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Abstract
The dual leucine zipper kinase (DLK) and the ubiquitously expressed transcription factor c-FOS have important roles in 
beta-cell proliferation and function. Some studies in neuronal cells suggest that DLK can influence c-FOS expression. Given 
that c-FOS is mainly regulated at the transcriptional level, the effect of DLK on c-FOS promoter activity was investigated 
in the beta-cell line HIT. The methods used in this study are the following: Luciferase reporter gene assays, immunoblot 
analysis, CRISPR-Cas9-mediated genome editing, and real-time quantitative PCR. In the beta-cell line HIT, overexpressed 
DLK increased c-FOS promoter activity twofold. Using 5′-,3′-promoter deletions, the promoter regions from − 348 to − 339 
base pairs (bp) and from a − 284 to − 53 bp conferred basal activity, whereas the promoter region from − 711 to − 348 bp and 
from − 53 to + 48 bp mediated DLK responsiveness. Mutation of the cAMP response element within the promoter prevented 
the stimulatory effect of DLK. Treatment of HIT cells with KCl and the adenylate cyclase activator forskolin increased c-FOS 
promoter transcriptional activity ninefold. Since the transcriptional activity of those promoter fragments activated by KCl 
and forskolin was decreased by DLK, DLK might interfere with KCl/forskolin-induced signaling. In a newly generated, 
genome-edited HIT cell line lacking catalytically active DLK, c-Fos mRNA levels were reduced by 80% compared to the 
wild-type cell line. DLK increased c-FOS promoter activity but decreased stimulated transcriptional activity, suggesting 
that DLK fine-tunes c-FOS promoter-dependent gene transcription. Moreover, at least in HIT cells, DLK is required for 
FOS mRNA expression.
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Introduction

The mammalian dual leucine zipper kinase (DLK; mitogen-
activated protein 3 kinase 12, MAP3K12) and the closely 
related leucine zipper kinase (LZK; MAP3K13) share 90% 
amino acid sequence identity within their enzymatic and 
their leucine zipper domains. Both are highly conserved 

orthologues of DLK/Wallenda (in D. melanogaster) and 
DLK-1 (in C. elegans) hinting at an important role of these 
kinases (Jin and Zheng 2019). Indeed, mice lacking DLK 
die perinatally (Hirai et al. 2006), yet, the ablation of DLK 
in adult mice or of LZK results in no gross phenotypic 
abnormalities (Pozniak et al. 2013; Chen et al. 2016). Thus, 
despite their homology, DLK and LZK have both, overlap-
ping and different, functions. Acting as a MAP3K, DLK 
mainly phosphorylates and activates the MAP2K MKK4 
and 7 leading to the phosphorylation of the MAPK c-Jun 
N-terminal kinase (JNK) (Jin and Zheng 2019). Recruitment 
to the scaffold protein JNK interacting protein/islet brain 
1 (JIP/IB1) keeps monomeric DLK inactive. Upon phos-
phorylation of JIP/IB1 DLK dissociates from this scaffold 
protein, homodimerizes via its leucine zipper, and becomes 
autophosphorylated and enzymatically active (Nihalani et al. 
2007). Phosphorylation of DLK itself on Ser-302 (in murine 
DLK) either through autophosphorylation, by JNK or by 
protein kinase A (PKA) is required for DLK activity and 
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can activate downstream kinases (Huntwork-Rodriguez et al. 
2013; Hao et al. 2016; Börchers et al. 2017). Accordingly, 
phosphatases interfere with DLK activity as well (Asghari 
Adib et al. 2018). Preventing the interaction of DLK with 
the calcium/calmodulin-dependent phosphatase calcineurin 
enforces DLK-dependent JNK activation (Duque Escobar 
et al. 2021). Additionally, depending on its subcellular local-
ization, DLK exerts distinct functions, thus contributing to 
compartmentalized signaling (Holland et al. 2016; Wallbach 
et al. 2016; Asghari Adib et al. 2018).

