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Background: Termination of TNF-induced signaling plays a key role in the resolution of
inflammation with dysregulations leading to severe pathophysiological conditions (sepsis,
chronic inflammatory disease, cancer). Since a recent phospho-proteome analysis in human
monocytes suggested GSK3 as a relevant kinase during signal termination, we aimed at
further elucidating its role in this context.

Materials and Methods: For the analyses, THP-1 monocytic cells and primary human
monocytes were used. Staurosporine (Stauro) was applied to activate GSK3 by inhibiting
kinases that mediate inhibitory GSK3a/B-Ser21/9 phosphorylation (eg, PKC). For GSK3
inhibition, Kenpaulone (Ken) was used. GSK3- and PKC-siRNAs were applied for knock-
down experiments. Protein expression and phosphorylation were assessed by Western blot or
ELISA and mRNA expression by qPCR. NF-«kB activation was addressed using reporter
gene assays.

Results: Constitutive GSK3p and PKCp expression and GSK3a/B-Ser21/9 and PKCo/BII-
Thr638/641 phosphorylation were not altered during TNF long-term incubation. Stauro-
induced GSK3 activation (demonstrated by Bcl3 reduction) prevented termination of
TNF-induced signaling as reflected by strongly elevated IL-8 expression (used as an indi-
cator) following TNF long-term incubation. A similar increase was observed in TNF short-
term-exposed cells, and this effect was inhibited by Ken. PKCo/B-knockdown modestly
increased, whereas GSK3a/B-knockdown inhibited TNF-induced IL-8 expression. TNF-
dependent activation of two NF-kB-dependent indicator plasmids was enhanced by Stauro,
demonstrating transcriptional effects. A TNF-induced increase in p65-Ser536 phosphoryla-
tion was further enhanced by Stauro, whereas IxkBa proteolysis and IKKo/B-Ser176/180
phosphorylation were not affected. Moreover, PKCB-knockdown reduced levels of Bcl3.
A20 and IkBa mRNA, both coding for signaling inhibitors, were dramatically less affected
under our conditions when compared to IL-8, suggesting differential transcriptional effects.
Conclusion: Our results suggest that GSK3 activation is involved in preventing the termi-
nation of TNF-induced signaling. Our data demonstrate that activation of GSK3 — either
pathophysiologically or pharmacologically induced — may destroy the finely balanced con-
dition necessary for the termination of inflammation-associated signaling.

Keywords: TNF, GSK3, PKC, staurosporine, IL-8, NF-kB, termination of TNF-induced

signaling, termination of inflammation

Introduction

Following acute inflammation, a controlled and well-balanced resolution of the
inflammatory process is required.'” The resolution phase further appears to be
a necessary prerequisite for the subsequent establishment of the adaptive immune
response and immunological memory in the post-resolution phase.” Dysregulations
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in the attenuation phase may result in excessive inflamma-
tion such as septic shock and on the other side in chronic
inflammatory diseases and autoimmunity, also including
the development of immune paralysis.>> In addition, the
contribution of inflammation to the development of cancer
has been recognized as an important concept which is,
however, only partially understood.* The coordinated ter-
mination of inflammation involves a series of different,
mutually supporting molecular mechanisms’ including the
inhibition or controlled expression of pro- and anti-inflam-
matory cytokines and chemokines,® shifts in metabolic
processes,” and apoptosis.® Moreover, tissue repair
processes’ and the development of different forms of
tolerance towards stimulating agents such as tumor necro-
sis factor (TNF) may play a role.'” Leukocytes of the
myelomonocytic lineage, especially monocytes and
macrophages, are decisive players in maintaining tissue
homeostasis and initiating/perpetuating inflammation, but
also appear to be critically involved in resolving inflam-
matory events.'!

Exposure to TNF leads to a dramatic activation of cells
via pro-inflammatory signaling pathways.'*'> An essential
step in the controlled restriction of inflammation is the
termination of  pro-inflammatory  cytokine-induced
signaling.” For instance, it has been demonstrated that
TNF-dependent signaling is restricted at multiple levels,
eg, affecting nuclear factor kB (NF-kB)'* which is strin-
gently suppressed over time to a low amount of constitu-
tive activation by various mechanisms.'> The expression
of A20 is significantly induced during long-term TNF
incubation leading to the persistent repression of TNF
receptor type 1 (TNFR1-)dependent signal transduction.'®
Under these conditions, the activation of the inhibitor of
NF-kB (IkB) kinase (IKK) o/pf complex observed follow-
ing short-term TNF stimulation'” is completely inhibited
in an A20-dependent manner. Downstream, increased NF-
kB p50 and decreased p65 levels and p65-Ser536 phos-
phorylation were observed.'® Moreover, TNF long-term
incubation induces the association of p65 with the tran-
scription factor CCAAT/enhancer binding protein (C/EBP)
B, an effect presumably contributing to the limitation of
activating p65-Ser536 phosphorylation under these
conditions."”

