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Abstract

The transcription factor C/EBPf plays a key role in monocytic differentiation and inflamma-
tion. Its small isoform LIP is associated with proliferation at early premonocytic developmen-
tal stages and regulated via mTOR-dependent signalling. During later stages of (pre)
monocytic differentiation there is a considerable increase in the large C/EBP isoforms
LAP*/LAP which inhibit proliferation thus supporting terminal differentiation. Here, we
showed in different models of monocytic differentiation that this dramatic increase in the
LAP*/LAP protein and LAP/LIP ratio was accompanied by an only modest/retarded mRNA
increase suggesting an important role for (post)translational mechanisms. We found that
LAP*/LAP formation was induced via MEK/RSK-dependent cascades, whereas mTOR/
S6K1 were not involved. Remarkably, LAP*/LAP expression was dependent on phosphory-
lated elF4B, an acceleratory protein of RNA helicase elF4A. PKR inhibition reduced the
expression of elF4B and C/EBP in an elF2a-independent manner. Furthermore, under our
conditions a marked stabilisation of LAP*/LAP protein occurred, accompanied by reduced
chymotrypsin-like proteasome/calpain activities and increased calpastatin levels. Our study
elucidates new signalling pathways inducing LAP*/LAP expression and indicates new alter-
native PKR functions in monocytes. The switch from mTOR- to RSK-mediated signalling to
orchestrate elF4B-dependent LAP*/LAP translation, accompanied by increased protein
stability but only small mRNA changes, may be a prototypical example for the regulation of
protein expression during selected processes of differentiation/proliferation.

Introduction

The transcription factor CCAAT/enhancer binding protein 8 (C/EBP) plays an important
role in the regulation of proliferation and differentiation as well as inflammatory and metabolic
processes and cancer [1-3]. The expression of the intronless C/EBPf gene is regulated on sev-
eral levels, i.e. de novo mRNA synthesis, alternative translation, posttranslational modification,
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nuclear import/export, and protein/protein interactions [2-4]. Alternative translation—start-
ing at three different in-frame start codons of the C/EBPB mRNA—leads to the expression of
three different isoforms. The complete protein and a slightly shortened C/EBPp variant are
designated as liver-enriched activating proteins (LAP* and LAP) which provide transactivation
capacity and are associated with differentiation, whereas liver-enriched inhibitory protein
(LIP) represents a strongly shortened isoform which is transcriptionally inactive and supports
proliferation [5]. This procedure of protein formation is regulated by several elements, e.g. by
weak Kozak consensus sequences around the initiation codons for C/EBPB-LAP* and -LAP
and an optimal Kozak context for LIP [5] in combination with the leaky scanning mechanism
of the ribosome [6]. In addition, translation of a short ex-frame upstream open reading frame
(uORF; located between the first and the second regular start codon) impedes the formation of
LAP, but is essential for LIP expression [5].

Moreover, alternative translation of C/EBPp isoforms is controlled by different signalling
modules regulating the activity of several translation factors. The translation of LIP is mainly
regulated by mammalian target of rapamycin (mTOR) which directly increases the amount of
accessible eukaryotic translation initiation factor (eIF) 4E [5] and by association of CUG bind-
ing protein 1 (CUG-BP1) with the C/EBPB mRNA [7]. On the other hand, synthesis of the
larger C/EBPp isoforms can be increased under certain cellular conditions by protein kinase R
(PKR) via phosphorylation of eIF2c. [5]. Several mRNA binding proteins, e.g. CUG-BP1 which
binds within the uORF [7] or calreticulin which interacts with GC-rich stem loop structures
upstream of the uORF initiation codon are involved in the regulation of C/EBPB mRNA trans-
lation [8]. Further mRNA binding proteins may also influence the C/EBP protein amount via
indirect mechanisms. For instance, binding of HuR to the C/EBP mRNA may result in an
enhancement of mRNA stability [9] potentially enabling a prolonged phase of translation.

Several reports suggest that the expression of C/EBP is also regulated at a posttranslational
level by proteolysis [10]. For example, it has been reported that the lifespan of C/EBPJ proteins
is restricted by proteasome- or calpain-dependent proteolytic mechanisms [11, 12]. During the
response to endoplasmatic reticulum stress, the LAP/LIP ratio appears to be mainly regulated
via a decrease or increase in both protein synthesis and stability predominantly of LIP [11].
Moreover, it has been proposed that directed proteolytic cleavage of LAP* and LAP contributes
to the generation of LIP [13]. The in vivo significance of this phenomenon, however, is not
clear yet, since protein isolation may be accompanied by partial proteolytic degradation of full-
length C/EBPB in vitro [14].