DLK is clearly required in neuronal development and 
postnatal pancreatic beta-cell proliferation (Hirai et al. 2006; 
Jin and Zheng 2019; Tenenbaum et al. 2020). The ubiqui-
tously expressed transcription factor c-Fos is an important 
regulator of beta-cell proliferation and function: in the beta-
cell lines INS1 and MIN6 c-fos mRNA is increased in a 
synergistic manner by glucose-induced calcium influx and 
by GLP-1-dependent increase in intracellular cAMP (Susini 
et al. 1998; Josefsen et al. 1999). This stimulatory effect is at 
least in part mediated by the cAMP response element (CRE) 
within the c-fos promoter (Susini et al. 2000). In addition, 
palmitate and oleate induced c-fos mRNA in INS1 and MIN6 
cells (Roche et al. 1999; Busch et al. 2002). In a rat beta-cell 
line, the transcription factor NK6 homeobox 1 (NKX6.1) 
increased c-Fos expression resulting in enhanced Nr4a1, 
Nr4a3, and VGF expression with beta-cell proliferation and 
glucose-induced insulin secretion (Ray et al. 2016). Studies 
in the insulin-secreting beta-cell line HIT showed that DLK 
activated by diabetic risk factors reduces beta-cell function 
and mass, thereby contributing to the pathogenesis of dia-
betes mellitus (Plaumann et al. 2008; Stahnke et al. 2014; 
Wallbach et al. 2016; Börchers et al. 2017; Duque Escobar 
et al. 2021). The inhibition of calcium-stimulated CRE/CRE 
binding protein (CREB)-dependent gene transcription by 
DLK might contribute to the apoptosis-inducing effect of the 
kinase (Oetjen et al. 2006; Phu et al. 2011; Wallbach et al. 
2016). In embryonal stem cell-derived human neurons, the 
most important genetic risk factor for AD, the apolipoprotein 
E4 (ApoE4), after binding to its ApoE receptor activated 
DLK with subsequent activation of MKK7 and extracellular 
regulated kinase1/2 (ERK1/2). Activated ERK1/2 in turn 
phosphorylated the transcription factor c-FOS resulting in 
enhanced transcriptional activity of the amyloid-beta pre-
cursor protein (App) promoter and increased amyloid-beta 
levels (Huang et al. 2017). Furthermore, after induction of 
stress in cultured embryonic dorsal root ganglion (DRG) 
by the withdrawal of nerve growth factor (NGF) inhibition 
of DLK decreased c-fos mRNA (Larhammar et al. 2017); 
after sciatic nerve transection, a downregulation of Fos in 
the DRG of conditional DLK-KO mice was observed (Shin 
et al. 2019). These studies in neuronal cells and tissue dem-
onstrate that DLK influences c-FOS activity and expression. 
Since c-Fos is mainly regulated at the transcriptional level 

(Alfonso-Gonzalez and Riesgo-Escovar 2018), in the present 
study the effect of DLK on the transcriptional activity of the 
c-FOS promoter was investigated in HIT beta-cells.

Material and methods

Plasmids

All expression vectors for DLK wild-type (WT) and its 
diverse mutants (K185A, NLS, NES, V364A) have been 
described before (Wallbach et al. 2016; Duque Escobar et al. 
2021). The luciferase reporter gene − 711 c-fosLuc has been 
described before (Eckert et al. 1996), and the plasmid − 711 
CREmut c-FOSLuc was generated by primerless PCR, 
destroying the CREB binding-site (kind gift of Annette Mas-
uch, Göttingen). The 5′- and 3′-deletions of − 711 c-fosLuc 
were generated by PCR using the primers listed in Tab. 1 of 
Supplementary Information (SI). The PCR fragments were 
cloned into HindIII/XhoI sites of the plasmids pXP2Luc or 
pT81Luc for the 3′-deletions, respectively. All constructs 
were verified by sequencing.

Cell culture and transient transfection

Hamster insulinoma tumor cells (HIT-T15) were cultured in 
RPMI 1640 medium supplemented with 10% fetal bovine 
serum, 5% horse serum, 100 units/ml penicillin, and 100 
µ/ml streptomycin (Heinrich et al. 2013). Cells were tran-
siently transfected in six-well plates by Metafectene (Bion-
tex, Munich, Germany) according to the manufacturer’s 
protocol with 1 µg of DNA of the reporter gene. Co-transfec-
tions were carried with a constant amount of DNA. To check 
for transfection efficiency, 0.2 µg DNA/well of an expres-
sion vector for a green fluorescent protein under the control 
of the cytomegalovirus promoter was co-transfected. When 
indicated, cells were treated with KCl (40 mM) and/or for-
skolin (10 µM) for 6 h or with GNE-3511 (1 µM) (Cayman 
Chemical Company, MI, USA) for 8 h, cells were harvested 
48 h after transfection. Luciferase activity was measured as 
described (Heinrich et al. 2013).

