western blot; the

figure shown is representative of 3 independent experiments.

Results in Figs. 4A & 4B are mean 6 SEM of 4 independent

experiments; **: p,0.01 and ***: p,0.001 vs untreated transfected

with the same siRNA; ANOVA followed by Student’s t test with

Bonferroni correction.

(TIF)

Figure S5 C/EBPd knockdown doesn’t affect cytokine-

induced up-regulation of DP5, PUMA and Bcl-XL in INS-

1E cells. (A–C) INS-1E cells were transfected with siCtrl (white

dots), siC/EBPd #1 (black triangles) or siC/EBPd #2 (grey

squares) and subsequently left untreated or treated with IL-

1b+IFN-c for the indicated time points. DP5, PUMA and Bcl-XL

expressions were assayed by RT-PCR and normalized for the

housekeeping gene GAPDH. (D–E) INS-1E cells were left

untransfected (grey dots) or transfected with siCtrl (white dots)

and subsequently left untreated or treated with IL-1b+IFN-c for

the indicated time points. (D) BIM and a-tubulin expression were

evaluated by Western blot. (E) Mean optical density measurements

of BIMWestern blots corrected for a-tubulin (representative figure

in E). Results are mean 6 SEM of 4–5 independent experiments;

*: p,0.05, **: p,0.01 and ***: p,0.001 vs untreated untrans-

fected or transfected with the same siRNA; ANOVA followed by

Student’s t test with Bonferroni correction.

(TIF)

Figure S6 C/EBPd silencing decreases the activation of

an NF-kB luciferase reporter. INS-1E cells were transfected

with siCtrl (white bars), siC/EBPd #1 (black bars) or siC/EBPd

#2 (grey bars). After 24 h, cells were transfected with a NF-kB

luciferase reporter+pRL-CMV and subsequently left untreated or

exposed to IL-1b+IFN-c for 16 h as indicated. Results are mean

Relative Luciferase Unit (R.L.U.) 6 SEM of 5 independent

experiments; ***: p,0.001 vs untreated transfected with the same

siRNA; 11: p,0.01 and 111: p,0.001 vs siCtrl treated with

cytokines at the same time point; ANOVA followed by Student’s t

test with Bonferroni correction.

(TIF)

Table S1 List of primers used for real time PCR.

(TIF)

Acknowledgments

We thank G. Vandenbroeck, R. Makhnas, A. M. Musuaya, S. Mertens,

M. A. Neef, M. Urbain and M. Pangerl from the Laboratory of

Experimental Medicine, ULB, for excellent technical support.

C/EBPd Regulates Cytokine-Induced b-Cell Death

PLoS ONE | www.plosone.org 14 February 2012 | Volume 7 | Issue 2 | e31062



Author Contributions

Conceived and designed the experiments: FM DLE. Performed the

experiments: FM IS TCN. Analyzed the data: FM IS DLE. Contributed

reagents/materials/analysis tools: ENG LM PM. Wrote the paper: FM

DLE.

References

1. Eizirik DL, Colli ML, Ortis F (2009) The role of inflammation in insulitis and b-
cell loss in type 1 diabetes. Nat Rev Endocrinol 5: 219–226.

2. Gepts W (1965) Pathologic anatomy of the pancreas in juvenile diabetes mellitus.

Diabetes 14: 619–633.

3. Pociot F, Akolkar B, Concannon P, Erlich HA, Julier C, et al. (2010) Genetics of

type 1 diabetes: what’s next? Diabetes 59: 1561–1571.

4. Todd JA, Walker NM, Cooper JD, Smyth DJ, Downes K, et al. (2007) Robust

associations of four new chromosome regions from genome-wide analyses of type
1 diabetes. Nat Genet 39: 857–864.

5. Filippi CM, von Herrath MG (2008) Viral trigger for type 1 diabetes: pros and

cons. Diabetes 57: 2863–2871.

6. Peng H, Hagopian W (2006) Environmental factors in the development of Type

1 diabetes. Rev Endocr Metab Disord 7: 149–162.

7. In’t Veld P (2011) Insulitis in human type 1 diabetes: The quest for an elusive

lesion. Islets 3: 131–138.

8. Eizirik DL, Mandrup-Poulsen T (2001) A choice of death - the signal-
transduction of immune-mediated b-cell apoptosis. Diabetologia 44: 2115–2133.

