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Abstract

Insulin biosynthesis is an essential β-cell function and inappropriate insulin secretion and 

biosynthesis contribute to the pathogenesis of diabetes mellitus type 2. Previous studies showed 

that the dual leucine zipper kinase (DLK) induces β-cell apoptosis. Since β-cell dysfunction 

precedes β-cell loss, in the present study the effect of DLK on insulin gene transcription was 

investigated in the HIT-T15 β-cell line. Downregulation of endogenous DLK increased whereas 

overexpression of DLK decreased human insulin gene transcription. 5′- and 3′-deletion human 

insulin promoter analyses resulted in the identification of a DLK responsive element that mapped 

to the DNA binding-site for the β-cell specific transcription factor MafA. Overexpression of DLK 

wild-type but not its kinase-dead mutant inhibited MafA transcriptional activity conferred by its 

transactivation domain. Furthermore, in the non-β-cell line JEG DLK inhibited MafA 

*Corresponding author at: Institute of Clinical Pharmacology and Toxicology, Cardiovascular Research Center, University Medical 
Center Hamburg-Eppendorf, Martinistr. 52, 20246 Hamburg, Germany. Tel.: +49 40 741057252; fax: +49 40 741055761. 
e.oetjen@uke.uni-hamburg.de (E. Oetjen). 

Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.cellsig.2014.04.006.

Contributors
MJS and CD performed the main part of the experiments, MJS helped writing the manuscript, SS performed the immunoblots with the 
overexpressed MafA mutant and insulin secretion assay, DK performed the immunoblots with overexpressed MafA mutant and helped 
writing the manuscript, RB performed the DLK-RNAi experiments, RS contributed the expression vectors for MafA wild type, MafA 
S65A, MafA265A, MafA RNAi and for the GAL4-MafA fusion proteins and commented on the manuscript, CP contributed the 
expression vectors for quail MafA wild-type, MafA S65A and MafA 4A (depicted in Fig. 5A and in Supplementary Fig. 2) and 
commented on the manuscript, and EO conceived the strategy and prepared the manuscript.

Disclosure
The authors state no actual or potential conflict of interest including any financial, personal or other relationships with other people or 
organizations. All authors have approved the final manuscript.

HHS Public Access
Author manuscript
Cell Signal. Author manuscript; available in PMC 2016 August 31.

Published in final edited form as:
Cell Signal. 2014 September ; 26(9): 1792–1799. doi:10.1016/j.cellsig.2014.04.006.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://dx.doi.org/10.1016/j.cellsig.2014.04.006


overexpression-induced human insulin promoter activity. Overexpression of MafA and DLK or its 

kinase-dead mutant into JEG cells revealed that DLK but not its mutant reduced MafA protein 

content. Inhibition of the down-stream DLK kinase c-Jun N-terminal kinase (JNK) by SP600125 

attenuated DLK-induced MafA loss. Furthermore, mutation of the serine 65 to alanine, shown to 

confer MafA protein stability, increased MafA-dependent insulin gene transcription and prevented 

DLK-induced MafA loss in JEG cells. These data suggest that DLK by activating JNK triggers the 

phosphorylation and degradation of MafA thereby attenuating insulin gene transcription. Given 

the importance of MafA for β-cell function, the inhibition of DLK might preserve β-cell function 

and ultimately retard the development of diabetes mellitus type 2.
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1. Introduction

The decline in β-cell function and mass leads to the progression from a prediabetic state 

characterized by insulin resistance with impaired glucose tolerance to clinically overt 

diabetes mellitus type 2 with elevated fasting glucose levels [1–4]. Previous studies 

demonstrated that overexpression of the dual leucine zipper kinase (DLK) resulted in 

apoptosis in neuronal cells and in the β-cell line HIT-T15 [5,6]. In addition, downregulation 

of cellular DLK reduced cyclosporine A-induced β-cell apoptosis [5]. DLK is expressed in 

many cells including HIT-T 15 β-cells, murine primary pancreatic islets of Langerhans, 

adipocytes and keratinocytes [7–9]. In addition, DLK is present in the neuronal system 

where it has been shown to regulate neuronal migration, axon growth, axon degeneration 

and neuronal apoptosis [10] (and references therein). Mice lacking DLK die perinatal 

[11,12], underlining the importance of this kinase for survival.

DLK belongs to the class of the mixed-lineage kinases within the mitogen-activated kinase 

family. This family is characterized by a catalytic domain that resembles in its primary 

structure both serine/threonine and tyrosine kinases. Functionally, these kinases are serine/

threonine kinases [13–15]. Acting as a mitogen-activated 3 kinase DLK via activation of the 

dual-specificity kinases MKK4/7 and MKK3/6 stimulates the enzymatic activity of c-Jun N-

terminal kinase (JNK) and p38, respectively [13,14,16].