Previous experiments from our laboratory demonstrate that activation of the fms-like tyro-
sine kinase 3 (FLT3) receptor by stimulation with its ligand FL or the presence of the internal
tandem duplication (ITD) mutation leads to a marked expression of proproliferative LIP and a
decrease in the LAP/LIP ratio [15]. In this context, physiological receptor activation induces
LIP expression via mTOR-dependent signalling pathways, whereas dysregulated ITD-induced
LIP formation is mediated by constitutive 90 kDa ribosomal protein S6 kinase (RSK-)depen-
dent signalling [15]. It has also been shown that stimulation of the FLT3-receptor is associated
with progenitor cell proliferation at early stages of myeloic and premonocytic differentiation
[16]. In contrast, the ITD mutation plays a role in the pathogenesis of leukemia [16]. During
later stages of (pre)monocytic differentiation, we detected a dramatic increase in the large C/
EBP isoforms LAP* and LAP which inhibit proliferation thereby supporting final differentia-
tion [17]. The mechanisms which are responsible for this remarkable LAP*/LAP-driven shift
in the LAP/LIP ratio during differentiation are not known. Here we demonstrate that this
increase in LAP*/LAP proteins is accompanied by only slightly induced mRNA levels which
suggests an important role for (post)translational mechanisms. The increase in LAP*/LAP is
mediated by MEK/RSK- but not mTOR-dependent signalling which orchestrates eIF4B-
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dependent translation, a process also suggesting alternative PKR functions. In addition, under
differentiation-supporting conditions we find a significantly increased C/EBPp protein stability
and reduced proteasome as well as calpain activities. These data may represent a prototypical
example for the coordinated regulation of protein expression under certain conditions of dif-
ferentiation and cell homeostasis.

Materials and Methods
Isolation and differentiation of primary human monocytes

Blood samples from healthy donors were provided by the Institute of Transfusion Medicine
(Hannover Medical School). Informed donor consent was obtained and the experiments were
approved by the Hannover Medical School ethics committee in accordance with the Declara-
tion of Helsinki. Human monocytes were isolated by Biocoll (Biochrom AG, Berlin, Germany)
density gradient centrifugation using LeucoSeptubes (Greiner Bio-One, Frickenhausen, Ger-
many). For negative cell selection, biotin-conjugated monoclonal antibodies and magnetic
antibiotin microbeads (Monocyte Isolation Kit II; Miltenyi Biotec, Bergisch Gladbach, Ger-
many) were applied according to manufacturer’s instructions. Purified cells were cultured in
24-well Costar ultra-low attachment plates (Sigma Aldrich, St. Louis, USA) at a density of
1x10° cells (final volume: 1 ml) in RPMI 1640 (Biochrom) which in the standard protocol was
supplemented with 7.5% FCS (Lonza, Basel, Switzerland), 100 U/ml penicillin, 100 m g/ml
streptomycin (Biochrom), 2% OPI media supplement (Sigma Aldrich), 1% Life Technologies
MEM nonessential amino acids solution (Invitrogen, Darmstadt, Germany, and 100 ng/ml
recombinant human (rh) macrophage colony stimulating factor (M-CSF; BioLegend, San
Diego, USA). Following an adherence step for 1 h, cells were washed three times with supple-
mented medium and cultured at 37°C with 5% CO,. In each case, endotoxin contamination of
the reagents was excluded using the Limulus Amoebocyte Lysate assay (Lonza) (<10 pg endo-
toxin/ml).

Flow cytometry

Purity of isolated monocytes (>90%) was assessed by dual cell labeling (30 min, 4°C, dark)
using Alexa Fluor405-CD45 (Invitrogen), APC-CD14, and PE-CD16 (BD Biosciences, Heidel-
berg, Germany) antibodies. Contaminations with other cell types were excluded using
APC-CD3, PE-CD19, FITC-CD56 (BD Biosciences), and FITC-CD15 (Invitrogen) antibodies.
Detection was performed using a FACSCanto II flow cytometer and FACSDiVa software (BD
Biosciences).