Our recent (phospho-)proteome analysis of long-term
TNF-incubated monocytic cells suggests that glycogen
synthase kinase (GSK) 3 represents a crucial kinase regulat-
ing the phosphorylation status and associated molecular
functions orchestrating the termination of inflammation-

induced signaling.?® In addition, by controlling the activa-
tion of various transcription factors including NF-kB and C/
EBP, GSK3 is strongly involved in the transcriptional reg-
ulation of gene expression.”’ *> GSK3 consists of two
highly similar paralogues (o and B) and is predominantly
controlled via inhibitory phosphorylation at Ser21 (GSK3a)
or Ser9 (GSK3p) by kinases such as protein kinase (PK)Ca
and B or PKB/Akt.**2® Due to its pro-inflammatory proper-
ties, GSK3 is regarded as a kinase promoting inflammation
and it is well established that enzymatically active GSK3
acts as a potent driver of acute inflammation.”® GSK3 also
mediates anti-inflammatory effects and may thus contribute
to the balancing of both promotion and resolution of
inflammation.*® Tts detailed role within the termination of
inflammation-associated signaling, however, is still not
completely understood. Thus, this study aims at further
elucidating the potential role of GSK3 in TNF-induced
signaling. Our results suggest that an increased GSK3 activ-
ity level may be associated with an impaired termination of
TNF-induced signaling. Based on our results, it is reason-
able to hypothesize that any increase in (otherwise consti-
tutive) GSK3 activity, either (patho-)physiologically or
pharmacologically induced, results in a dysregulation of
the well-balanced molecular network necessary for fine-
tuning inflammation-associated signaling.

Materials and Methods
Isolation of Primary Human Monocytes
and Cell Culture

Freshly obtained blood samples from healthy donors were
provided by the Institute of Transfusion Medicine,
Hannover Medical School. Informed patient consent was
obtained, and the experiments were approved by the
Hannover Medical School ethics committee in accordance
with the Declaration of Helsinki. Monocytes were isolated
by initial Biocoll (Biochrom, Berlin, Germany) density
gradient centrifugation in LeucoSep tubes (Greiner Bio-
One, Frickenhausen, Germany), followed by isolation of
monocytes using a negative selection protocol (Monocyte
Isolation Kit II; Miltenyi Biotec, Bergisch Gladbach,
Germany), according to manufacturer’s instructions as
previously described.'”® In short, non-monocytic cells
were labelled via a combination of biotin-coupled primary
monoclonal antibodies (directed against CD3, CD7, CD16,
CD19, CD56, CD123, and Glycophorin A) and a magnetic
microbead-conjugated secondary monoclonal anti-biotin
antibody. The cells

labelled non-monocytic were

I 7 I 8 https:

Dove!

Journal of Inflammation Research 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove

Welz et al

subsequently removed via a magnetic cell separation
(MACS) column
(Miltenyi Biotec) yielding highly enriched monocytes

in a magnetic MACS separator
(purity >90%, assessed by flow cytometry; see below).
Primary human monocytes, human monocytic THP-
1 cells, and HeLa cells (Deutsche Sammlung von
Mikroorganismen und Zellkulturen, Braunschweig,
Germany) were maintained in endotoxin-free Roswell
Park Memorial Institute (RPMI) 1640 medium supple-
mented with 100 U/mL penicillin, 100 mg/mL strepto-
mycin (Biochrom, Berlin, Germany), and 7.5% fetal
calf serum (Sigma Aldrich, St. Louis, USA). Medium
for primary monocytes was additionally supplemented
with 2% oxaloacetate/pyruvate/insulin media supple-
ment (Sigma Aldrich) and 1% minimum essential med-
ium non-essential amino acids solution (Thermo Fisher,
Bonn, Germany). THP-1 cells and primary human
monocytes were cultured at a density of 5x10° cells/
well in 12 well plates, HeLa were plated at 2x10°
Niimbrecht,

cells/well in 6 well plates (Sarstedt,

Germany).”’

Flow Cytometry

The purity of freshly isolated primary monocytes was
assessed by dual cell labeling for 30 min (4°C, dark)
using Alexa Fluor405-CD45 (Invitrogen, Darmstadt,
Germany) and allophycocyanin-CD14 (BD Biosciences,
Heidelberg, Germany) recombinant human antibodies.
Contamination with other leukocytes was excluded using
the antibodies allophycocyanin-CD3, PE-CD19, FITC-
CD56 (BD Biosciences), and FITC-CD15 (Invitrogen).
For detection, a FACSCanto II flow cytometer and the
FACSDiVa software (BD Biosciences) were applied.

Reagents

For stimulation and long-term incubation experiments,
TNF from Sigma Aldrich was used. To suppress protein
degradation in cell lysates, the complete ethylenediami-
netetraacetic acid-free protease inhibitor cocktail
(Roche, Rotkreuz, Switzerland) was applied. Inhibitor
experiments were performed using the kinase inhibitor
GSK3a/p
Kenpaullone (Ken; Sigma Aldrich). For Western blot-
ting, antibodies specific for PKCf (D3E70), p-PKCa/BII
(Thr638/641), GSK3p (27C10), p-GSK3a/B (Ser21/9),
p65 (L8F6), p-p65 (Ser536), IKKa, p-IKKao/B (Serl76/
180), IxBa (44D4; Cell Signalling, Danvers, USA),

B cell lymphoma (Bcl) 3 (150-3.5;

Staurosporine (Stauro) and the inhibitor

Santa Cruz

Biotechnology, Santa Cruz, USA), actin, and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH; Sigma-
Aldrich) were used. Horseradish peroxidase-coupled
secondary antibodies were purchased from Cell
Signalling or Santa Cruz. All media and reagents were
of the best available grade and routinely tested for
endotoxins with the Limulus Amoebocyte Lysate assay

(Lonza, Basel, Switzerland).