Generation of HIT‑K185A cell line

The HIT cell line was genome-edited by the clustered regu-
larly interspaced short palindromic repeats (CRISPR)/Cas9 
method using the plasmid-based approach (Ran et al. 2013). 
Briefly, cells were transiently nucleofected with the plas-
mid pSpCas9(BB)-2A-GFP (Addgene # 48,138), in which 
the specific sgRNA was cloned into the Bbs1 site, and the 
single-stranded homology-directed DNA repair template 
(HDR template; Eurofins, MWG) (SI, Tab. 1) using the 
SE Cell Line 4D Nucleofector X Kit L (Lonza Bioscience, 
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Basel, Switzerland) and the Amaxa 4D nucleofector (pro-
gram DS 150). After nucleofection, cells were treated with 
SCR-7 (1 µM) (Selleckchem; #S7742; Houston, TX, USA) 
to increase the efficiency of the homology-directed repair 
(Chu et al. 2015; Maruyama et al. 2015). After 48 h, GFP-
positive cells were sorted by fluorescence-activated cell sort-
ing (BD FACS Aria Illu) directly into 96 well plates and 
grown in fresh and conditioned HIT cell medium (1:1). After 
clonal expansion for three to 4 weeks, genomic DNA of the 
cell clones was isolated and further analyzed by restriction 
fragment length polymorphism using the newly generated 
MscI restriction enzyme site and sequencing. Addition-
ally, the fragments containing the ten most likely off-targets 
for the chosen sgRNA as predicted by the CRISPOR tool 
(Haeussler et al. 2016) were sequenced. Mutations in these 
probable off-targets were not detected. This newly generated 
cell line was named HIT-K185A.

RNA extraction and qPCR

Total RNA from HIT WT and HIT-K185A cells was iso-
lated by RNAzol RT (Sigma-Aldrich, Steinhein, Germany) 
followed by a cleaning step (Monarch RNA clean-up kit 
(New England Biolabs, Beverly, MA, USA) according to the 
manufacturer’s protocol. RNA concentration was determined 
by NanoDrop™ 2000c (Thermo Scientific, MA, USA) and 
was reverse transcribed using the High Capacity cDNA 
reverse transcription kit (Applied Biosystems, Thermo Fis-
cher, Vilnius, Lithuania). DLK and Fos mRNA analysis was 
performed using a gene expression master mix and the fol-
lowing gene expression assays (Applied Biosystems, MA, 
USA): Fos (Mm00487425_m1), Actb (Mm02619580_g1), 
and Hprt (Mm03024075_m1). The similarity between 
mouse and hamster Fos is 91.68%. For quantification, 
QuantStudio 7 Flex (Applied Biosystems, MA, USA) was 
used. Expression of Dlk and Fos mRNA was normalized to 
the geometrical mean of murine Actb and Hprt using the 
formula 2−ΔΔCT.

Immunoblot

HIT WT cells and HIT-K185A cells were harvested in lysis 
buffer (Oetjen et al. 2007), and equal amounts of protein 
were subjected to SDS-PAGE and immunoblot analysis 
using antibodies against DLK (1:3000) (Oetjen et al. 2006) 
or (1:3000; GTX124127) (GeneTex, CA, USA), GAPDH 
(1:60,000; #sc-32233; 6C5) (Santa Cruz, Heidelberg, Ger-
many) and α-Tubulin (1:1000; #2125) (Cell Signaling Tech-
nology, Beverly, MA, USA) were performed. The immu-
noreactive bands were visualized using ECL or ECLmax 
(for DLK detection in HIT-K185A cells) (BioRad Labora-
tories, München, Germany) and a chemiluminescence imag-
ing system (ChemiDoc™ Touch Imaging System, BioRad 

Laboratories, München, Germany). Densitometric evalua-
tion was performed using ImageLab 6.0 analysis software 
(BioRad Laboratories, München, Germany). To determine 
DLK half-time in the HIT WT and HIT-K185A cell line, 
cells were treated with cycloheximide (5 µg/ml, dissolved 
in DMSO) (Sigma-Aldrich, Steinheim, Germany) at the 
indicated time points before harvest. When indicated, cells 
were transiently transfected with expression vectors for DLK 
wild-type or its mutants.

Statistics

Data are expressed as mean ± standard error of the mean 
(SEM). Statistical analysis using Prism 8.0 (Graphpad Soft-
ware Inc., CA, USA) was as stated in the legends.

Results

Effect of DLK on the transcriptional activity 
of the c‑FOS promoter

To investigate the effect of DLK on the transcriptional activ-
ity of the human c-FOS promoter, a luciferase reporter gene 
under the control of the human c-FOS promoter (from –711 
to + 48 bp) was transiently co-transfected into HIT cells with 
expression vectors for DLK wildtype (WT), the calcineurin 
binding-deficient mutant (V364A) and the ATP binding-
deficient mutant (K185A). Both, DLK WT and DLK V364A 
enhanced c-FOS promoter transcriptional activity approxi-
mately twofold while DLK K185A had no effect (Fig. 1A). 
Taken into account that DLK V364A phosphorylated JNK 
to a higher degree than DLK WT, it was tested whether DLK 
V364A was more active than DLK WT to increase tran-
scriptional activity (Duque Escobar et al. 2021). Increasing 
amounts of expression vectors for DLK WT and the V364A 
were transiently co-transfected with the c-FOS promoter-
luciferase gene. Similar amounts of the expression vectors 
for DLK WT and DLK V364A resulted in a similar increase 
of c-FOS promoter-dependent gene transcription (Fig. 1B). 
Considering that the autophosphorylation of DLK WT and 
DLK V364A was alike (Duque Escobar et al. 2021), these 
data suggest, that DLK-caused activation of the c-FOS pro-
moter was independent of the DLK downstream kinase JNK.