Cell lines

THP-1, MonoMac 6 (MM-6), HeLa (DSMZ, Braunschweig, Germany), and immortalised
murine macrophage-like cells [18] were cultured in RPMI 1640 medium containing 7.5% FCS,
100 U/ml penicillin, and 100 pug/ml streptomycin at 37°C with 5% CO, [19]. The MM-6
medium was also supplemented with 1% OPI Media Supplement. THP-1 cells were seeded at a
density of 1x10°/ 1.5 ml (12-well plates; NUNC) or 2x10°/ 3 ml (6-well plates; Sarstedt, Nim-
brecht, Germany). MM-6, HeLa, and macrophage-like cells were alternatively seeded at 5x10° /
2.5 ml in 6-well plates.

Isolation and differentiation of murine bone marrow-derived cells

C57BL/6] mice were housed under specific-pathogen-free conditions at the central animal
facility of Hannover Medical School. Research involving animals, including animal housing
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and breeding, was carried out according to institutional guidelines approved by the Lower Sax-
ony State Office for Consumer Protection and Food Safety (“Niedersachsisches Landesamt fiir
Verbraucherschutz und Lebensmittelsicherheit”). Protocols were compliant with §4 of the Ger-
man Animal Protection Law (“Tierschutzgesetz”). Since experiments were performed ex vivo
on isolated bone marrow cells, no further permits were required.

Primary bone marrow-derived cells were isolated on ice with sterile PBS from the rear leg
bones of sacrificed mice. Erythrocytes were eliminated using prewarmed sterile erythrocyte lysis
buffer (RT, pH 7.3) containing 155 mM NH,CI, 16 mM Na,CO; (Merck Millipore, Darmstadt,
Germany), and 1 mM EDTA (Applichem, Darmstadt, Germany). Following centrifugation
(350 g, 5 min, 4°C) and removal of the supernatant, 6x10° primary cells were cultured in petri
dishes containing 10 ml medium (RPMI 1640 including 10% FCS, 50 U/ml penicillin, 50 pg/ml
streptomycin, 1% nonessential amino acids (Invitrogen), 2% L-glutamine, and 1% sodium pyru-
vate (Sigma Aldrich)) at 37°C with 5% CO,. Differentiation towards macrophages was induced
by treatment with 20 ng/ml recombinant murine (rm) M-CSF (Biolegend) up to 7 d.

Reagents

Differentiation of THP-1 and MM-6 cells was performed using Phorbol 12-myristate 13-ace-
tate (PMA; Merck Millipore) or 1-0, 25-dihydroxyvitamin D5 (VitD3; Sigma Aldrich). For the
inhibition of kinases and proteases, the following inhibitors were applied: S6K1 inhibitor DG2
(S6K-I), PKR inhibitor (PKR-I; 6,8-Dihydro-8-1H-imidazol-5-ylmethylene)-7H-pyrrolo
[2,3-g]benzothiazol-7-one), ALLN (N-[N-(N-Acetyl-L-leucyl)-L-leucyl]-L-norleucine), MG-
132, Calpain-Inhibitor V (Merck Millipore), rapamycin (mTOR-I; Sigma Aldrich), UO126
(MEK-I; Cell Signaling, Danvers, USA), BI-D1870 (RSK-I; Axon Medchem BV, Groningen,
Netherland), and Cathepsin-Inhibitor I (Applichem). For Western Blotting, specific antibodies
directed against RSK, phosphorylated (p-)RSK (T573), ERK1/2, p-ERK1/2 (T202/Y204), rpS6,
P-rpS6 (S335/236), eIF4B, p-elF4B (S422), eIF4A, elF2a, p-elF20 (S51), PKR (Cell Signaling),
p-PKR (T446; Abcam, Cambridge, UK), V5 Tag (Invitrogen), C/EBPB, Calpastatin, Histon H4
(Santa Cruz), Actin, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), or TATA box-
binding protein (TBP; Sigma Aldrich) were used in combination with secondary horseradish
peroxidase (HRP-)coupled antibodies (Vector Laboratories, Peterborough, UK). All media and
reagents were of the best available grade and routinely tested for endotoxins with the Limulus
Amoebocyte Lysate assay (Lonza).