In previous studies it was demonstrated that overexpression of DLK interferes with CREB-

dependent gene transcription at different levels [7,17] in a β-cell line. The transcription 

factor CREB seems to play a pivotal role for the survival and the function of β-cells. In 

mice, overexpressing a dominant-negative CREB mutant specifically in β-cells, the mice 

became diabetic due to β-cell apoptosis [18]. Cytokine induced β-cell apoptosis was 

prevented by overexpression of CREB while overexpression of dominant-negative CREB 

mutants in human islets lead to apoptosis [19,20]. In β-cells CREB-dependent gene 

transcription was enhanced in response to elevated glucose levels leading to membrane 

depolarization and calcium influx through the voltage gated L-type calcium channels and 

exendin-4, stimulating the G-protein coupled GLP-1 receptor and enhancing the intracellular 
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concentration of cAMP, thereby mimicking feeding stimuli [21]. Furthermore, CREB binds 

to and stimulates insulin gene transcription in HIT cells and in isolated primary murine islets 

after membrane depolarization and an increase in intracellular cAMP [22,23]. Therefore, in 

the present study the effect of DLK on human insulin gene transcription was investigated. 

The present study provides evidence, that DLK by activation of its downstream kinase JNK 

triggers the phosphorylation and degradation of the β-cell specific transcription factor MafA 

thereby inhibiting human insulin gene transcription.

2. Material and methods

2.1. Plasmids

The plasmids containing the 5′- and 3′-deleted fragments of the human insulin gene 

promoter (−258/+113 hInsLuc; −222/+113 hInsLuc; −193/+113 hInsLuc; −140/+113 

hInsLuc; −93/+113 hInsLuc; −56/+113 hInsLuc; +18/−336 hInsLuc; −57/−336 hInsLuc; 

−94/−336 hInsLuc; −141/−336 hInsLuc; −223/−336 hInsLuc; −259/−336 hInsLuc), the 

CRE2 (CRE2mut) and C1 (C1mut) mutated human insulin gene promoters, the human 

insulin gene promoter itself (−336hInsLuc) and the 4xhInsC1 have been described before 

[24]. The plasmid G5E1Bluc has been described [7], and the expression vectors for GAL4 

MafA fusion proteins have been described previously [25]. The expression vectors for DLK 

and its kinase dead mutant DLK K185A are described in Holzman et al. [15], those for 

MafA and its DNA binding deficient mutant used for reporter gene assays are described in 

Harmon et al. [26], and those for MafA and the MafA S65A mutants used for immunoblot 

analysis are described in Guo et al. [25]. The expression vectors for MafA wild-type, MafA 

S65A and MafA 4A, used in reporter gene assays are described by Rocques et al. [27]. The 

expression vectors expressing MafA siRNA (MafA RNAi 64–82, MafA RNAi 82–102 and 

MafA RNAi 1054–1074) are described in Zhao et al. [28].

2.2. Cell culture and transient transfection assays

HIT-T15 cells [29] were grown in RPMI 1640 medium supplemented with 10% FCS, 5% 

horse serum, penicillin (100 U/ml) and streptomycin (100 μg/ml). JEG-3 choriocarcinoma 

cells [30] and HEK293 cells were grown in DMEM supplemented with 10% FCS, penicillin 

(100 U/ml) and streptomycin (100 μg/ml). For the reporter gene assays HIT and JEG cells 

were transiently transfected with 2 μg/6 cm-dish of the luciferase reporter gene and 

cotransfected with 2 μg/dish of the expression plasmids by metafectene according to the 

manufacturer’s protocol (Biontex, Munich, Germany). When indicated 50 pmol of small 

interfering RNA against DLK (5′-GACUCAGACUGUGACAGCACUGAAU-3′) or 

unspecific RNAi with medium GC content (Invitrogen, Karlsruhe, Germany) was 

cotransfected by oligofectamine (Invitrogen, Karlsruhe, Germany) according to the 

manufacturer’s protocol. Cotransfection of 1 μg of the plasmid CMV-GFPtpz served to 

control for transfection efficiency. Cells were harvested 48 h after transfection. Luciferase 

assays and GFP measurement were performed as described [24]. To check the efficiency of 

down regulation of MafA by the MafA siRNA, expression vectors for MafA and the MafA 

siRNAs (1 μg/well, each) were transiently cotransfected into HEK293 cells by metafectene. 