To identify a DLK-responsive element within the c-FOS 
promoter the effect of the kinase on the transcriptional 
activity of 5′- and 3′-deleted promoter fragments was 
studied. The 5′-deletion of 363 bp upstream of − 348 bp 
increased the transcriptional activity of the c-FOS pro-
moter app. twofold (2.0 ± 0.08; n = 4), indicating that this 
promoter region represses c-FOS dependent gene tran-
scription. Further 5′-deletion of the binding-site for the 
signal transducer and activator of transcription (STAT) 
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transcription factors severely decreased c-FOS promoter 
activity and was not re-established by the deletion of 
additional bp (Fig. 2B). For the 3′-deletions of the c-FOS 
promoter, the proximal minimal promoter fragment of 
the c-FOS gene was substituted by the minimal promoter 
of the herpes simplex thymidine kinase. Deletion of the 
base pairs from − 52 to + 48 containing the binding-site 
for the transcription factor downstream regulatory element 
antagonist modulator (DREAM) increased the basal pro-
moter activity. Further 3′-deletions up to − 298 bp reduced 
the transcriptional activity and deletions beyond − 312 bp 
decreased the transcriptional activity by 95% (Fig. 2C). 
These data show that the 5′-deletion up to − 339 bp and 
3′-deletion up to − 284 bp decreased the transcriptional 
activity of the c-FOS promoter, suggesting that multiple 
transcription binding sites contribute to c-FOS promoter 
activity. Overexpression of DLK increased c-FOS pro-
moter activity approximately 2.7-fold. This stimulatory 
effect of DLK was lost in all 5′-deleted promoter fragments 
(Fig. 2D). In addition, the stimulatory effect of DLK on 
c-FOS promoter activity was lost when the proximal pro-
moter fragment from − 52 to + 48 bp was deleted (Fig. 2E). 
Thus, the poorly characterized region ranging from − 711 
to − 348 bp and the proximal promoter containing the 
downstream regulatory element (DRE) bound by DREAM 
cooperatively confer the stimulatory effect of DLK to the 
c-FOS promoter.

Fig. 1   Effect of DLK on the transcriptional activity of the c-FOS 
promoter. A The luciferase reporter gene under control of the c-FOS 
promoter from − 711 to + 48  bp was transiently cotransfected with 
expression vectors for DLK wt, DLK V364A, and DLK K185A into 
HIT cells. Cells were harvested 48 h after transfection and luciferase 
activity was determined. Values present the ratio of luciferase and 
GFP activity relative to the activity of the c-FOS promoter in the 
absence of overexpressed DLK or its mutants set as 100%. Values are 
means ± SEM of four different experiments, each done in duplicate. 
**p ≤ 0.01; ****p ≤ 0.0001 vs. control, Kruskal–Wallis followed by 

Dunn’s multiple comparisons. B DLK wt and DLK V364 increase 
c-FOS promoter activity to similar extents. The luciferase reporter 
gene under control of the c-FOS promoter was transiently cotrans-
fected with increasing amounts of the expressions vector for DLK wt 
(black dots) and DLK V364A (grey squares). Values present the ratio 
of luciferase and GFP activity relative to the activity of the c-FOS 
promoter in the absence of overexpressed DLK wt or DLK V364A 
set as 100%. Values are means ± SEM of four different experiments, 
each done in duplicate. *p ≤ 0.05; **p ≤ 0.01 vs control, Kruskal–
Wallis followed by Dunn’s multiple comparisons