Protein extraction, SDS-PAGE, and Western blot analysis

For SDS-PAGE and Western blot analysis, whole cell extracts were used. Cells were lysed in
extraction buffer (150 mM NaCl (Merck Millipore, Darmstadt, Germany), 25 mM MgCl,
(Roth, Karlsruhe, Germany), 50 mM Tris-HCl (Applichem, Darmstadt, Germany), 10% Glyc-
erol (Merck Millipore), 1% NP-40, and 3 tablets protease-inhibitor (Roche, Rotkreuz, Switzer-
land) per 50 ml) and additionally sonicated to also obtain nuclear proteins (10 s, 20% power;
Bandelin, Berlin, Germany). Protein concentrations were determined via Bradford Assay
(BioRad, Hercules, USA). SDS-PAGE was performed using 12% Tris/Glycin-SDS-polyacryl-
amide gels (Biostep, Jahnsdorf, Germany). Subsequently, proteins were transferred onto 45 pm
nitrocellulose membranes (BioRad) using the Western blot technique (transfer buffer: 200 mM
glycin (Applichem) and 25 mM Tris-base, pH 8.3). For washing of Western blot membranes,
Tris buffered saline (TBS) containing 0.1% Tween (Sigma-Aldrich) (TBST) or phosphate buft-
ered saline (PBS) with 0.1% Tween (PBST) were used. After blocking with 5% skim milk
(Merck Millipore) or bovine serum albumin (BSA, Roche) in TBST or PBST, membranes were
incubated with the specific primary antibodies at 4°C overnight. Following incubation with
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HRP-coupled secondary antibodies, protein bands were visualised using HRP substrates
enhanced chemoluminescence (ECL) or SuperSignal West Femto (Thermo Fisher, Bonn, Ger-
many) and densitometric analyses were performed using the Bio-imaging system MF-Chemi-
Bis 3.2 and the TotalLab TL100 analysis software (Nonlinear Dynamics, Newcastle, UK) [15,
17,20].

Calculation of LAP/LIP ratios

Intensities of LAP*, LAP, and LIP protein bands were quantified by densitometry. Subse-
quently, the LAP/LIP ratio was calculated by dividing the combined LAP* and LAP value
(denoted as LAP in the LAP/LIP ratio) by the respective LIP value [15].

RNA extraction, cDNA synthesis, and qRT-PCR

Extraction of total RNA was performed with the RNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. RNA concentrations were determined using a
Nanodrop ND-1000 (Peqlab, Erlangen, Germany). cDNA synthesis and qRT-PCR were per-
formed as previously described [15, 17, 20]. For mRNA expression analysis, two specific primer
pairs were used for C/EBPB cDNA detection (5 mRNA section at pos. 192-300, spanning
parts of the 5-UTR and the beginning of the coding region: 5- GTTCATGCAACGCCTGGTG
-3, 5- CAGTCCGCCTCGTAGTAGAA -3’; central mRNA section at pos. 975-1145, located
in the coding region: 5- AGCAAGGCCAAGAAGACCGTGGA -3’, 5- ACCTTCTTCTGCAG
CCGCTCGT -3’) and expression was normalised to the mRNA expression levels of housekeep-
ing gene GAPDH (5- AGGTCGGAGTCAACGGAT -3, 5- TCCTGGAAGATGGTGATG -3’).
The qRT-PCR was performed using a LightCycler 480 (Roche).

Determination of mRNA stability

To determine the stability of the endogenous C/EBP mRNA, THP-1 cells were treated with
1 ug/ml Actinomycin D (Life Technologies) in the absence or presence of 100 nM PMA for 0,
0.5, 1,2, 4, 6, and 24 h. Subsequently, the C/EBP mRNA amount was assessed using g-
RT-PCR.

Vector generation

To generate a tagged C/EBPB-expressing plasmid, the 1837 bp full length C/EBPP sequence
(i.e. including 5’- and 3’-UTR; located at chromosome 20; GenBank™ accession number:
NC_000020.11) was used. Initially, a fragment containing the 5-"UTR and the C/EBP coding
sequence was cloned into the pcDNATMS.l/ V5-His B (+) vector backbone (Invitrogen) in
front of the Tags via the EcoRI and Xhol restriction sites using the respective restriction
enzymes (NEB, Ipswich, USA) and T4 DNA ligase (Invitrogen). The 3’-UTR was subsequently
cloned behind the Tags and the internal vector stop codon using the Pmel site. Finally, the
C/EBP stop codon was modified by Quick Change Site-Directed Mutagenesis Kit (Agilent,
Santa Clara, USA) to enable the translation of the whole protein including the Tags (V5-Tag,
His-Tag) using the primers: 5- CTGCTCGCCTCCTCCGGCCACTGCTACTCGAGTCTAG
AGGGCCCGCGG-TTCGAA -3’ and 5- TTCGAACCGCGGGCCCTCTAGACTCGAGTAG
CAGTGGCCGGA-GGAGGCGAGCAG -3’.