For the measurement of insulin secretion HIT-T15 cells were grown on 6-well-plates and 
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transiently transfected with 2.1 μg/well of the expression plasmids by K2 according to the 

manufacturer’s protocol (Biontex, Munich, Germany).

2.3. Immunoblot analysis

JEG-3 cells were transiently transfected with 2.5 μg of the expression vectors for MafA 

wild-type or its mutant S65A [25] or with 2.5 μg of pBluescript vector (Stratagene, La Jolla, 

CA, USA) as indicated. The expression vectors for DLK wild-type or DLK K185A mutant 

[15] were cotransfected (2 μg per well in a 6-well dish) by metafectene. Forty-eight hours 

after transfection, cells were harvested into 50 μl of lysis buffer (50 mM HEPES, pH 7.5, 

150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 1% Nonidet 

P-40 and protease inhibitors). The cell suspension was passed five times through a 26 gauge 

needle (or frozen and thawed four times with vortexing in between) and centrifuged at 4 °C 

for 10 min at 21,130 g. Loading buffer (0.5 M Tris, 20% SDS, 1% bromophenol blue, 

glycerol, β-mercaptoethanol) was added to the supernatant which was then boiled for 5 min 

at 95 °C, subjected to SDS-PAGE (10% gel) and transferred to a nitrocellulose membrane. 

The membrane was incubated in 5% fat-free dried milk in TBST (25 mM Tris–HCl, pH 7.4; 

137 mM NaCl; 5 mM KCl; 0.7 mM CaCl2; 0.1 mM MgCl2; 0.1% Tween 20) for 1 h at room 

temperature and then overnight at 4 °C with fresh TBST supplemented with an antibody 

against MafA (1:2,000; Bethyl Laboratories, Montgomery, TX, USA), DLK (1:3,000) [15] 

and GAPDH (1:10,000; Santa Cruz, Heidelberg, Germany). Before and after the incubation 

with the secondary antibody the membrane was washed three times for 10 min with TBST. 

The antibody–antigen complex was detected by chemiluminescence reagents (GE 

Healthcare, Little Chalfont, Bucks, UK) in a ChemiGenius2 Bio imaging system (Syngene, 

UK) The optical density of the respective bands was evaluated by Quantity one software 

(Bio-Rad, Munich, Germany).

2.4. Insulin secretion

Transiently transfected HIT-T15 cells were incubated for 48 h, washed twice with modified 

Krebs buffer (129 mM NaCl 129; 5 mM NaHCO3; 4.7 mM KCl 4.7; 1.2 mM KH2PO4; 1.2 

mM MgSO4; 10 mM HEPES, pH 7.4; 2 mM CaCl2; 0.2% bovine serum albumin) and 

incubated in 1 ml of the same buffer supplemented with 5 mM glucose for 2 h. The 

supernatant was harvested, centrifuged twice and secreted insulin was measured by the 

Ultrasensitive Mouse Insulin ELISA according to the manufacturer’s protocol (Mercodia, 

Uppsala, Sweden) using a Tecan Safire2 photometer. For the determination of the protein 

content the cells were harvested into 50 μl of lysis buffer (50 mM HEPES, pH 7.5, 150 mM 

NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 1% Nonidet P-40 and 

protease inhibitors). The cell suspension was passed five times through a 26 gauge needle 

(or frozen and thawed four times with vortexing in between) and centrifuged at 4 °C for 10 

min at 21,130 g. Protein concentration was measured by Bradford assay.

2.5. Statistical analysis

All results are expressed as means ± SEM. Statistical significance was calculated with 

ANOVA, followed by Student’s t test. A value of p < 0.05 was considered significant.
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3. Results

3.1. Effect of DLK on human insulin gene transcription in a β-cell line

In a first approach to investigate the effect of DLK on human insulin gene transcription, a 

luciferase reporter gene containing the human insulin promoter from −336 to +113 bp [24] 

was transiently transfected into the insulin producing pancreatic β-cell line HIT. Fig. 1A 

shows that small interfering RNA mediated reduction of DLK stimulated human insulin 

gene transcription 2.5 fold. This increase in human insulin gene transcription is similar to 

that reached by treatment with KCl or glucose leading to membrane depolarization with 

calcium influx and the adenylate cyclase activator forskolin in HIT cells and in primary 

mature islets [22,23]. In contrast, overexpression of DLK wild-type reduced human insulin 

gene promoter transcriptional activity by 50%; overexpression of a kinase-dead DLK mutant 

in which the lysine 185 is exchanged for alanine, thus preventing ATP binding, had no effect 

on insulin gene transcription [15] (Fig. 1B). In addition, overexpression of DLK wild-type 

decreased insulin secretion from HIT cells by approx. 54% (Fig. 1C). These data suggest 

that DLK can exert an inhibitory effect on insulin gene transcription and insulin secretion 

under basal conditions in the β-cell. DLK’s inhibitory effect depends on its enzymatic 

activity.