Protein Extraction, SDS-PAGE, Western

Blot Analysis, and Densitometry

Preparation of whole-cell and nuclear extracts, determina-
tion of protein concentrations, electrophoresis,
and Western blotting were performed as described:**?’
cells were lysed in extraction buffer P (8 M urea,
4% 3-[(3-Cholamidopropyl)-dimethylammonio]-propane-
sulfonate (Sigma-Aldrich), 30 nM Tris, 1% Nonidet P-40
(AppliChem, Darmstadt, Germany), 1% HALT phospha-
tase inhibitor (Thermo), and EDTA-free cOmplete pro-
tease inhibitor (Sigma-Aldrich) cocktails). To obtain
nuclear proteins, cells were additionally sonicated (10 s,
20% power; Bandelin, Berlin, Germany). To gain suffi-
cient amounts of proteins from primary human monocytes,
cell lysates of monocytes derived from 2 independent
individuals were pooled for subsequent Western Blot ana-
lyses. Protein concentration was determined via Bradford
Assay (BioRad, Hercules, USA) and SDS-PAGE was per-
formed using 10% (proteins >50 kDa), 12% (proteins
30-50 kDa), or 15% (proteins <30 kDa) Tris/Glycin-
SDS-polyacrylamide gels (Biostep, Jahnsdorf, Germany).
Subsequently, proteins were transferred onto 45 pm nitro-
cellulose membranes (BioRad) using the Western blot
technique (transfer buffer: 200 mM glycin (Applichem)
and 25 mM Tris-base, pH 8.3). For washing of mem-
branes, Tris buffered saline (TBS) with 0.1% Tween
(Sigma-Aldrich) (TBST) was used. After blocking with
5% skim milk (Merck Millipore) or bovine serum albumin
(BSA, Roche) in TBST, membranes were incubated over-
night with specific primary antibodies at 4°C (diluted in
milk-TBST or BSA-TBST according to the manufacturers’
instructions). Following incubation with horseradish per-
oxidase-coupled secondary antibodies, protein bands were
visualized using enhanced chemiluminescence (ECL;
Thermo Fisher) or WesternBright Sirius (Advansta,
Menlo Park, USA) and the Bio-imaging system ECL
Chemostar (Intas Science Imaging, Gottingen, Germany).
Densitometric analyses of gel band intensities were
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performed using the Image Studio Lite 5.2 software (LI-
COR Biosciences GmbH, Bad Homburg, Germany).

Enzyme-Linked Immunosorbent Assay
(ELISA)

Culture supernatants were harvested, diluted 1:10 with
phosphate buffered saline (PBS), and protein amounts of
TNF were measured using the human TNF ELISA MAX
Standard (BioLegend, San Diego, USA) according to man-
ufacturer’s instructions. Absorbance was determined with
the ELx808 Absorbance Microplate Reader (BioTek
Instruments, Bad Friedrichshall, Germany).

RNA Extraction, cDNA Synthesis, and

qPCR

Cell lysis, RNA extraction, cDNA synthesis, and qPCR
were performed as previously described.'®® For cell lysis
and total RNA isolation, the RNeasy Mini kit (Qiagen,
Hilden, Germany) was applied according to the manufac-
turer’s instructions. RNA concentration and purity were
Nanodrop ND-1000 (PeqLab
Biotechnologie, Erlangen, Germany). Subsequently, one

assessed using the

png total RNA was reverse-transcribed using the Prime
Script RT Master Mix (Takara, Saint-Germain-en-Laye,
France) as indicated in the instructions. JPCR was per-
formed on a LightCycler 480 (Roche) using the Takyon
No ROX SYBR 2X MasterMix blue dTTP kit
(Eurogentec, Seraing, Belgium). The following primers
(Sigma Aldrich) were applied: CXC motif chemokine
ligand (CXCL) 8 (ie, interleukin (IL-)8; 5-TCCTGAT
TTCTGCAGCTCTGTG-3', 5-GGTCCACTCTCAATCA
CTCTC-3'), tumor necrosis factor o-induced protein
(TNFAIP) 3 (ie, A20; 5'-CGGAAGCTTGTGGCGCTG
AA-3", 5-AGAGACTCCAGTTGCCAGCGG-3'), and
NF-«xB inhibitor a (NFKBIA, ie, IxBa; 5-CGAGCA
GATGGTCAAGGAGC-3', 5'-CAGCCAAGTGGAGTG
GAGTC-3"). Target gene expression levels were normal-
ized to B2-microglobulin (5'-TGTGCTCG
CGCTACTCTCTCTT-3', 5'-CGGATGGATGAAACCCA
GACA-3"). Graphical representation of qPCR data was
performed using GraphPad Prism 5.0 (GraphPad
Software, La Jolla, USA).

siRNA Transfection Experiments

siRNA specific for PKCa (Silencer Select siRNA,
Thermo Fisher), PKCB (Silencer Select siRNA,
Thermo Fisher or FlexiTube GeneSolution siRNA,

Qiagen, Hilden, GSK30, and GSK3p
(FlexiTube GeneSolution siRNA; Qiagen) was applied

Germany),

(negative control: Alexa Fluor 488—coupled AllStars
siRNA, Qiagen). 2x10° HeLa cells/well (in 500uL
RPMI 1640 + 7.5% FCS, 6-well plates) were trans-
fected X-tremeGENE  siRNA
Transfection Reagent (Roche) or HiPerFect transfection

overnight  using
reagent (Qiagen) according to manufacturers’ instruc-
tions: transfection reagent and (i) 100 nM of single
PKC or GSK3 siRNAs or (ii)) 50 nM siRNA each
(when PKCa/B or GSK3a/f siRNAs were combined;
volume ratio reagent to nucleic acid: 3:1) were prein-
cubated in 100 pL Opti-MEM I (Thermo Fisher) for 30
min and then added to the cells. Subsequently, trans-
fected cells were stimulated for 2 h or 48 h with 80 ng/
mL TNF and qPCR or Western Blot analyses were
performed (see above).