Transfection experiments

Transfection of THP-1 and HelLa cells was performed using XtremeGene HP (THP-1) or Xtre-
meGene 9 (HeLa) transfection reagent (Roche) according to the manufacturer’s instructions.
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In short, freshly grown THP-1 or HeLa cells were seeded at 2x10” cells in 500 ul RPMI 1640,
10% FCS in 12-well (THP-1) or 6-well (HeLa) plates. XtremeGene reagent was preincubated
with 25 nM RSK- or eIF4B-siRNA (Santa Cruz, Dallas, USA) or a combination of 100 nM C/
EBPB-V5 expression plasmid and 25 nM eIF4B-siRNA (ratio transfection reagent to nucleic
acids: 3:1) for 30 min in RPMI 1640. The cells were then incubated with 100 pl of the transfec-
tion mixture per well for 24 h. Subsequently, cells were lysed and the respective protein
amounts were assessed using SDS-PAGE/Western blot [20].

Determination of protein stability

For examining the C/EBP protein stability in differentiating monocytic cells, THP-1 or MM-6
cells were treated with PMA for 24 h or with VitD3 for 72h and primary human monocytes
were differentiated for 3 d. Following pretreatment of cells with Cycloheximid (CHX; Merck
Millipore) for 30 min, LAP*/LAP protein levels were assessed at the indicated time points. To
assess the influence of RSK on protein stability, PMA-treated THP-1 cells (24 h) were incu-
bated with CHX + RSK-I (pretreatment phase: 0.5 h) and LAP*/LAP were analysed at the pre-
sented time points. To assess the influence of protease inhibitors on C/EBP protein stability,
THP-1 cells were treated with CHX + ALLN, MG-132, Calpain-Inhibitor V, or Cathepsin-
Inhibitor I up to 16 h. Afterwards, LAP*/LAP protein amounts were assessed at the indicated
time points using SDS-PAGE/Western blot and protein half-life was determined by densitome-

try [17].

Protease Assays

For determination of proteasomal and calpain activities, the Proteasome-Glo Assay System
(Promega) was used. Optimal time points and amounts of whole cell extracts applied for analy-
sis were determined in preliminary time course and dose response experiments. THP-1 cells
were treated + 100 nM PMA or a combination of PMA and RSK-I up to 24 h and primary
human monocytes were cultivated for 72 h. Whole cell extracts were isolated at the indicated
time points. The extracts were incubated with Proteasome-Glo™ reagents for the assessment
of chymotrypsin-, trypsin-, and caspase-like proteasomal activities as well as calpain activity
for 30 min in 96 well plates (Corning Inc., Corning, USA). The emitted light was subsequently
measured using the OrionL Microplate Luminometer.

Results

Marked increase in the larger C/EBP isoforms LAP*/LAP and LAP/LIP
ratio in different models of monocytic differentiation

As a model for monocytic differentiation, THP-1 monocytic cells were incubated with PMA up
to 48 h [19], and the levels of the C/EBP isoforms LAP*, LAP, and LIP were monitored. These
experiments revealed a dramatic increase in the larger C/EBP isoforms LAP*/LAP and the
LAP/LIP ratio during this time interval (Fig 1A and 1B). A similar LAP*/LAP elevation was
observed in a second monocytic model, i.e. MM-6 cells (Fig 1C). Following incubation with
VitD3, which is an alternative stimulus for the induction of monocytic differentiation, we also
found a marked increase in C/EBPB-LAP*/LAP proteins albeit at a later time point (Fig 1D). A
prominent increase in the larger C/EBPP isoforms was also detected in murine bone marrow-
derived cells driven towards monocytic differentiation by incubation with rmM-CSF up to 7 d
(Fig 1E). Consistent with the marked increase in C/EBPB-LAP*/LAP levels in differentiating
premonocytic cells shown above, significant levels of LAP*/LAP protein were detected in iso-
lated primary human monocytes, albeit with an only minor further increase during ongoing
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differentiation up to 7 d (Fig 1F). Therefore, to study the regulation of the dramatic increase of
the larger C/EBP isoforms, we focused in the subsequent experiments on premonocytic mod-
els of monocyte differentiation.