The human insulin gene promoter contains several enhancer-like sequences among them the 

CREB binding CRE and the C1 element bound by MafA [23,24,31–34]. To identify the 

region within the human insulin gene promoter which confers responsiveness to DLK, 5′- 

and 3′-deletion promoter analysis was conducted. As shown in Fig. 2A, overexpression of 

DLK but not its kinase-dead mutant decreased insulin gene transcription by 40%. This 

inhibitory effect was still present in a promoter construct containing −193 bp, but attenuated 

upon further 5′ deletion (Fig. 2A). The 3′-deleted insulin promoter fragments were fused to 

the minimal thymidine kinase promoter (−81 to +52 bp) of the herpes simplex virus (Fig. 

2B). Truncation up to −94 bp did not interfere with the inhibitory action of DLK, whereas 

the −141 bp mutant was no longer decreased by DLK in a mutation sensitive manner (Fig. 

2B). Taken together, 5′- and 3′ promoter analyses suggest that the C1 element confers 

DLK-responsiveness to the human insulin gene promoter. CREB binding to the CRE2 

confers the stimulation by glucose, by KCl-induced membrane depolarization and by cAMP 

to the human insulin gene promoter [22,23]; and DLK inhibits stimulated CREB 

transcriptional activity [7]. To determine whether CRE2 or C1 confers the inhibitory effect 

of DLK within the promoter, luciferase reporter genes under control of the human insulin 

gene promoter containing either a mutated CRE2 or a mutated C1 element within the 

promoter were transiently transfected. Treatment of the cells with KCl leading to membrane 

depolarization and the adenylate cyclase activator forskolin enhanced the transcriptional 

activity of the wild-type and the C1 mutated but not that of the CRE2 mutated human insulin 

gene promoter (Supplementary Fig. 1). Overexpression of DLK reduced basal and 

stimulated human insulin gene transcription but did not interfere with the transcriptional 

activities conferred by the CRE2 or the C1 mutated human insulin gene promoters 

(Supplementary Fig. 1). Of note, mutation of C1 decreased basal human insulin gene by 

approx. 40% (Supplementary Fig. 1). These data suggest that C1 mediates DLK 
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responsiveness to the human insulin gene promoter under basal conditions, whereas CRE2 

confers DLK responsiveness under stimulated conditions.

To investigate whether the transcriptional activity of the isolated C1 element is decreased by 

DLK, a luciferase reporter gene under control of four copies of the C1 element fused to the 

minimal thymidine kinase promoter was transiently transfected into HIT cells [24]. 

Overexpression of DLK reduced C1-dependent transcriptional activity by 30% whereas the 

kinase-dead DLK mutant exerted no inhibitory effect (Fig. 2C). The transcription factor 

binding to the C1 element within the insulin promoter is MafA [31–34]. MafA was shown to 

stimulate insulin gene transcription in response to glucose and to play an overall essential 

role in the regulation of insulin gene transcription [32,35].

To investigate whether MafA transcriptional activity is inhibited by DLK, the GAL4 system 

was employed. A luciferase reporter gene under control of five copies of the binding-site for 

the yeast transcription factor GAL4 fused to the minimal adenoviral E1B promoter was 

transiently cotransfected with expression vectors for the DNA binding domain of GAL4 and 

MafA N- and C-terminal deleted fragments [28]. As shown in Fig. 2D, overexpression of 

DLK inhibited the transcriptional activity of the transactivation domain spanning constructs 

of MafA, encompassing the amino acids 1 to 106 and 1 to 223, respectively. Overexpression 

of the kinase-dead DLK mutant did not reduce the transcriptional activity conferred by the 

MafA transactivation domain but rather stimulated it (Fig. 2D). This suggests that the 

kinase-dead DLK mutant acts as a dominant-negative DLK mutant, interacting via its 

leucine zipper with endogenous DLK thereby attenuating the enzymatic activity of 

endogenous DLK. Taken together, these data show that DLK inhibits human insulin gene 

transcription and MafA transcriptional activity.

3.2. Dependence of DLK inhibitory action on MafA

To investigate whether the inhibitory effect of DLK on human insulin gene transcription is 

mediated by MafA, the luciferase reporter gene under control of the human insulin gene 

promoter was transiently transfected into the human choriocarcinoma JEG cell line together 

with expression vectors for DLK, its kinase-dead mutant, MafA or a MafA mutant carrying 

a dysfunctional mutation within the DNA binding domain (MafA R265A) [28]. 