Dual-Luciferase Reporter Assay

2 x 10° HeLa cells/well (in 2 mL RPMI 1640 + 7.5%
FCS, 6-well plates; 2 wells per condition) were cotrans-
fected with either the human IL-8 promoter-dependent
firefly luciferase reporter gene vector pGL2 IL-8 luc
(containing 420 bp of the human IL-8 promoter) or the
pGL2-3kxB-Luc reporter construct (containing 3 NF-kB
consensus binding sites) and the Renilla luciferase
expressing transfection control pRLtk-Renilla* using
X-treme gene HP transfection reagent (Roche) according
to the manufacturer’s instructions: transfection reagent
and 1 pg plasmids (900 ng reporter and 100 ng control
plasmid; volume ratio reagent to nucleic acid: 3:1) were
preincubated in 100 pL Opti-MEM I (Thermo Fisher)
for 30 min and then added to the cells for 16
h. Following preincubation with 20 nM Stauro for 30
min and subsequent stimulation with 80 ng/mL TNF for
6 h, cells were lysed and whole cell extracts were
prepared (see above). For analyses, extracts of 2 wells
were combined per condition. Expression of Firefly and
determined in an Orion
(Berthold Detection
Dual-
(Promega,

Renilla luciferase was

L microplate Luminometer
Systems, Pforzheim, Germany) using the

Luciferase = Reporter  Assay  system

Mannheim, Germany) according to manufacturer’s
instructions. Results were indicated as relative luciferase
activity (RLA), ie, Firefly relative light units were

divided by Renilla relative light units."
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Results

Constitutive Expression of GSK3f and
PKCB as Well as Phosphorylation of
GSK30/B (Ser21/9) and PKCa/pll
(Thr638/641) are Not Altered During

TNF long-Term Incubation
(Phospho-)proteome analysis of long-term TNF-incubated
(48 h) primary monocytes identified a significant amount
of phosphorylated proteins with binding motives for
GSK3a/p.° Therefore, in initial experiments, THP-1
monocytic cells were short- and long-term incubated +80
ng/mL TNF up to 48 h (for TNF levels in the supernatant
over time, see Figure S1) and the phosphorylation status of
GSK30/B (Ser21/9) and GSK3p protein levels were mon-
itored (Figure 1). These experiments demonstrate that
protein expression of GSK3p and phosphorylation of
GSK30/p at the indicated phosphorylation sites were not
changed during the complete 48 h TNF incubation interval
(Figure 1A, left sides without inhibitor). Similar results
were obtained when the level of PKCf and the phosphor-
ylation status of PKCo/BII (Thr638/641) were determined
in both THP-1 (Figure 1B) and primary human monocytes
(Figure 1C). The kinase PKCp phosphorylates GSK3f at
the inhibitory position Ser9 thus provoking the inhibition
of GSK3p activity.*® Consistently, no increased GSK30/p-
Ser21/9 phosphorylation could be detected in primary
monocytes (in relation to total protein amounts; Figure
S2). These data demonstrate that the constitutive expres-
sion of GSK3p and PKCp as well as the phosphorylation
of GSK3a/B (Ser21/9) and PKCa/BII (Thr638/641) are not
affected by TNF long-term incubation.

Stauro Activates GSK3[3

To study the role of GSK3 in TNF signaling, we used
Stauro treatment as a model to increase the GSK3 activity
level. Stauro inhibits kinases (eg, PKC) phosphorylating
GSK3p on the inhibitory position Ser9. THP-1 cells were
short/long-term incubated up to the indicated time points
+80 ng/mL TNF, as already described above, in the
absence/presence of 80 nM Stauro, which was added 30
min before TNF incubation (Figure 1). Western Blot ana-
lysis showed that Stauro reduced the inhibitory GSK3a/[3-
Ser21/9 phosphorylation without affecting the expression
level of GSK3p (Figure 1A, right side). To monitor GSK3
activity, the level of its substrate Bcl3 was determined
(Figure 1D). GSK3 phosphorylates Bcl3 thus targeting it

for proteasomal degradation.’®*' Our data show that the
Bcl3 levels — which are induced by TNF long-term incu-
bation, as shown earlier’” - were completely abolished by
Stauro treatment (Figure 1D). Taken together, our data
suggest that under our experimental conditions, Stauro
strongly increases GSK3 activity.

Stauro and PKCp siRNA Prevent the
Termination of Long-Term TNF-Induced

IL-8 Expression

As also shown earlier, incubation of monocytic THP-1
cells with TNF led to a strong increase in IL-8 mRNA
(used as indicator for TNF-induced signaling; Figure 2)

15,18

after 2 h which was significantly reduced at 24 h where it
reached a low (ie, only weakly elevated over baseline) and
virtually constant level until 48 h (Figure 2A). To deter-
mine the impact of Stauro-induced GSK3 activity on TNF
signaling, THP-1 cells were long-term incubated for
24 h +£80 ng/mL TNF in presence of increasing doses of
Stauro (0—80 nM), and the IL-8 mRNA expression was
analyzed (Figure 2B). This approach showed that Stauro
dose-dependently enhanced IL-8 expression in long-term
TNF-exposed cells with a maximal effect at 80 nM of the
concentrations tested (Figure 2B). In the absence of TNF,
a modest effect of Stauro was also observed at higher
doses. Similar effects were observed in primary human
monocytes incubated +TNF for 48 h in the absence/pre-
sence of Stauro (Figure 2C). Since long-term TNF-stimu-
lated monocytic cells are not able to properly respond to
a subsequent challenge with TNF,'® we next determined
whether Stauro also influences this desensitized state.
Thus, THP-1 cells were preincubated for 48 h with TNF
(+Stauro) and then restimulated with TNF for 2 h (Figure
2D). Again, Stauro had a dramatic effect on long-term
TNF-incubated cells, which was only slightly further influ-
enced by restimulation (Figure 2D). Our data demonstrate
that Stauro dramatically enhances IL-8 expression during
long-term TNF incubation and, therefore, suggest that
Stauro is able to prevent termination of TNF-induced
signaling.