9. Eizirik DL, Moore F, Flamez D, Ortis F (2008) Use of a systems biology

approach to understand pancreatic b-cell death in Type 1 diabetes. Biochem Soc
Trans 36: 321–327.

10. Skyler JS, Ricordi C (2011) Stopping type 1 diabetes: attempts to prevent or cure

type 1 diabetes in man. Diabetes 60: 1–8.

11. Waldron-Lynch F, Herold KC (2011) Immunomodulatory therapy to preserve

pancreatic b-cell function in type 1 diabetes. Nat Rev Drug Discov 10: 439–452.

12. Gysemans C, Callewaert H, Overbergh L, Mathieu C (2008) Cytokine signalling
in the b-cell: a dual role for IFN-c. Biochem Soc Trans 36: 328–333.

13. Ortis F, Naamane N, Flamez D, Ladriere L, Moore F, et al. (2010) Cytokines

interleukin-1b and tumor necrosis factor-a regulate different transcriptional and
alternative splicing networks in primary b-cells. Diabetes 59: 358–374.

14. Thomas HE, McKenzie MD, Angstetra E, Campbell PD, Kay TW (2009) b-cell
apoptosis in diabetes. Apoptosis 14: 1389–1404.

15. Cardozo AK, Heimberg H, Heremans Y, Leeman R, Kutlu B, et al. (2001) A

comprehensive analysis of cytokine-induced and nuclear factor-kB-dependent
genes in primary rat pancreatic b-cells. J Biol Chem 276: 48879–48886.

16. Moore F, Naamane N, Colli ML, Bouckenooghe T, Ortis F, et al. (2011) STAT1

is a master regulator of pancreatic b-cell apoptosis and islet inflammation. J Biol

Chem 286: 929–941.

17. Allagnat F, Christulia F, Ortis F, Pirot P, Lortz S, et al. (2010) Sustained

production of spliced X-box binding protein 1 (XBP1) induces pancreatic b-cell
dysfunction and apoptosis. Diabetologia 53: 1120–1130.

18. Fonseca SG, Gromada J, Urano F (2011) Endoplasmic reticulum stress and

pancreatic b-cell death. Trends Endocrinol Metab 22: 266–274.

19. Pirot P, Ortis F, Cnop M, Ma Y, Hendershot LM, et al. (2007) Transcriptional
regulation of the endoplasmic reticulum stress gene chop in pancreatic insulin-

producing cells. Diabetes 56: 1069–1077.

20. Cardozo AK, Proost P, Gysemans C, Chen MC, Mathieu C, et al. (2003) IL-1b
and IFN-c induce the expression of diverse chemokines and IL-15 in human and

rat pancreatic islet cells, and in islets from pre-diabetic NOD mice. Diabetologia

46: 255–266.

21. Martin AP, Rankin S, Pitchford S, Charo IF, Furtado GC, et al. (2008)

Increased expression of CCL2 in insulin-producing cells of transgenic mice

promotes mobilization of myeloid cells from the bone marrow, marked insulitis,

and diabetes. Diabetes 57: 3025–3033.

22. Roep BO, Kleijwegt FS, van Halteren AG, Bonato V, Boggi U, et al. (2010) Islet

inflammation and CXCL10 in recent-onset type 1 diabetes. Clin Exp Immunol

159: 338–343.

23. Gurzov EN, Eizirik DL (2011) Bcl-2 proteins in diabetes: mitochondrial

pathways of b-cell death and dysfunction. Trends Cell Biol 21: 424–431.

24. Gurzov EN, Ortis F, Cunha DA, Gosset G, Li M, et al. (2009) Signaling by IL-
1b+IFN-c and ER stress converge on DP5/Hrk activation: a novel mechanism

for pancreatic b-cell apoptosis. Cell Death Differ 16: 1539–1550.

25. Gurzov EN, Germano CM, Cunha DA, Ortis F, Vanderwinden JM, et al. (2010)
p53 up-regulated modulator of apoptosis (PUMA) activation contributes to

pancreatic b-cell apoptosis induced by proinflammatory cytokines and

endoplasmic reticulum stress. J Biol Chem 285: 19910–19920.

26. Barthson J, Germano CM, Moore F, Maida A, Drucker DJ, et al. (2011)

Cytokines Tumor Necrosis Factor-a and Interferon-c Induce Pancreatic b-Cell
Apoptosis through STAT1-mediated Bim Protein Activation. J Biol Chem 286:
39632–39643.