Overexpression of MafA robustly increased human insulin gene transcription in comparison 

to overexpression of the inactive MafA R265A mutant, consistent with previous data [24]. 

Additional overexpression of DLK decreased MafA-dependent transcriptional activity of the 

human insulin gene promoter by 57% (Fig. 3A). In addition, down regulation of MafA 

protein content in HIT cells by overexpression of MafA RNAi containing plasmids 

decreased human insulin gene transcription and prevented the inhibitory effect of DLK (Fig. 

3B).

3.3. Effect of DLK on MafA protein content

MafA-dependent transcriptional activity is regulated at the transcriptional and 

posttranscriptional level with a diverse set of posttranslational modifications influencing 

MafA protein level (phosphorylation, sumoylation and ubiquitination with proteasomal 

degradation [24, 36–48] (and references therein)). To investigate whether DLK reduces 
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MafA protein content, expression vectors for MafA, DLK and its mutant were transiently 

transfected into JEG cells. Overexpression of DLK reduced overexpressed MafA protein by 

40%. Since the kinase-dead DLK mutant exerted no such effect, DLK-induced MafA protein 

reduction depends on its enzymatic activity (Fig. 4). Additional treatment of the cells with 

SP600125, an inhibitor of JNK [39], a downstream kinase of DLK [16], prevented DLK-

induced reduction of MafA protein, but had itself no effect on MafA protein level (Fig. 4). 

These data indicate that DLK acts through JNK to decrease MafA protein content. Since 

MafA expression here was directed by the cytomegalovirus promoter, DLK might act via a 

posttranslational mechanism to reduce MafA protein content.

Phosphorylation of serine 65 within the transactivation domain of MafA has been shown to 

regulate MafA stability and transcriptional activity [25,27,40,41]. In a first approach to 

investigate whether the serine 65 is a target of DLK action, the luciferase reporter gene 

under control of the human insulin gene promoter was transiently transfected into JEG cells 

together with expression vectors for wild-type or a MafA Ser65Ala mutant and DLK wild-

type or the kinase dead mutant. Insulin gene transcription was enhanced approx. 3 fold when 

the MafA Ser65Ala mutant was recruited to the promoter (Fig. 5A). Neither the 

overexpression of DLK wild-type nor its kinase-dead mutant reduced the transcriptional 

activity of MafA Ser65Ala-dependent insulin gene transcription (Fig. 5A), suggesting that 

the phosphorylation of this amino acid residue by JNK triggers the DLK-induced inhibition 

of MafA-dependent insulin gene transcription. Indeed, overexpression of DLK did not 

reduce the protein content of overexpressed MafA Ser65Ala (Fig. 5B).

4. Discussion

The preservation of the integrity of the β-cells seems to be a key to prevent the development 

of diabetes mellitus type 2 under conditions of peripheral insulin resistance [1,2,4]. 

Appropriate insulin secretion and insulin biosynthesis in response to metabolic demands are 

the main features of the β-cells [1,42]. Hence, signals attenuating insulin secretion or insulin 

biosynthesis promote the pathogenesis of diabetes mellitus type 2. The present study shows 

that DLK inhibits the transcriptional activity of the human insulin gene promoter; 

overexpression of DLK but not its kinase-dead mutant inhibited insulin gene transcription 

whereas the downregulation of endogenous DLK in HIT cells stimulated the transcriptional 

activity of the human insulin gene promoter. In addition, overexpression of DLK reduced 

insulin secretion from HIT cells. Taken together with our previous studies demonstrating 

that reduction of cellular DLK attenuates cyclosporin A-induced β-cell apoptosis and 

overexpression of DLK results in β-cell apoptosis [5], these data suggest that activation of 

DLK activity contributes to the decline in β-cell function and mass and ultimately to 

diabetes mellitus.