Fig. 2   Effect of DLK on 5′- and 3′-deletions of the c-FOS promoter. 
A Scheme of the c-FOS promoter. The proximal promoter region is 
enlarged to better depict the diverse binding-sites for the transcription 
factors. B Transcriptional activities of the 5′-deleted promoter frag-
ments. Values represent the ratio of luciferase and GFP activity rela-
tive to the activity of the c-FOS promoter from − 711 to + 48 bp set as 
100%. Values are means ± SEM of three to four different experiments, 
each done in duplicate. *p ≤ 0.0001, Kruskal–Wallis test and two-
stage linear step-up procedure of Benjamini, Krieger, and Yekutieli. 
C Transcriptional activities of the 3′-deleted promoter fragments. 
Values represent the ratio of luciferase and GFP activity relative to 
the activity of the c-FOS promoter from − 711 to + 48 bp set as 100%. 
Values are means ± SEM of five different experiments, each done in 
duplicate. *p ≤ 0.01 **p ≤ 0.005 ****p ≤ 0.0001, one-way ANOVA 
and Dunnett’s multiple comparisons test. D Effect of DLK on 5′-dele-
tions of the c-FOS promoter. Left panel, scheme of the 5′-deletions. 
Right panel, transcriptional activities of the 5′-deleted promoter 
fragments with overexpressed DLK wt or DLK K185A mutant. Val-
ues represent the ratio of luciferase and GFP activity relative to the 
activity of the respective 5′-deleted c-FOS promoter fragment in the 
absence of overexpressed DLK set as 100%. Values are means ± SEM 
of three to four different experiments, each done in duplicate. 
****p ≤ 0.0001, Kruskal–Wallis and two-stage linear step-up pro-
cedure of Benjamini, Krieger, and Yekuteli. E Effect of DLK on 
3′-deletions of the c-FOS promoter. Left panel, scheme of the 3′-dele-
tions. Right panel, transcriptional activities of the 3′-deleted promoter 
fragments with overexpressed DLK wt or DLK K185A mutant. Val-
ues represent the ratio of luciferase and GFP activity relative to the 
activity of the respective 3′- deleted c-FOS promoter fragment in the 
absence of overexpressed DLK set as 100%. Values are means ± SEM 
of five different experiments, each done in duplicate. p ≤ 0.0001, One-
way ANOVA followed by Tukey’s multiple comparisons

◂
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Effect of DLK on stimulated transcriptional activity 
of the c‑FOS promoter

The transcriptional activity and expression of c-FOS are reg-
ulated by many diverse stimuli like stress signals, membrane 

depolarization, and various growth factors increasing the 
levels of second messengers like cyclic AMP (cAMP) and 
calcium among others (Kovács 1998; Qiu and Ghosh 2008; 
Langfermann et al. 2019). To investigate whether DLK inter-
feres with stimulated c-FOS-dependent transcription, HIT 



1228	 Naunyn-Schmiedeberg's Archives of Pharmacology (2023) 396:1223–1233

1 3

cells were treated with KCl to induce membrane depolariza-
tion with calcium influx and with the adenylate cyclase acti-
vator forskolin increasing intracellular cAMP and indirectly 
calcium. The combined stimulus enhanced c-FOS-dependent 
transcriptional activity 7.9 ± 0.1-fold (n = 6) (Fig. 3A). In the 
presence of DLK WT or DLK V364A, stimulated c-FOS 
transcriptional activity was severely diminished, whereas 
the kinase-dead DLK mutant had no effect on c-FOS-
dependent gene transcription (Fig. 3A). The transcription 
factor cAMP response element binding protein (CREB) 
bound to the cAMP response element (CRE) is well known 
to confer membrane depolarization- and forskolin-induced 

transcriptional activity. In addition, DLK regulates CRE/
CREB-dependent transcription (Oetjen et al. 2006; Phu et al. 
2011; Wallbach et al. 2016; Duque Escobar et al. 2021). 
To study whether the CRE mediates DLK or KCl/forskolin-
induced transcriptional activity to c-FOS, the CRE within the 
promoter was mutated to prohibit CREB binding. Mutation 
of the CRE did not interfere with the basal transcriptional 
activity of the c-FOS promoter and somewhat decreased its 
KCl/forskolin-stimulated activity (Fig. 3B), suggesting that 
in addition to the CRE other DNA binding-sites mediate 
KCl/forskolin-induced signaling to the c-FOS promoter. Yet, 
mutation of the CRE within the c-FOS promoter prevented 
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the stimulatory effect of DLK, but DLK still decreased KCl/
forskolin-induced c-FOS transcriptional activity (Fig. 3B). 
The transcriptional activity of all 5′-deleted promoter frag-
ments was induced by KCl/forskolin treatment and DLK 
inhibited these enhanced transcriptional activities; the tran-
scriptional activities of those 3′-deleted promoter fragments 
enhanced by KCl/forskolin was decreased by DLK (Fig. 3C 
and D). These data suggest that DLK exerts distinct func-
tions on c-FOS promoter transcriptional activity: the kinase 
increases c-FOS promoter-dependent gene transcription, 
whereby the CRE within the promoter and the promoter 
fragments from − 53 to + 48 bp, and from − 711 to − 348 bp 
contribute to the DLK response. Furthermore, as long as 
KCl/forskolin enhance c-FOS promoter-dependent transcrip-
tional activity, this activity is decreased by DLK, suggesting 
that DLK interferes with KCl/forskolin signal transduction.