Modest and retarded increase in C/EBP3 mRNA

Next, the expression of C/EBP mRNA was examined in THP-1 and MM-6 cells under differ-
entiation-inducing conditions. These experiments revealed an only modest, somewhat retarded
elevation of mRNA levels in the presence of PMA or VitD3, respectively (Fig 2A and 2B), and
a comparable mRNA stability in non-differentiated versus treated cells (data not shown) which
suggested a major role for (post)translational regulatory mechanisms. To exclude position-
dependent effects potentially tampering the correct determination of C/EBPB mRNA expres-
sion, e.g. by the occurrence of different C/EBPB mRNA species based on alternative transcrip-
tion start site usage, an additional C/EBPf-specific primer pair was used located in the 5’
section of the mRNA (Fig 2B).

C/EBPB-LAP*/LAP expression is mediated by MEK/RSK-dependent
signalling

Initiation of translation may be regulated by mTOR/S6K- or RSK-dependent signalling cas-
cades [21]. Therefore, differentiating THP-1 cells were coincubated with the mTOR inhibitor
rapamycin and with an inhibitor of S6K1 which is a substrate of mTOR [22]. Suitable doses
and time frames for the application of the inhibitors were derived from the manufacturers’
instructions and further adapted by dose response and time course experiments. Both the
mTOR inhibitor and the S6K1 inhibitor showed no effect on PMA-induced C/EBPJ expression
in THP-1 cells (Fig 3A and 3B). In contrast, coincubation of cells with the RSK-inhibitor
BI-D1870 (RSK-I; an ATP competitor targeting the N-terminal kinase domain of RSK) consid-
erably reduced the PMA-induced LAP*/LAP production up to 24 h (Fig 3C and 3G) and virtu-
ally prevented an increase in the LAP/LIP ratio (at 12 h: -RSK-I: 10, +RSK-I: 2.5; Fig 3D). The
effective dose of the applied RSK-I was identified in dose response experiments using PMA-
treated THP-1 cells (S1 Fig).

Equivalent results were obtained using MM-6 cells (Fig 3E). In addition, the basically low
levels of total and phosphorylated RSK can be dramatically increased in THP-1 by treatment
with PMA up to 18 h (Fig 3F). Coincubation of cells with PMA and the MEK inhibitor U0126
(MEK-I) inhibited the PMA-induced production of LAP*/LAP, the phosphorylation of ERK1/
2 (S217,Y221), and phosphorylation of RSK (T573) (Fig 3G). Since RSK-I only blocks RSK
activity but not RSK phosphorylation by other kinases, RSK-I did not affect the levels of p-RSK
(Fig 3G). Treatment with MEK-I or RSK-I also reduced the phosphorylation of rpS6 (Fig 3G)
which is a substrate of RSK [23]. These data were supplemented by an siRNA approach against
RSK1 which significantly reduced the expression of C/EBPB-LAP*/LAP proteins (Fig 3H). The
influence of RSK activity on LAP*/LAP formation was further validated in RSK-I dose
response experiments using VitD3-treated (72 h) THP-1 cells (Fig 3I). These data suggest that
during monocytic differentiation, the expression of the larger C/EBP isoforms is regulated by
MEK/RSK-dependent signalling pathways.

LAP*/LAP expression depends on phosphorylated elF4B

To connect MEK/RSK-signalling with protein synthesis, the level/phosphorylation status of
specific RSK target proteins of the translation initiation machinery [23] was determined during
monocytic differentiation. Under this condition, we observed a sustained increase in the
expression and phosphorylation of the direct RSK target eIF4B from a low to a high level
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Under conditions as shown in Fig 1A, the expression of C/EBPB mRNA in THP-1 cells was monitored by
gPCR using a C/EBPB-specific primer pair in the central mRNA section, and GAPDH was used as a
housekeeping gene control (meantSD; n>6, measured in duplicates). The level of C/EBPB mRNA in
unstimulated cells at 0 h was defined as one (dashed line). (B) Under conditions as described in Fig 1A, 1C
and 1D, C/EBPB mRNA expression was measured in monocytic cell lines and analysed as described in A.
THP-1 + VitD3, MM-6 + PMA: mean+SD; n = 9 each (duplicates). THP-1 + PMA (5’): qRT-PCR using an
additional C/EBPB-specific primer pair in the 5’ section of the mRNA; meantSD; n = 4 (duplicates).