DLK acts as a MAP3K and stimulates the dual specificity kinase MKK4/7 and MKK3/6 

which in turn stimulate their downstream MAPKs JNK and p38 [13,16,43]. Within the cell 

under basal conditions monomeric, catalytically inactive DLK is associated with the scaffold 

proteins JIP1/IB1 (JNK interacting protein 1/islet-brain-1) and POSH (plenty of SH3) [44–

47]. Phosphorylation of JIP1 on tyrosine residues by the Src family kinases strengthens the 

interaction between DLK and the scaffold protein [48] whereas the phosphorylation of JIP1 
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on Thr-103 by JNK promotes the dissociation of DLK from JIP1 [45,47]. DLK then 

homodimerizes via its leucine zipper and presumably by autophosphorylation becomes 

catalytically active [47,49,50]. Hence, overexpression of DLK is sufficient to stimulate the 

catalytic activity of DLK. In addition, phosphorylation of DLK itself by JNK prevents the 

ubiquitination and proteasomal degradation of DLK, resulting in a feed-forward loop 

[51,52]. These studies imply that signals activating the downstream kinase JNK promote the 

activation of DLK thereby perpetuating JNK and DLK activation. Oxidative stress and 

proinflammatory cytokines, considered as prediabetic signals, have been shown to activate 

the JNK pathway in β-cells [53] (and references therein) and inhibition of JNK restored 

oxidative stress-mediated suppression of insulin expression [54]. Furthermore, a missense 

mutation within the IB1 encoding gene MAPKIP1 is associated with diabetes mellitus type 2 

[55]. These studies support the notion that activation of the JNK pathway contributes to the 

development of diabetes mellitus at least in part by interfering with β-cell function.

The present study shows that DLK inhibits human insulin gene transcription, and the DLK 

responsive element was mapped to the DNA binding-site of MafA. Furthermore, DLK 

reduced MafA transcriptional activity and MafA-dependent insulin gene transcription and 

diminished MafA protein content. Inhibition of JNK or mutation of MafA Ser 65 to Ala 

prevented DLK-caused reduction of MafA protein content. These data suggest that DLK 

through activation of JNK decreases MafA protein levels thereby inhibiting insulin gene 

transcription. Given that Ser 65 of MafA corresponds to Ser 70 in MafB, DLK might inhibit 

MafB-dependent gene transcription and subsequently MafA and MafB-dependent gene 

transcription as well [25].

MafA transcriptional activity is regulated at various levels like transcription, translation and 

posttranslational modifications [24,36–38] (and references therein). Phosphorylation of Ser 

65 within the transactivation domain of MafA (and of Ser 70 in MafB) seems to play a 

crucial role for the stability and the transactivation and transforming potential of these 

transcription factors [25,27,40,41]. Phosphorylated Ser 65 provides the recognition site for 

glycogen synthase kinase-3 beta (GSK-3β), which in turn phosphorylates sequentially Ser 

61, Thr 57, Thr 53 and Ser 49. Thus phosphorylated MafA undergoes either proteasomal 

degradation [27,40] or recruits the transcriptional coactivator P/CAF [27]. Although it has 

been shown that ERK2 phosphorylates MafA Ser 65 in vitro the kinase phosphorylating Ser 

65 in vivo remains unknown [25,27,40,41]. The present study suggests that JNK activated by 

DLK is the kinase phosphorylating MafA on Ser 65, since inhibition of JNK prevented 

DLK-induced loss of MafA protein. MafA seems to be constitutively phosphorylated by 

GSK-3β in diverse β-cell and non-β-cell lines, as judged by its mobility in immunoblot 

analysis [25,27,40,56] (this study). In the present study recruitment of the Ser 65 Ala MafA 

mutant to the human insulin gene promoter enhanced its transcriptional activity approx. 3 

fold in comparison to wild-type MafA. Recruitment of a MafA mutant, in which the 

GSK-3β phosphorylation sites were changed to alanine, to the insulin gene promoter 

induced a 4 fold increase in transcriptional activity and prevented the inhibitory action of 

DLK on insulin gene transcription (Supplementary Fig. 2). In addition, the protein content 

of overexpressed MafA Ser 65 Ala was not reduced by DLK as demonstrated by 

immunoblot analysis. These data support the notion that the phosphorylation of MafA on 

Ser 65 through DLK-induced JNK activation, presumably as priming event for the 
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consecutive phosphorylation by GSK-3β, triggers the degradation of MafA thereby 

terminating MafA-dependent gene transcription. Given that MafA controls the transcription 

of many genes important to maintain β-cell function [36,57,58] and that MafA deficient 

mice develop age-dependent glucose intolerance and diabetes [59], the impairment of MafA 

function and loss of MafA caused by DLK might promote the pathogenesis of diabetes 

mellitus type 2. Indeed, immunohistological analysis of pancreatic slides revealed that in 

humans suffering from diabetes mellitus type 2 the content of MafA in the nuclei of β-cells 

was severely diminished when compared to non-diabetic individuals [60]. In addition, loss 

of MafA and/or MafB was shown to be an early indicator of β-cell inactivity and β-cell 

dysfunction in diabetic mice and in type 2 diabetic human islets [56].