Effect of DLK on c‑Fos mRNA levels

To investigate whether DLK increases c-Fos mRNA level, 
HIT cells were transiently transfected with the expres-
sion vectors for DLK WT and K185A. DLK WT but not 
K185A slightly increased c-Fos mRNA level (Fig. 4). Since 
the transfection efficiency in HIT cells is low, these data 
might underestimate the effect of DLK on c-Fos mRNA 
level. Therefore, a new HIT cell line was generated, in 
which the lysine within the ATP-binding pocket of DLK 
was mutated to alanine by CRISPR/Cas9-mediated genome 
editing. Initial characterization of this newly generated cell 
line HIT-K185A revealed a reduction of Dlk mRNA levels 
(Fig. 5A). In addition, the protein content of the mutated 
DLK was severely decreased (Fig. 5B). Prevention of protein 
neosynthesis by cycloheximide revealed a faster degrada-
tion of DLK in the HIT-K185A cell line than in HIT WT 
cells with DLK half-times of 2.0 and 2.5 h, respectively 
(Fig. 5C). These findings are consistent with the notion 
that non-phosphorylated DLK has reduced protein stabil-
ity (Huntwork-Rodriguez et al. 2013). In this new cell line 
lacking enzymatically active DLK, the c-Fos mRNA level 
was decreased by 80%, suggesting that DLK is required 
for c-Fos expression (Fig. 6A). In line, treatment of HIT 
WT cells for 8 h with the DLK inhibitor GNE-3511 (Patel 

Fig. 3   Effect of DLK on stimulated transcriptional activity of the 
c-FOS promoter. A The luciferase reporter gene under control of the 
c-FOS promoter was transiently co-transfected with expression vec-
tors for DLK and its mutants. Cells were treated 6 h prior to harvest 
with KCl (40  mM) and forskolin (10  µM) as indicated. Values rep-
resent the ratio of luciferase and GFP activity relative to the activ-
ity of the c-FOS promoter from − 711 to + 48  bp without treatment 
set as 100%. Values are means ± SEM of three different experiments, 
each done in duplicate. ***p ≤ 0.001. Two-way ANOVA followed 
by Sidak’s multiple comparison test. B The luciferase reporter genes 
under control of the c-FOS promoter or the CREmut c-FOS promoter, 
respectively, were transiently co-transfected with DLK wt or the 
K185A mutant and treated 6 h prior to harvest with KCl and forsko-
lin. Values represent the ratio of luciferase and GFP activity relative 
to the activity of the c-FOS promoter from − 711 to + 48 bp without 
treatment set as 100%. Values are means ± SEM of three different 
experiments, each done in duplicate. The grey shaded area denotes 
a difference between the transcriptional activities of the c-FOS pro-
moter and the CREmut c-FOS promoter in the respective treatment 
group. *p ≤ 0.05, ##p ≤ 0.01. Two-way ANOVA followed by Tukey’s 
multiple comparisons. C Effect of DLK on stimulated transcriptional 
activity of 5′-deletions of the c-FOS promoter. The diverse luciferase 
reporter genes were transiently co-transfected with DLK wt or DLK 
K185A and treated 6 h prior to harvest with KCl and forskolin. Val-
ues represent the ratio of luciferase and GFP activity relative to the 
activity of the 5′-deleted c-FOS promoter fragments in the absence 
of treatment set as 100%. Values are means ± SEM of three differ-
ent experiments, each done in duplicate. ****p ≤ 0.0001 respective 
control (Ctrl, grey column) vs. stimulated control (Ctrl, black col-
umn), ####p ≤ 0.0001 respective stimulated control (Ctrl, black col-
umn) vs. stimulated activity in the presence of DLK (DLK), One-way 
ANOVA followed by Tukey’s multiple comparisons. D Effect of DLK 
on stimulated transcriptional activity of 3′-deletions of the c-FOS 
promoter. The diverse luciferase reporter genes were transiently co-
transfected with DLK wt or DLK K185A and treated 6 h prior to har-
vest with KCl and forskolin. Values represent the ratio of luciferase 
and GFP activity relative to the activity of the 3′-deleted c-FOS pro-
moter fragments in the absence of treatment set as 100%. Values are 
means ± SEM of four different experiments, each done in duplicate. 
****p ≤ 0.0001 respective control (Ctrl, grey column) vs. stimulated 
control (Ctrl, black column), ###p ≤ 0.001 respective stimulated con-
trol (Ctrl, black column) vs. stimulated activity in the presence of 
DLK (DLK), one-way ANOVA followed by Tukey’s multiple com-
parisons

◂

Fig. 4   Effect of DLK on c-fos mRNA level. HIT cells were tran-
siently transfected with DLK WT or DLK K185A as indicated. Cells 
were harvested 48 h after transfection and mRNA was isolated. The 
amount of c-fos mRNA level was determined by qPCR normalizing 
the CT-values of Fos to the geometrical mean of Actb/Hprt. Data are 
presented as fold change compared to cells transfected with Blue-
script (empty vector, control), set as 1. Values are means ± SEM of 
ten different experiments. One-way ANOVA followed by Tukey’s 
multiple comparison test. **p < 0.01, ****p < 0.001



1230	 Naunyn-Schmiedeberg's Archives of Pharmacology (2023) 396:1223–1233

1 3

et al. 2015; Le Pichon et al. 2017) decreased c-Fos mRNA 
level by 60% (Fig. 6B), whereas 1-h and 12-h treatment had 
no effect on c-Fos mRNA levels (not shown). Thus, DLK 
enhances c-FOS activity through phosphorylation of the pro-
tein (Huang et al. 2017) and through c-FOS gene transcrip-
tion (this study).