27. McKenzie MD, Jamieson E, Jansen ES, Scott CL, Huang DC, et al. (2010)

Glucose induces pancreatic islet cell apoptosis that requires the BH3-only
proteins Bim and Puma and multi-BH domain protein Bax. Diabetes 59:

644–652.

28. Ramji DP, Foka P (2002) CCAAT/enhancer-binding proteins: structure,
function and regulation. Biochem J 365: 561–575.

29. Lekstrom-Himes J, Xanthopoulos KG (1998) Biological role of the CCAAT/

enhancer-binding protein family of transcription factors. J Biol Chem 273:

28545–28548.

30. Luedde T, Duderstadt M, Streetz KL, Tacke F, Kubicka S, et al. (2004) C/

EBPb isoforms LIP and LAP modulate progression of the cell cycle in the

regenerating mouse liver. Hepatology 40: 356–365.

31. Kinoshita S, Akira S, Kishimoto T (1992) A member of the C/EBP family, NF-

IL6 beta, forms a heterodimer and transcriptionally synergizes with NF-IL6.

Proc Natl Acad Sci U S A 89: 1473–1476.

32. Nagulapalli S, Pongubala JM, Atchison ML (1995) Multiple proteins physically

interact with PU.1. Transcriptional synergy with NF-IL6 beta (C/EBP delta,

CRP3). J Immunol 155: 4330–4338.

33. Ray A, Hannink M, Ray BK (1995) Concerted participation of NF-kB and C/

EBP heteromer in lipopolysaccharide induction of serum amyloid A gene

expression in liver. J Biol Chem 270: 7365–7374.

34. Ruocco MR, Chen X, Ambrosino C, Dragonetti E, Liu W, et al. (1996)

Regulation of HIV-1 long terminal repeats by interaction of C/EBP(NF-IL6)

and NF-kB/Rel transcription factors. J Biol Chem 271: 22479–22486.

35. Tanaka T, Yoshida N, Kishimoto T, Akira S (1997) Defective adipocyte

differentiation in mice lacking the C/EBPb and/or C/EBPd gene. EMBO J 16:

7432–7443.

36. Sterneck E, Paylor R, Jackson-Lewis V, Libbey M, Przedborski S, et al. (1998)

Selectively enhanced contextual fear conditioning in mice lacking the

transcriptional regulator CCAAT/enhancer binding protein delta. Proc Natl

Acad Sci U S A 95: 10908–10913.

37. Gigliotti AP, Johnson PF, Sterneck E, DeWille JW (2003) Nulliparous CCAAT/

enhancer binding protein delta (C/EBPd) knockout mice exhibit mammary

gland ductal hyperlasia. Exp Biol Med (Maywood) 228: 278–285.

38. O’Rourke JP, Newbound GC, Hutt JA, DeWille J (1999) CCAAT/enhancer-

binding protein delta regulates mammary epithelial cell G0 growth arrest and

apoptosis. J Biol Chem 274: 16582–16589.

39. Lu YC, Kim I, Lye E, Shen F, Suzuki N, et al. (2009) Differential role for c-Rel

and C/EBPb/d in TLR-mediated induction of proinflammatory cytokines.

J Immunol 182: 7212–7221.

40. Heimberg H, Heremans Y, Jobin C, Leemans R, Cardozo AK, et al. (2001)

Inhibition of cytokine-induced NF-kB activation by adenovirus-mediated

expression of a NF-kB super-repressor prevents b-cell apoptosis. Diabetes 50:

2219–2224.

41. Matsuda T, Kido Y, Asahara S, Kaisho T, Tanaka T, et al. (2010) Ablation of

C/EBPb alleviates ER stress and pancreatic b-cell failure through the GRP78

chaperone in mice. J Clin Invest 120: 115–126.

42. Eizirik DL, Cardozo AK, Cnop M (2008) The role for endoplasmic reticulum

stress in diabetes mellitus. Endocr Rev 29: 42–61.

43. Tanabe A, Kumahara C, Osada S, Nishihara T, Imagawa M (2000) Gene

expression of CCAAT/enhancer-binding protein delta mediated by autoregu-

lation is repressed by related gene family proteins. Biol Pharm Bull 23:

1424–1429.