Our previous study showed that DLK induces β-cell apoptosis [5] presumably by inhibiting 

CREB-dependent gene transcription [7,17] and the present study demonstrates that DLK 

diminished insulin gene transcription presumably by decreasing MafA protein content. 

Thus, activation of DLK leads to a reduction in β-cell mass and function. It is unknown 

which signals stimulate DLK enzymatic activity in β-cells. Considering that prediabetic 

signals like oxidative stress and proinflammatory cytokines stimulate JNK activity in β-cells 

[5] (and references therein) and JNK promotes the activation of DLK starting the 

perpetuation of JNK and DLK activation [45–47,51,52], the inhibition of DLK would 

interrupt this vicious cycle thereby protecting β-cell function and mass from the deleterious 

effects of the prediabetic signals and preventing the development of diabetes mellitus. 

Hence, the inhibition of DLK in β-cells provides a valuable drug target for the therapy of 

diabetes mellitus.

5. Conclusions

In the present study the effect of DLK on human insulin gene transcription as an important 

β-cell function was investigated. This study shows that (i) DLK inhibits insulin gene 

transcription through activation of its downstream kinase JNK followed by a reduction of 

MafA protein content. (ii) The Ser 65 within MafA is a target of DLK–JNK action. 

Considering that activation either of DLK or of JNK results into a forward-loop thereby 

perpetuating the β-cell function impairing signals, the inhibition of DLK might preserve 

MafA and presumably MafB protein content and thereby β-cell function under prediabetic 

conditions.
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Fig. 1. 
Effect of DLK human insulin gene transcription. A, the plasmid −336 hInsLuc (2 μg) and an 

RNAi against DLK or an unspecific RNAi was transiently transfected into HIT cells as 

indicated. Cells were harvested after 48 h and luciferase activity was measured. Luciferase 

activity is expressed relative to the mean value measured in cells transfected with unspecific 

RNAi in each experiment. Values are means ± SEM of three independent experiments each 

done in duplicate. *p < 0.05 vs. unspecific RNAi. B, the plasmids −336 hInsLuc (2 μg) was 

transiently transfected in HIT cells together with expression plasmids (2 μg, each) for DLK 

wild-type (DLK wt) or its kinase-dead mutant (DLK K185A) or pBluescript (Control) as 

indicated. Luciferase activity is expressed relative to the mean value measured in the control 

in each experiment. Values are means ± SEM of three independent experiments each done in 

duplicate. *p < 0.05 vs. control. C, expression vectors for DLK wild-type (DLK wt) or its 

kinase-dead mutant (DLK K185A) or pBluescript (Control) (2.1 μg) were transiently 

transfected into cells. Insulin was determined in the supernatant of the cells and corrected to 
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the protein content of the cells. Values are means ± SEM of three independent experiments 

each done in triplicate. *p < 0.001 vs. control and vs. DLK K185A.
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Fig. 2. 
Identification of a DLK responsive element within the human insulin gene promoter. A, 5′-

deletion analysis. The plasmids (2 μg) depicted on the left were transiently transfected with 

Bluescript (2 μg) (Control), the expression vector for DLK wild-type (2 μg) (DLK wt) or its 

kinase-dead mutant (2 μg) (DLK K185A) as indicated. Luciferase activity is expressed 

relative to the mean value measured in the control in each experiment. Values are means ± 

SEM of three independent experiments each done in duplicate. *p < 0.05 vs. control. B, 3′- 

deletion analysis. The plasmids (2 μg) depicted on the left were transiently transfected with 
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Bluescript (2 μg) (Control), the expression vector for DLK wild-type (2 μg) (DLK wt) or its 

kinase-dead mutant (2 μg) (DLK K185A) as indicated. Luciferase activity is expressed 

relative to the mean value measured in the control in each experiment. Values are means ± 

SEM of three independent experiments each done in duplicate. *p < 0.05 vs. control. C, 

effect of DLK on C1-dependent transcriptional activity. The plasmid 4xhInsC1 (2 μg) was 

transiently transfected with Bluescript (Control) (2 μg), the expression plasmid for DLK 

wild-type (DLK wt) (2 μg) or its kinase-dead mutant (DLK K185A) (2 μg). Luciferase 

activity is expressed relative to the mean value measured in the control in each experiment. 