Discussion

The transcription factor c-FOS is part of the activator pro-
tein (AP)-1 formed by heterodimers of members of the 
FOS and the JUN families. Both groups of proteins are 
basic region leucine zipper (bZip) proteins, heterodimer-
izing via their leucine zippers and binding to DNA-sites 
with the consensus motif 5′-TGA G/C TCA-3′ via their 
basic region (Alfonso-Gonzalez and Riesgo-Escovar 2018; 

Bejjani et al. 2019). AP-1 transcription factors are ubiqui-
tously expressed and have been implicated in such oppos-
ing functions like cell death and cell proliferation and thus 
in various diseases among them several inflammatory dis-
eases, cancer, fibrosis, and rejection of transplanted organs 
(Shaulian and Karin 2002; Durchdewald et al. 2009; Bej-
jani et al. 2019). Furthermore, through acting on distal 
enhancers, FOS might be involved in changing the chro-
matin structure thereby controlling activity-dependent 
gene programs (Malik et al. 2014; Bejjani et al. 2019).

Phosphorylation on serine/threonine and tyrosine resi-
dues regulates c-FOS activity (Huang et al. 2017; Alfonso-
Gonzalez and Riesgo-Escovar 2018), but many stimuli like 
exposure to UV light, the addition of serum, peroxide, 
mechanical stretching, high glucose, incretins, and calcium 
influx among others increase the expression of c-fos and 
c-FOS within minutes and very few hours, respectively, 

Fig. 5   Brief characterization of the new genome-edited HIT cell line 
HIT-K185A. A Comparison of DLK mRNA level in wild-type (WT) 
and genome-edited HIT-K185A cells. Cells from the different cell 
lines were harvested and dlk mRNA levels were determined by qPCR. 
Values present relative DLK mRNA levels set as 1 in the WT HIT 
cells and are means of six different experiments. **p ≤ 0.01; unpaired 
t-test. B Reduced DLK protein in HIT-K185A cells. Left panel, typi-
cal immunoblot; right panel, quantitative evaluation. HIT WT and 
HIT-K185A cells were harvested, an immunoblot using an antibody 
against DLK was performed and the optical density of the respective 
bands was determined. Per lane, 35 µg of protein were loaded. Val-
ues present relative DLK protein levels set as 1 in HIT WT cells and 

are means of four experiments. ***p ≤ 0.001, unpaired t-test. C DLK 
K185A is less stable than DLK wild-type. Left panel, typical immu-
nobots, Right panel, quantitative evaluation. Cells from the HIT WT 
and the HIT-K185A line were treated with cycloheximide (5  µg/ml 
per well) at the indicated time points before harvest and subjected to 
immunoblot analysis and the optical density of the respective bands 
was evaluated. For the immunoblot, 50  µg of protein per lane were 
loaded. Left panel, typical blot; right panel, quantitative evaluation. 
Values present the relative DLK protein levels in the absence of 
cycloheximide set as 100% in each cell line and are means of three 
experiments, each done in duplicate. **p ≤ 0.01, Mann–Whitney test
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making c-fos the typical “immediate early gene” (Susini 
et al. 1998; Josefsen et al. 1999; Roche et al. 1999; Kovács 
2008; Alfonso-Gonzalez and Riesgo-Escovar 2018). Con-
sidering the short half-time of c-fos and c-FOS (approxi-
mately 30  min and 2  h, respectively) (Kovács 2008), 
c-FOS activity is mainly regulated at the transcriptional 
level. In turn, c-FOS itself regulates the transcriptional 
activity of many genes, thus contributing to the adapta-
tion of cells to external stimuli (Shaulian and Karin 2002; 
Durchdewald et al. 2009; Alfonso-Gonzalez and Riesgo-
Escovar 2018; Bejjani et al. 2019). For instance, in a rat 
beta cell line, the transcription factor NKX6.1 increases 
Nr4a1, Nr4a3, and VGF expression in a c-fos-dependent 
way. Hence, signals increasing the immediate early gene 
c-fos expression can change the expression of several addi-
tional genes promoting a long-term adaptation to these 
signals. Using overexpression of DLK and its enzymati-
cally dead mutant, DLK inhibition by GNE-3511, and a 
newly generated genome-edited HIT cell line, expressing 
the kinase-dead DLK mutant, the present study shows that 
DLK enhanced c-FOS promoter activity and is required for 
c-Fos mRNA expression. DLK itself becomes activated by 
stress and injury signals, ApoE signaling, tumor necrosis 
factor α, hydrogen peroxide, and inhibitors of calcineurin 
(Börchers et al. 2017; Huang et al. 2017; Jin and Zheng 
2019; Duque Escobar et al. 2021) suggesting that at least 
some effects elicited by DLK activation are mediated by 
upregulation of the immediate early gene c-Fos.