44. Haynes CM, Ron D (2010) The mitochondrial UPR - protecting organelle

protein homeostasis. J Cell Sci 123: 3849–3855.

45. Puthalakath H, O’Reilly LA, Gunn P, Lee L, Kelly PN, et al. (2007) ER stress

triggers apoptosis by activating BH3-only protein Bim. Cell 129: 1337–1349.

46. Santin I, Moore F, Colli ML, Gurzov EN, Marselli L, et al. (2011) PTPN2, a

Candidate Gene for Type 1 Diabetes, Modulates Pancreatic b-cell Apoptosis via
Regulation of the BH3-Only Protein Bim. Diabetes.

47. Xie B, Wang C, Zheng Z, Song B, Ma C, et al. (2011) Egr-1 transactivates Bim

gene expression to promote neuronal apoptosis. J Neurosci 31: 5032–5044.

48. Litvak V, Ramsey SA, Rust AG, Zak DE, Kennedy KA, et al. (2009) Function of

C/EBPd in a regulatory circuit that discriminates between transient and

persistent TLR4-induced signals. Nat Immunol 10: 437–443.

49. Ortis F, Pirot P, Naamane N, Kreins AY, Rasschaert J, et al. (2008) Induction of

nuclear factor-kB and its downstream genes by TNF-a and IL-1b has a pro-

apoptotic role in pancreatic b-cells. Diabetologia 51: 1213–1225.

50. Yamada T, Tsuchiya T, Osada S, Nishihara T, Imagawa M (1998) CCAAT/

enhancer-binding protein delta gene expression is mediated by autoregulation

through downstream binding sites. Biochem Biophys Res Commun 242:

88–92.

51. Fujitani Y, Ueno T, Watada H (2010) Autophagy in health and disease. 4. The

role of pancreatic b-cell autophagy in health and diabetes. Am J Physiol Cell

Physiol 299: C1–C6.

52. Hartley T, Brumell J, Volchuk A (2009) Emerging roles for the ubiquitin-

proteasome system and autophagy in pancreatic b-cells. Am J Physiol

Endocrinol Metab 296: E1–10.

53. Agrawal S, Hofmann WK, Tidow N, Ehrich M, van den BD, et al. (2007) The

C/EBPd tumor suppressor is silenced by hypermethylation in acute myeloid

leukemia. Blood 109: 3895–3905.

C/EBPd Regulates Cytokine-Induced b-Cell Death

PLoS ONE | www.plosone.org 15 February 2012 | Volume 7 | Issue 2 | e31062



54. Ko CY, Hsu HC, Shen MR, Chang WC, Wang JM (2008) Epigenetic silencing
of CCAAT/enhancer-binding protein delta activity by YY1/polycomb group/
DNA methyltransferase complex. J Biol Chem 283: 30919–30932.

55. Tang D, Sivko GS, DeWille JW (2006) Promoter methylation reduces C/EBPd
(CEBPD) gene expression in the SUM-52PE human breast cancer cell line and
in primary breast tumors. Breast Cancer Res Treat 95: 161–170.

56. Pawar SA, Sarkar TR, Balamurugan K, Sharan S, Wang J, et al. (2010) C/
EBPd targets cyclin D1 for proteasome-mediated degradation via induction of
CDC27/APC3 expression. Proc Natl Acad Sci U S A 107: 9210–9215.

57. Yang G, Gregory CW, Shang Q, O’Brien DA, Zhang YL (2001) Differential
expression of CCAAT/enhancer-binding protein-delta (c/EBPd) in rat andro-
gen-dependent tissues and human prostate cancer. J Androl 22: 471–480.

58. Meir O, Dvash E, Werman A, Rubinstein M (2010) C/EBPb regulates
endoplasmic reticulum stress-triggered cell death in mouse and human models.
PLoS One 5: e9516-.

59. Plaisance V, Perret V, Favre D, Abderrahmani A, Yang JY, et al. (2009) Role of
the transcriptional factor C/EBPb in free fatty acid-elicited b-cell failure. Mol
Cell Endocrinol 305: 47–55.

60. Wang K, Brems JJ, Gamelli RL, Holterman AX (2011) C/EBPa and C/EBPb
binding proteins modulate hepatocyte apoptosis through iNOS signaling
pathway. Biochim Biophys Acta 1813: 1395–1403.