doi:10.1371/journal.pone.0144338.g002

within 24 h of PMA treatment in THP-1 cells (Fig 4A). A prominent level of (p-)elF4B was
also found in murine macrophage-like cells which concomitantly exhibit high levels of C/EBPf
(Fig 4B) as well as in differentiating primary human monocytes (Fig 4C). Next, a C/EBPB-V5
overexpression system was used to further establish the involvement of RSK-dependent eIF4B
phosphorylation in LAP*/LAP production. Transfection of THP-1 cells led to a modest
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Fig 3. Expression of LAP*/LAP is regulated by MEK/RSK-dependent signalling pathways. (A) THP-1 monocytic cells were coincubated with the mTOR
inhibitor (MTOR-I) rapamycin (100 nM) and/or 100 nM PMA for 24 h, and the levels of LAP*/LAP were determined (n = 3). (B) THP-1 cells were incubated in
the absence or presence of PMA together with increasing doses of S6K1-inhibitor DG2 (S6K1-l), and LAP*/LAP protein amounts were measured (n = 3).
Some of the control lanes without S6K1-I have been omitted (thin lines). (C) THP-1 cells were incubated with PMA in the absence/presence of the RSK
inhibitor (RSK-I) BI-D1870 (2.5 uM), and LAP*/LAP and LIP levels were evaluated (n = 5). An additional control lane without PMA has been removed (thin
line). (D) The LAP/LIP ratio of the experiment shown in C was calculated as described in Fig 1B. (E) MM-6 cells were incubated with RSK-I and/or PMA, and
LAP*/LAP levels were measured (n = 4). (F) THP-1 cells were incubated + PMA up to 18 h, and the levels of RSK and p-RSK were determined (n = 3). (G)
THP-1 cells were incubated with the MEK inhibitor (MEK-I) U0126 (5 uM) or RSK-I and/or PMA for 24 h. The levels of LAP*/LAP, (p-)ERK1/2, (p-)RSK, and
(p-)rpS6 were monitored (n = 5; arrows: phosphorylated and unphosphorylated rpS6). (H) HeLa cells were transfected with RSK1 siRNA (I: 50 nM, 11: 100
nM) or control siRNA (Co; 100 nM), and following an incubation period of 24 h, the levels of LAP*/LAP and RSK1 were determined (n = 3). (I) THP-1 cells
were incubated for 72 h with VitD3 together with increasing doses of RSK-I. Subsequently, LAP*/LAP protein amounts were assessed (n = 3). Lanes
showing the effect of RSK-I on unstimulated cells have been removed (thin line).

doi:10.1371/journal.pone.0144338.9003

expression of V5-tagged C/EBPp protein which was significantly enhanced by PMA treatment
(Fig 4D). Both effects were remarkably reduced by eIF4B siRNA but not control siRNA (Fig
4D). Addition of RSK-I (which reduces phosphorylation but not the level of eIF4B) also inhib-
ited C/EBPB-V5 expression with a synergistic effect using both the inhibitor and siRNA (Fig
4E). In addition, siRNA against eIF4B inhibited the endogenous expression of the larger C/
EBPB isoforms in HeLa cells (Fig 4F). These data suggest that the helicase accessory protein
elF4B in its phosphorylated state is involved in the RSK-dependent expression of the larger C/
EBPB isoforms.

Inhibition of PKR reduces the expression of (p-)elF4B and LAP*/LAP

A PKR-dependent decrease in elF2a activity has been shown earlier to mediate the expression
of the larger C/EBPf isoforms [5]. Treatment of cells with a specific PKR inhibitor (PKR-I)
completely inhibited the differentiation-induced expression of LAP*/LAP (Fig 5A). The effec-
tive dose of the applied PKR-I was identified in dose response experiments using PMA-treated
THP-1 cells (S2 Fig). Furthermore, following PMA treatment, we observed an increase in the
level of PKR up to 24 h (Fig 5B). Phosphorylated PKR could be detected already at an early
time point (3 h) of stimulation. Unexpectedly, the level of eIF2a and its degree of phosphoryla-
tion remained constant throughout the entire 24 h incubation period (Fig 5B). Treatment of
cells with PKR-I also significantly inhibited the expression of (p-)elF4B (Fig 5C). Essentially
the same results were obtained using MM-6 cells (Fig 5D). VitD3-induced (72 h) LAP*/LAP
expression in THP-1 cells was also inhibited by PKR-I application in a dose dependent manner
(Fig 5E). In contrast, the amount of RNA helicase eIF4A was not affected in both THP-1 and
MM-6 cells by treatment with PMA, MEK-I, RSK-I, or PKR-I (Fig 5C and 5D, data not
shown). Our results suggest that PKR regulates LAP*/LAP production by mediating eIF4B
expression in an elF2a-independent manner.