To further confirm the involvement of GSK3 in the
regulation of IL-8 mRNA levels on a molecular level, we
performed experiments with siRNA against the GSK3-
inhibiting kinase PKCP (Figure 2E). HelLa cells were
transfected overnight with siRNA directed against PKCp
and then incubated with TNF for 48 h (Figure 2E).
Treatment with PKCP siRNA led to a significant reduction
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Figure | Stauro activates constitutive GSK3 during short/long-term TNF incubation. (A) Staurosporine (Stauro) reduces inhibitory 521/S9 phosphorylation of constitutive
GSK3a/B. THP-1 monocytic cells were incubated up to the indicated time points +80 ng/mL TNF +80 nM Stauro (preincubation phase: 0.5 h). The levels of p-GSK3a/f
(Ser21/9) and GSK3p were determined in whole cell extracts by Western Blot. (B—C) TNF has no influence on PKCP protein expression and PKCo/BII phosphorylation
(Thr638/641) in monocytic cells during TNF long-term incubation. THP-I cells (B) or primary human monocytes (C) were incubated +80 ng/mL TNF up to the indicated
time points. Levels of PKCP and p-PKCo/BIl (Thré38/641) were determined in whole cell extracts. (D) Stauro reduces Bcl3 levels. THP-1 cells were incubated as described
in (A) and levels of Bcl3 were determined. (A, B, D) Loading control: GAPDH, n=3; (C) loading control: actin, n=2 (representative experiments).
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Figure 2 Stauro and PKCp siRNA prevent the termination of long-term TNF-induced IL-8 expression. (A) Induction and termination of TNF-induced IL-8
expression. THP-1 cells were incubated up to 48 h with 80 ng/mL TNF. The IL-8 mRNA expression was determined by qPCR at the indicated time points. (B)
Stauro dose-dependently enhances IL-8 expression during long-term TNF exposure. THP-I cells were incubated for 24 h +80 ng/mL TNF in the presence of
increasing doses of Stauro (0-80 nM, preincubation phase: 0.5 h), and the IL-8 mRNA expression was determined (representative experiment, determined in
triplicates). (C) Stauro dramatically increases IL-8 expression in long-term TNF-incubated primary human monocytes. Primary human monocytes were treated for
48 h £80 ng/mL TNF and +80 nM Stauro (preincubation phase: 0.5 h). Afterwards, the IL-8 mRNA expression was determined. (D) Stauro increases IL-8 mRNA
expression during TNF long-term incubation but has no further influence on IL-8 expression following TNF restimulation. THP-1 cells were pretreated for 48
h with 80 ng/mL TNF and +80 nM Stauro (preincubation phase: 0.5 h). Subsequently, cells were restimulated (Re) for 2 h 80 ng/mL TNF, and the IL-8 mRNA
expression was measured. For (A-D) the induction value of cells cultivated in medium in the absence of TNF or Stauro was defined as | and mean + SD (n=3) is
shown. (E) Long-term TNF-mediated IL-8 expression is enhanced by PKC siRNA. Hela cells were transfected overnight with scrambled (Co) or PKCP siRNA.
Subsequently, cells were stimulated +80 ng/mL TNF for 48 h or cultivated in medium and IL-8 expression was monitored. IL-8 expression in Co siRNA-transfected
cells (-TNF) was set as | (triplicates, representative for n=3; mean * SD).
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of PKCP protein and mRNA levels (Figure S3A and B).
The presence of PKCp siRNA induced a modest elevation
of TNF-induced IL-8 expression (Figure 2E).

Stauro Increases IL-8 mRNA Expression
During TNF Short-Term Incubation
Which is Blocked by a GSK3 Inhibitor

To further examine how Stauro influences TNF-induced
IL-8 mRNA expression and also to demonstrate an invol-
vement of GSK3, we assessed the effect of Stauro on TNF
short-term incubation. THP-1 cells were incubated for 2
h +80 ng/mL TNF in the presence of increasing doses of
Stauro (Figure 3A). Again, a dramatic dose-dependent
effect of Stauro on TNF-induced IL-8 expression was
observed (Figure 3A). During short-term incubation,
a maximal effect of Stauro was reached between 8 and
20 nM (Figure 3A, data not shown). The fact that Stauro
also dramatically affects TNF short-term incubation sug-
gests that very fast transcriptional mechanisms play
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a significant role in this context. To confirm that increased
GSK3 activity participates in Stauro-mediated effects on
TNF signaling, THP-1 cells were preincubated with the
GSK3 inhibitor Ken (Figure 3B) and further experimental
conditions were applied as described in Figure 3A. These
experiments showed that Ken almost completely blocked
the dramatic Stauro-mediated enhancement of TNF-stimu-
lated IL-8 mRNA expression (Figure 3B) suggesting
a major involvement of GSK3.