Values are means ± SEM of three independent experiments each done in duplicate. *p < 0.05 

vs. control. D, effect of DLK on MafA transcriptional activity. The plasmid G5E1Bluc (2 

μg) was transiently cotransfected with expression vectors for the GAL4 DNA binding 

domain fused to MafA containing the amino acids from 1 to 106, 1 to 233, or 233 to 359, 

respectively, as depicted in the upper panel. Plasmids for Bluescript (Control) (2 μg), the 

expression plasmid for DLK wild-type (DLK wt) (2 μg) or its kinase-dead mutant (DLK 

K185A) (2 μg) were transiently cotransfected. Luciferase activity is expressed relative to the 

mean value measured in the control in each experiment. Values are means ± SEM of three 

independent experiments each done in duplicate. *p < 0.05 vs. control.
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Fig. 3. 
Effect of DLK on MafA dependent human insulin gene transcription. A, the plasmid 

−336hInsLuc (2 μg) was transiently cotransfected with pBluescript (Control) (2 μg), an 

expression vector for MafA wild-type (MafA wt) (2 μg) or its DNA binding deficient mutant 

(MafA R265A) into JEG cells. When indicated the expression plasmids for DLK wild-type 

(DLK wt) (2 μg) was cotransfected. Luciferase activity is expressed to the mean value in the 

respective controls (no MafA, no DLK) in each experiment. Values are means ± SEM of 

three independent experiments each done in duplicate. *p < 0.05 vs. control. B, upper panel, 

expression vectors for MafA and MafA RNAi 64–82, MafA 82–102 and MafA 1054–1074 

(1 μg, each) were transiently cotransfected into HEK293 cells. After 48 h cells were 
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harvested and immunoblot analysis was performed. The arrow labeled “MafA” points to the 

MafA representing band, the arrow labeled “GAPDH” points to the GAPDH representing 

band. Lower panel, the plasmid −336hInsLuc (1 μg) was transiently cotransfected with 

pBluescript (Control) (1 μg), expression vectors for MafA RNAi 64–82, MafA 82–102 and 

MafA 1054–1074 (1 μg, each) and for DLK wild-type (DLK wt) (1 μg) as indicated into 

HIT cells. Luciferase activity is expressed to the mean value in the control (no MafA RNAi, 

no DLK) in each experiment. Values are means ± SEM of three independent experiments 

each done in duplicate. *p < 0.05 vs. control, #p < 0.05 vs. MafA RNAi 1054–1074.
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Fig. 4. 
Effect of DLK on MafA protein content. Upper panel – typical immunoblot, lower panel – 

quantitative evaluation. JEG cells were transiently cotransfected with an expression vector 

for MafA (2.5 μg) together with expression vectors for DLK wild-type (DLK wt) (2.5 μg) or 

its kinase-dead mutant (DLK K185A) (2.5 μg) as indicated. In addition, when indicated, 

cells were treated with the JNK inhibitor SP600125 (25 μM) 16 h before harvest. Cell 

extracts were subjected to immunoblot analysis and the optical density of the respective 

bands was evaluated. Optical density (OD) of MafA is expressed relative to the mean value 

of the optical density of overexpressed MafA in the absence of DLK wt or DLK K185A in 

each experiment. Values are means ± SEM of three independent experiments each done in 

duplicate. *p < 0.05 vs. control.
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Fig. 5. 
Effect of DLK on MafA S65A mutant. A, the plasmid −336hInsLuc (1.6 μg) was transiently 

transfected into JEG cells together with expression vectors for MafA wild-type (MafA wt), 

MafA S65A (MafA S65A) and DLK wild-type (DLK wt) or its kinase-dead mutant (DLK 

K185A) (1.6 μg, each) as indicated. Luciferase activity is expressed relative to the mean 

value measured in the presence of hInsLuc and MafA wild-type without DLK or its mutant 

in each experiment. Values are means ± SEM of three independent experiments each done in 

duplicate. *p < 0.05 vs. control. B, upper panel – typical immunoblot, lower panel – 

quantitative evaluation. JEG cells were transiently cotransfected with an expression vector 

for MafA S65A (1 μg) together with pBluescript (1 μg) or expression vectors for DLK wild-

type (DLK wt) or the kinase-dead mutant (DLK K185A) (1 μg, each). Cell extracts were 

subjected to immunoblot analysis. The optical density is expressed relative to the value 

measured of the MafA S65A representing band in the absence of DLK or its kinase dead 

mutant. Values are means ± SEM of four independent experiments.

Stahnke et al. Page 20

Cell Signal. Author manuscript; available in PMC 2016 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Introduction
	2. Material and methods
	2.1. Plasmids
	2.2. Cell culture and transient transfection assays
	2.3. Immunoblot analysis
	2.4. Insulin secretion
	2.5. Statistical analysis

	3. Results
	3.1. Effect of DLK on human insulin gene transcription in a β-cell line
	3.2. Dependence of DLK inhibitory action on MafA
	3.3. Effect of DLK on MafA protein content

	4. Discussion
	5. Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5