61. McCullough KD, Martindale JL, Klotz LO, Aw TY, Holbrook NJ (2001)
Gadd153 sensitizes cells to endoplasmic reticulum stress by down-regulating
Bcl2 and perturbing the cellular redox state. Mol Cell Biol 21: 1249–1259.

62. Oyadomari S, Mori M (2004) Roles of CHOP/GADD153 in endoplasmic
reticulum stress. Cell Death Differ 11: 381–389.

63. Sylvester SL, ap Rhys CM, Luethy-Martindale JD, Holbrook NJ (1994)
Induction of GADD153, a CCAAT/enhancer-binding protein (C/EBP)-related
gene, during the acute phase response in rats. Evidence for the involvement of
C/EBPs in regulating its expression. J Biol Chem 269: 20119–20125.

64. Zinszner H, Kuroda M, Wang X, Batchvarova N, Lightfoot RT, et al. (1998)
CHOP is implicated in programmed cell death in response to impaired function
of the endoplasmic reticulum. Genes Dev 12: 982–995.

65. Ubeda M, Wang XZ, Zinszner H, Wu I, Habener JF, et al. (1996) Stress-
induced binding of the transcriptional factor CHOP to a novel DNA control
element. Mol Cell Biol 16: 1479–1489.

66. Marciniak SJ, Yun CY, Oyadomari S, Novoa I, Zhang Y, et al. (2004) CHOP
induces death by promoting protein synthesis and oxidation in the stressed
endoplasmic reticulum. Genes Dev 18: 3066–3077.

67. Colli ML, Nogueira TC, Allagnat F, Cunha DA, Gurzov EN, et al. (2011)
Exposure to the viral by-product dsRNA or Coxsackievirus B5 triggers
pancreatic b-cell apoptosis via a Bim/Mcl-1 imbalance. PLoS Pathog 7:
e1002267-.

68. Mehmeti I, Lenzen S, Lortz S (2011) Modulation of Bcl-2-related protein
expression in pancreatic beta cells by pro-inflammatory cytokines and its
dependence on the antioxidative defense status. Mol Cell Endocrinol 332:
88–96.

69. Gowda A, Roda J, Hussain SR, Ramanunni A, Joshi T, et al. (2008) IL-21
mediates apoptosis through up-regulation of the BH3 family member BIM and
enhances both direct and antibody-dependent cellular cytotoxicity in primary
chronic lymphocytic leukemia cells in vitro. Blood 111: 4723–4730.

70. Altman BJ, Wofford JA, Zhao Y, Coloff JL, Ferguson EC, et al. (2009)
Autophagy provides nutrients but can lead to Chop-dependent induction of Bim
to sensitize growth factor-deprived cells to apoptosis. Mol Biol Cell 20:
1180–1191.

71. Ordonez AN, Jessick VJ, Clayton CE, Ashley MD, Thompson SJ, et al. (2010)
Rapid ischemic tolerance induced by adenosine preconditioning results in Bcl-2
interacting mediator of cell death (Bim) degradation by the proteasome.
Int J Physiol Pathophysiol Pharmacol 2: 36–44.

72. Meller R, Cameron JA, Torrey DJ, Clayton CE, Ordonez AN, et al. (2006)
Rapid degradation of Bim by the ubiquitin-proteasome pathway mediates short-
term ischemic tolerance in cultured neurons. J Biol Chem 281: 7429–7436.

73. Wakeyama H, Akiyama T, Kadono Y, Nakamura M, Oshima Y, et al. (2007)
Posttranslational regulation of Bim by caspase-3. Ann N Y Acad Sci 1116:
271–80.

74. Ejarque-Ortiz A, Gresa-Arribas N, Straccia M, Mancera P, Sola C, et al. (2010)
CCAAT/enhancer binding protein delta in microglial activation. J Neurosci Res
88: 1113–1123.

75. Ramberg V, Tracy LM, Samuelsson M, Nilsson LN, Iverfeldt K (2011) The
CCAAT/enhancer binding protein (C/EBP) delta is differently regulated by
fibrillar and oligomeric forms of the Alzheimer amyloid-b peptide.
J Neuroinflammation 8: 34.

76. Liu L, Paul A, MacKenzie CJ, Bryant C, Graham A, et al. (2001) Nuclear factor
kappa B is involved in lipopolysaccharide-stimulated induction of interferon
regulatory factor-1 and GAS/GAF DNA-binding in human umbilical vein
endothelial cells. Br J Pharmacol 134: 1629–1638.