DLK has dual effects on c-FOS promoter activity: the 
kinase inhibited KCl/forskolin-induced transcription and 
increased basal promoter activity. These findings indicate 
that DLK interferes with KCl and/or forskolin-provoked 
signaling pathways. In HIT cells, KCl treatment resulting in 
membrane depolarization increases the intracellular calcium 
concentration. Forskolin might by increasing cAMP levels, 
activation of PKA, and phosphorylation of the voltage-
dependent L-type calcium channel enhance the calcium con-
centration as well. Calcium then activates calcium-depend-
ent enzymes among them calcineurin. DLK interacts with 
calcineurin via the phosphatase’s substrate recognition site 
thereby preventing the access of other calcineurin substrates 
to the phosphatase (Duque Escobar et al. 2021). Hence, 
through inhibition of calcineurin activity, DLK might 
decrease KCl/forskolin-induced c-FOS promoter activity. 
In contrast to its inhibitory action on KCl/forskolin-induced 
c-FOS promoter activity, DLK increased the basal tran-
scriptional activity of this promoter. Using 5′- and 3′-dele-
tions, different DLK-responsive promoter regions, namely 
the poorly characterized 5′- promoter region from − 711 
to − 348 bp and the 3′-promoter region from − 53 to + 48 bp 
were identified. Moreover, mutation of the CRE within the 
promoter abolished the stimulatory effect of DLK. Thus, 
in contrast to the human insulin gene promoter, the DLK 
responsiveness of the c-FOS promoter is not conferred by a 
single transcription factor but by a combination of different 
transcription factors binding to distinct promoter elements 
(Stahnke et al. 2014) (this study). This is in line with the 
finding that multiple elements determine the basal transcrip-
tional activity of the c-FOS promoter (Lucibello et al. 1991; 
Runkel et al. 1991) (this study). Since mutation of the CRE 
within the promoter abolished the stimulatory effect of DLK, 
CREB, or other CRE binding proteins might play a crucial 
role in coordinating the assembly of transcription factors 
and co-activators to mediate DLK-induced transcriptional 
activity of the c-FOS promoter. Of note, the transcription 
factor Sp1 through recruitment of the transcription activator 
BRG1 with the retinoblastoma protein (Rb) and the calcium 
responsive transactivator CREST regulates calcium-depend-
ent c-fos promoter activity (Qiu and Ghosh 2008); MAPK 
signaling enhanced the recruitment of the transcription fac-
tor NF1 to the c-fos promoter through phosphorylation of the 
transcription factor Elk-1 and subsequent interaction with 
the transcription co-activator p300 (O'Donnell et al. 2008). 
Thus, c-FOS promoter activity is regulated by diverse inter-
actions of transactivator proteins with transcription factors.

DLK exerts many and in part controversial effects con-
cerning neuronal development, neurodegeneration after 
insults, axon regeneration, neonatal beta-cell proliferation, 
and beta-cell apoptosis after exposure to diabetic risk fac-
tors (Tedeschi and Bradke 2013; Oetjen and Lemcke 2016; 
Börchers et al. 2017; Jin and Zheng 2019; Tenenbaum 

Fig. 6   Effect of reduced DLK activity on c-fos mRNA level. A 
Decrease of c-fos mRNA level in genome-edited HIT cells lacking 
active DLK. After harvest, mRNA was extracted and the level of 
c-fos mRNA was determined by qPCR normalizing the CT-values 
of Fos to the geometrical mean of Actb/Hprt. Values are relative to 
the mRNA level in HIT WT cells, set as 1. Values are means ± SEM 
of six different experiments. **p < 0.01, Mann–Whitney test. B HIT 
WT cells were treated with GNE-3511 (1 µM) for 8 h. After harvest, 
mRNA was extracted and the level of c-fos mRNA was determined 
by qPCR normalizing the CT-values of Fos to the geometrical mean 
of Actb/Hprt. Values are relative to the mRNA level in the untreated 
control, set as 1. Values are means ± SEM of three different experi-
ments, unpaired t-test; ***p < 0.001
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et al. 2020; Duque Escobar et al. 2021). Considering the 
involvement of FOS in many functions and its regula-
tion mainly at the transcriptional level, it is tempting to 
speculate that at least some of these controversial effects 
might be explained by the dual effects of DLK on c-FOS 
promoter activity: activation of basal activity and inhibi-
tion of calcium- and cAMP-induced activity. DLK thereby 
contributes to the fine-tuning of c-FOS activation.
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