IL-8 Expression is Increased by PKC
Knockdown and Reduced by GSK3

Knockdown

In the next experiments, to validate the involvement of
GSK3 in the regulation of IL-8 mRNA levels during short-
term TNF stimulation (Figure 3C and D), HeLa cells were
transfected overnight with siRNA directed against PKCa,
PKCpB, or both, and then incubated with TNF for
2 h (Figure 3C). Comparable with the results obtained
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Figure 3 Effects of Stauro on TNF short-term incubation and involvement of GSK3. (A) Stauro increases IL-8 mRNA expression during TNF short-term incubation. THP-1
cells were incubated for 2 h £80 ng/mL TNF in the presence of increasing doses of Stauro (0—16 nM, preincubation phase: 0.5 h). The IL-8 mRNA expression was determined
by qPCR (triplicates, representative for at least 3 experiments; mean + SD). (B) The effects of Stauro on TNF-stimulated IL-8 expression are blocked by a GSK3 inhibitor.
THP-1 cells were incubated for 2 h +80 ng/mL TNF, £2.5 uM Kenpaullone (Ken; preincubation phase: | h), and 20 nM Stauro (preincubation phase: 0.5 h). The IL-8 mRNA
amounts were determined using qPCR (triplicates, representative for n=3; mean + SD). (C) Short-term TNF-mediated expression of IL-8 is enhanced by PKC siRNA. Hela
cells were transfected overnight with scrambled (Co) siRNA or siRNA directed against PKCa, PKCB, or both. Subsequently, cells were stimulated +80 ng/mL TNF for 2 h or
cultivated in medium and IL-8 expression was monitored (triplicates, representative for n=3 using different siRNAs; mean + SD). (D) TNF-mediated expression of IL-8 is
reduced by GSK3 siRNA. Hela cells were transfected overnight with Co siRNA or siRNA directed against GSK30, GSK3, or both. Subsequently, cells were stimulated +80
ng/mL TNF for 2 h. TNF-induced IL-8 expression in Co siRNA-transfected cells was set as 100% (triplicates, representative for n=3; mean * SD).
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following long-term TNF incubation, PKCo/f siRNA
induced a modest increase in TNF-induced IL-8 mRNA
levels (Figure 3C). Afterwards, cells were also transfected
with siRNA against GSK3a, GSK3p, or both (Figure 3D)
and subsequently stimulated with TNF for 2 h (for knock-
down of PKCa/p and GSK3a/B by siRNA, see Figure S3A
and B). Again, treatment of cells with GSK3 siRNA
reduced the expression of IL-8 (Figure 3D). The data
obtained using different siRNAs are consistent with the
results obtained with Ken as described above and suggest
that increased GSK3 activity is involved in the enhance-
ment of short-term TNF signaling.

Transcriptional Effects of Stauro and
PKCPB siRNA

To investigate if Stauro directly affects NF-kB-dependent
transcription, HeLa cells were transfected with an IL-8
promoter— as well as a 3kB-dependent indicator plasmid
(Figure 4A). Subsequently, cells were preincubated with
Stauro followed by TNF stimulation for 6 h. Both indica-
tor plasmids were activated by TNF, an effect which was
further enhanced by Stauro (Figure 4A). A weak induction
of reporter gene expression was detected in the presence of
Stauro alone. In the next steps, we further explored the
transcriptional mechanisms involved in the effects
described above. It has been shown that GSK3 phosphor-
ylates p65-Ser536.%* Therefore, THP-1 cells were short-
term incubated with TNF +Stauro and the protein levels of
p65 and p-p65 (Ser536) were determined (Figure 4B).
TNF induced an increase in p65 phosphorylation at 10
min (Figure 4B), an effect further increased by Stauro.
Under similar conditions, proteolysis of IkBa and phos-
phorylation of IKKo/B (Ser176/180) were not affected
(Figure 4C and D). In a second set of experiments, HeLa
cells were transfected overnight with PKCP siRNA
(Figure 4E). Subsequently, the cells were stimulated with
TNF up to 6 h and Bcl3 levels were determined.*> The
presence of PKCP siRNA considerably reduced the levels
of this positive/negative regulatory transcription factor
(Figure 4E). As expected, PKCB siRNA reduced PKC
mRNA and protein levels which was accompanied by
reduced levels of p-GSK3a/B-Ser21/9 (data not shown).
Bcl3 has been suggested to inhibit IL-8 expression®*>> but
may also be involved in the positive regulation of A20°%7
and IkBa.>”?® Therefore, THP-1 cells were incubated
+TNF for 48 h in the absence/presence of Stauro (Figure
4F). After TNF incubation for 48 h, very low expression

levels of IL-8 (1,7-fold) and IxBa (2,1-fold) were detected
when compared to A20 amounts (24,9-fold) (Figure 4F).
As described above, following TNF long-term incubation,
Stauro significantly increased IL-8 mRNA expression
(Figure 4F). In contrast, no significant effect of Stauro
on A20 and only a mild effect on IkBa mRNA expression
were detected under this condition, suggesting differential
transcriptional effects.

Discussion

The Janus-faced functionalities of the cellular multiproces-
sor GSK3 in the termination of inflammation-associated
signaling are still not comprehensively understood.***
Since our recent (phospho-)proteome analysis of long-
identified

a significant amount of phosphorylated proteins with bind-

term TNF-incubated primary monocytes

ing motives for GSK3a/p, we aimed at further assessing its
role in the termination of TNF-induced signaling.”’ Our
data demonstrate a stable phosphorylation level of inhibi-
tory GSK3a/B-Ser21/9 and a constitutive GSK3p expres-
sion in THP-1 monocytic cells which was not altered
during short/long-term TNF incubation. GSK3 is constitu-

tively active in most cell types’®*® including
macrophages®' and it has been shown earlier that in quies-
40,42

cent cells, GSK3 is characterized by basal activity.