77. Hurgin V, Novick D, Rubinstein M (2002) The promoter of IL-18 binding
protein: activation by an IFN-c-induced complex of IFN regulatory factor 1 and
CCAAT/enhancer binding protein beta. Proc Natl Acad Sci U S A 99:
16957–16962.

78. Moore F, Colli ML, Cnop M, Esteve MI, Cardozo AK, et al. (2009) PTPN2, a
candidate gene for type 1 diabetes, modulates interferon-c-induced pancreatic b-
cell apoptosis. Diabetes 58: 1283–1291.

79. Gurzov EN, Ortis F, Bakiri L, Wagner EF, Eizirik DL (2008) JunB Inhibits ER
Stress and Apoptosis in Pancreatic b-cells. PLoS One 3: e3030-.

80. Grey ST, Arvelo MB, Hasenkamp W, Bach FH, Ferran C (1999) A20 inhibits
cytokine-induced apoptosis and nuclear factor-kB-dependent gene activation in
islets. J Exp Med 190: 1135–1146.

81. Karlsen AE, Heding PE, Frobose H, Ronn SG, Kruhoffer M, et al. (2004)
Suppressor of cytokine signalling (SOCS)-3 protects b-cells against IL-1b-
mediated toxicity through inhibition of multiple nuclear factor-kB-regulated
proapoptotic pathways. Diabetologia 47: 1998–2011.

82. Eizirik DL (1996) b-cell defence and repair mechanisms in human pancreatic
islets. Horm Metab Res 28: 302–305.

83. Rasschaert J, Ladriere L, Urbain M, Dogusan Z, Katabua B, et al. (2005) Toll-
like receptor 3 and STAT-1 contribute to double-stranded RNA+ interferon-c-
induced apoptosis in primary pancreatic b-cells. J Biol Chem 280: 33984–33991.

84. Lupi R, Dotta F, Marselli L, Del Guerra S, Masini M, et al. (2002) Prolonged
exposure to free fatty acids has cytostatic and pro-apoptotic effects on human
pancreatic islets: evidence that b-cell death is caspase mediated, partially
dependent on ceramide pathway, and Bcl-2 regulated. Diabetes 51: 1437–1442.

85. Ortis F, Cardozo AK, Crispim D, Storling J, Mandrup-Poulsen T, et al. (2006)
Cytokine-induced proapoptotic gene expression in insulin-producing cells is
related to rapid, sustained, and nonoscillatory nuclear factor-kB activation. Mol
Endocrinol 20: 1867–1879.

86. Moore F, Cunha DA, Mulder H, Eizirik DL (2012) Use of RNA interference to
investigate cytokine signal transduction in pancreatic b-cells. Methods Mol Biol
820: 179–194.

87. Kutlu B, Cardozo AK, Darville MI, Kruhoffer M, Magnusson N, et al. (2003)
Discovery of gene networks regulating cytokine-induced dysfunction and
apoptosis in insulin-producing INS-1 cells. Diabetes 52: 2701–2719.

88. Hoorens A, Van de CM, Kloppel G, Pipeleers D (1996) Glucose promotes
survival of rat pancreatic beta cells by activating synthesis of proteins which
suppress a constitutive apoptotic program. J Clin Invest 98: 1568–1574.

89. Allagnat F, Cunha D, Moore F, Vanderwinden JM, Eizirik DL, et al. (2011)
Mcl-1 downregulation by pro-inflammatory cytokines and palmitate is an early
event contributing to b-cell apoptosis. Cell Death Differ 18: 328–337.

90. Cunha DA, Hekerman P, Ladriere L, Bazarra-Castro A, Ortis F, et al. (2008)
Initiation and execution of lipotoxic ER stress in pancreatic b-cells. J Cell Sci
121: 2308–2318.

91. Kharroubi I, Ladriere L, Cardozo AK, Dogusan Z, Cnop M, et al. (2004) Free
fatty acids and cytokines induce pancreatic b-cell apoptosis by different
mechanisms: role of nuclear factor-kB and endoplasmic reticulum stress.
Endocrinology 145: 5087–5096.

C/EBPd Regulates Cytokine-Induced b-Cell Death

PLoS ONE | www.plosone.org 16 February 2012 | Volume 7 | Issue 2 | e31062