Moreover, a GSK3-mediated transcriptional network
maintains repression of immediate early genes in quies-
cence cells® and plays a key role in maintaining the
repression of growth factor-inducible genes.** In TNF-
exposed cells, an at most weak regulation of GSK3 protein
expression or phosphorylation has been found'®'®454
which is basically similar to our results. It has been
shown that TNF does not markedly change basal activity
or phosphorylation of GSK3 in macrophages'® but instead
promotes nuclear translocation of active GSK3. The PKC
isoforms a and P are able to phosphorylate GSK3a/p at the
inhibitory Ser21/Ser9 residues.*® Our experiments further
show that the constitutive expression of PKCpB and the
activating phosphorylation of PKCo/BII (Thr638/641)
also remain constant in both THP-1 cells and primary
human monocytes during TNF long-term exposure. For
other cell types, eg, primary human umbilical vein
endothelial cells or murine skeletal myotubes, an increased
activation-associated phosphorylation of PKCa/f in
response to TNF has been reported.**° However, since
TNF-dependent effects on PKC activation appear to be
highly cell type-specific,”® the discrepancy between our

results and the literature may result from the different
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Figure 4 Transcriptional effects of Stauro and PKCP siRNA. (A) Stauro enhances TNF-induced NF-kB-dependent gene expression. Hela cells were transfected overnight
with the vector control, the IL-8 promotor-, or the 3kB-dependent firefly luciferase reporter gene construct (transfection control: Renilla luciferase expression vector pRL-
CMV). Subsequently, cells were preincubated 0.5 h +20 nM Stauro and afterwards stimulated +80 ng/mL TNF for 6 h. Whole cell extracts were prepared and luciferase
activity was determined. Data are presented as relative luciferase activity (RLA; triplicates, representative for at least 3 experiments; mean * SD). (B—D) Stauro increases
p65-Ser536 phosphorylation but has no effect on lkBa proteolysis or IKKo/B-Ser176/180 phosphorylation. THP-1 cells were incubated up to the indicated time points with
80 ng/mL TNF and +20 nM Stauro (preincubation phase: 0.5 h; Co, untreated control.). The protein levels of (B) p-p65 (Ser536) and pé5, (C) IkBa (loading control:
GAPDH), as well as (D) p-IKKo/B (Ser176/180) and IKKa were determined by Western blot ((B) nuclear extracts; (C and D) whole cell extracts; n=3 each, representative
experiments). In panel 4B, band intensities as assessed by densitometry are provided under the respective bands (the band intensity of the control at 0 h was set as |). (E)
PKCP siRNA reduces the level of Bcl3. Hela cells were transfected overnight with scrambled (Co) or PKCP siRNA. Subsequently, cells were stimulated with 80 ng/mL TNF
up to 6 h and Bcl3 was determined in whole cell extracts (n=3, representative experiment). (F) Differential effects of Stauro on IL-8, A20, and lkBa mRNA expression. THP-
| cells were incubated for 48 h 80 ng/mL TNF. In the first 24 h, cells were also treated #80 nM Stauro. The mRNA levels of IL-8, A20, and IkBa were determined using
qPCR. The expression level in cells cultivated in the absence of TNF and Stauro was defined as | (n=3; mean % SD).
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cell types used. During the long-term TNF incubation
applied in our study, TNF amounts in the supernatant
remained on a well detectable level over time, with an
only modest decrease up to 6 h (ie, approx. 40% reduction
when compared to the initial TNF dose) and virtually
stable levels between 6 and 48 h. These data indicate
that sufficient TNF amounts are present to maintain long-
term TNF-dependent signaling. Furthermore, given that
the half-life of TNF in serum is about 1 h (and even
TNF stabilized by fusion to human serum albumin has
a half-life of only 15 h),> relatively stable TNF amounts
in the late phase suggest that under this condition, exogen-
ous TNF induces TNF expression and secretion by mono-
cytic cells. Taken together, our results suggest a constant
activation/expression of the PKC/GSK3 system during
TNF long-term exposure of monocytic cells.

To dysregulate this system, we used Stauro treatment
as a model for GSK3 activation. Stauro is a naturally
occurring bisindolylmaleimide acting as a potent ATP-
competitive inhibitor of GSK3-phosphorylating kinases
such as PKC or PKB/Akt which address the inhibitory
amino acids Ser21/9.>>> The present data show that
under our condition, Stauro reduces this inhibitory
GSK3a/f phosphorylation without
expression levels. To monitor GSK3 activity, the level of
the GSK3 substrate Bcl3 was determined.’® GSK3-
mediated phosphorylation targets Bcl3 for proteasomal

affecting protein

degradation.®’ Our results show that Bcl3 levels, which
are induced by TNF incubation, are completely abolished
by Stauro treatment. Taken together, these data suggest
that we apply an experimental setting in which Stauro
strongly increases the normal constitutive GSK3 activity
in TNF-exposed cells.

Following the dramatic initial pro-inflammatory
response towards TNF,'® the long-term incubation with
this cytokine leads to a sustained downregulation of
TNF-dependent signal transduction and the termination
of NF-«B activation within 48 h in cells of the myelomo-
nocytic lineage.'® This phenomenon is also described as
Phase III of TNF signaling.'> Our experiments show that
Stauro dose-dependently enhances IL-8 expression in
monocytic THP-1 cells and primary human monocytes
during both long-term and short-term TNF incubation.
However, when TNF long-term incubated cells were res-
timulated with TNF, Stauro had no further effect. The
Stauro amounts used proved to be remarkably effective
in our experiments and are in good agreement to the

literature specifying 11 to 200 nM as concentrations

shown before to increase GSK3 activity.’®>’ Using the
GSK30/p inhibitor Ken, the Stauro-mediated dramatic
enhancement of TNF-stimulated IL-8 expression was vir-
tually blocked completely suggesting a major involvement
of GSK3. This conclusion was supported by siRNA stu-
dies showing that the presence of PKCo/f3 siRNA induced
a modest elevation of TNF-induced IL-8 expression.
Moreover, siRNA-mediated knockdown of GSK3a,
GSK3p, or both reduced IL-8 expression in TNF-stimu-
lated cells. The data obtained using siRNAs are consistent
with the results observed with Ken suggesting that
increased GSK3 activity can lead to the enhancement of
TNF signaling.

The fact that Stauro also dramatically affects TNF
short-term incubation suggests that very fast transcrip-
tional mechanisms play a significant role in mediating
this effect.®> It has been demonstrated that under certain
conditions, the early steps leading to NF-«kB activation
(degradation of IkB and translocation of NF-kB to the
nucleus) were unaffected by the loss of GSK3p*' indicat-
ing that NF-kB is regulated by GSK3p via the transcrip-
tional complex. This assumption was substantiated by the
fact that Stauro also enhanced the short-term TNF-induced
activation of two NF-kB-dependent promoter constructs
(IL-8 promoter, 3kB) in our study. Furthermore, it has
been shown that TNF increases the nuclear accumulation
of GSK3p and that nuclear GSK3 was active in TNF-
treated cells phosphorylating Ser536 on p65.'%** In our
experiments, the TNF-induced increase in activating p65-
Ser536 phosphorylation was further increased when Stauro
was added. Under similar conditions, the proteolysis of
IxBa and the phosphorylation of IKKa/B (Serl176/180)
were not affected. The presence of PKCp siRNA reduced
the levels of Bcl3 which is — as already mentioned®*>' —
phosphorylated by GSK3. Under this condition, we also
detected lowered levels of inhibiting p-GSK30/f (Ser21/9)
phosphorylation, suggesting an increase in GSK3 activity
and an involvement of PKC in the regulation of GSK3
(data not shown). Bel3 has been suggested to inhibit IL-8
expression®**> but may also be involved in the positive
regulation of A20°%27 and IxBa.*’>® In contrast to the
strong effect on TNF-mediated IL-8 expression, no sig-
nificant effect of Stauro on A20 mRNA and only a weak
effect on IkBo mRNA expression were detected, suggest-
ing an involvement of Bel3 and differential transcriptional
effects.

Based on our results and the literature, several mechan-
isms on various levels comprising a dense network can be
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envisaged to assess how an increase in GSK3 activity might
counteract the termination of TNF-induced signaling. GSK3
positively regulates the transcriptionally active p65 NF-«kB
thereby
expression.”' On the other hand, GSK3 phosphorylation

subunit, increasing NF-kB-dependent gene
marks several potentially inhibitory proteins for proteasomal
degradation including Bcl3, p100, p105, and v-rel reticu-
loendotheliosis viral oncogene homolog (Rel) B.>° GSK3
activation can also increase DNA binding capacity of NF-xB
subunits®'~*°® and both TNF and GSK3 regulate chromatin
accessibility.'® Furthermore, additional mechanisms are con-
ceivable to explain how enhanced GSK3 activity may
reduce the supply with several inhibitory molecules includ-
ing p50 and the other inhibitory molecules mentioned

above’!

during TNF long-term exposure. For example,
Bcl3 restricts inflammation by both suppressing pro-inflam-
matory gene expression and inducing the expression of anti-
inflammatory cytokines.>' In macrophages, decreased levels
of Bcl3/p52 or Bcel3/p50 complexes may reduce the expres-
sion of IL-10> which is an important cytokine involved in
termination of inflammation-associated signaling.®® Bcl3
also stabilizes p50/p50 complexes that inhibit gene
transcription.®’  Bcl3-deficient mice and knockout cells
were found to be hypersensitive to TLR activation and
unable to control responses to lipopolysaccharide.®'
A lower amount of RelB/p52 may also lead to a reduced
indolamin-2,3-dioxygenase expression, which would result
in a shift from non-canonical NF-kB signaling, which
intensified during TNF

to the canonical pathway. In addition,

appears to be
20,62

long-term
incubation,
GSK3 can positively affect the transcriptional activity of
further transcription factors such as C/EBPB.%® These results
and others”® suggest that C/EPBp is an in vivo substrate of
GSK3 and that inhibition of GSK3 activity leads to C/EBPf
dephosphorylation and deactivation. Moreover, it cannot be
ruled out that additional, non-transcriptional effects may
play a role in this context. For instance, collapsin response
mediator protein (CRMP) 2, which is a tubulin-binding
protein that is phosphorylated by GSK3 at Thr509,
Thr514, and Thr518,%* appears to play a role in the activa-
tion of microglia and macrophages and is involved in

chronic inflammatory and degenerative neurological
disease.®

Conclusions

Combined with the literature, our data suggest

a constitutive expression of GSK3 and an at most weak
regulation of this kinase during TNF short- and long-term

exposure. Furthermore, our data indicate that any patho-
physiological or pharmacological condition leading to
a dysregulation of the PKC/GSK3 system and increased
GSK3 activity might destroy the defined cellular condition
and the finely balanced network that are necessary for
termination of inflammation-associated signaling, thereby
preventing the resolution of inflammation.
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