LAP*/LAP proteins are stabilised in models of monocytic differentiation

In a second series of experiments we investigated whether posttranslational mechanisms con-
tribute to C/EBPB-LAP*/LAP expression during monocytic differentiation. Using the transla-
tion inhibitor CHX, the protein stability of LAP*/LAP was assessed in monocytic cells. In the
absence of differentiation-inducing stimuli, the basically low LAP*/LAP levels were almost
completely degraded at 12 h in THP-1 cells (please note that for detection of these very low lev-
els a much longer exposure time and a more sensitive substrate were used in some experiments:
see Fig 6A, Fig 7A-7C). Remarkably, no proteolysis of LAP*/LAP was observed in THP-1 cells
following PMA stimulation for 24 h (half-life >24 h; Fig 6A and 6B) or following exposure to
VitD3 for 72 h (Fig 6A). These results were confirmed in PMA-treated THP-1 cells by pulse-
chase experiments with **-labelled C/EBPB proteins (data not shown). Under this condition,
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Fig 4. Phosphorylated elF4B is required for enhanced C/EBPB-LAP */LAP expression. (A) THP-1 monocytic cells were incubated for 24 h + PMA, and
the amounts of (p-)elF4B were detected (n = 3). (B) The levels of murine and human LAP*/LAP (murine: 38/34 kDa, human: 44/42 kDa) and (p-)elF4B were
determined in murine macrophage-like cells and PMA-treated (24 h) THP-1 cells (n = 4). Human/murine LAP*/LAP and (p-)elF4B/Actin have been
determined on different gels (indicated by square brackets). An additional negative control lane has been omitted from the upper gel (thin line). (C) Levels of
(p-)elF4B were measured in differentiating primary human monocytes up to 7 d (n = 3). (D) THP-1 cells were transfected for 24 h with 100 nM of a C/EBPB-V5
expression plasmid and 25 nM elF4B siRNA or control siRNA. Following an incubation with PMA for 3 h, protein levels of (p-)elF4B and V5 were measured
(n=3). (E) Cells were treated as described in B and selected approaches were additionally treated with 2.5 yM RSK-I for 3 h (in parallel to the PMA
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treatment; n = 3). In D and E, additional control lanes without PMA have been removed to enhance the clarity of the panels (thin lines). (F) HeLa cells were
transfected with control (100 nM) or 50 or 100 nM elF4B siRNA. Following an incubation period of 24 h, protein levels of LAP*/LAP and elF4B were
determined (n = 3).

doi:10.1371/journal.pone.0144338.g004
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Fig 5. PKR inhibition prevents C/EBP and elF4B expression. (A) THP-1 cells were incubated with PMA £ 1 yM PKR inhibitor (PKR-I) up to 24 h, and the
levels of LAP*/LAP were determined (n = 3). (B) THP-1 cells were incubated + PMA up to 24 h, and the levels of LAP*/LAP, (p-)PKR, and (p-)elF2a were
measured (n = 3). (C) THP-1 cells were exposed to PKR-1 and/or PMA as indicated, and LAP*/LAP, (p-)elF4B, and elF4A levels were analysed (n = 3). (D)
MM-6 cells were treated as indicated, and the levels of LAP*/LAP, (p-)elF4B, and elF4A were determined (n = 3). (E) THP-1 cells were incubated with VitD3
(72 h) and increasing doses of PKR-l and LAP*/LAP protein amounts were analysed (n = 3). Lanes showing the effect of PKR-I on unstimulated cells have
been removed (thin line).

doi:10.1371/journal.pone.0144338.9005
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treatment of cells with RSK-I had no effect on the stability of LAP*/LAP in differentiating
THP-1 cells (Fig 6C). A significant stabilization of LAP*/LAP proteins was also observed in
MM-6 cells in the presence of PMA (Fig 6D), differentiating primary human monocytes (Fig
6E), and murine macrophage-like cells (data not shown). These data suggest a marked (but
RSK-independent) stabilization of C/EBPB-LAP*/LAP proteins during monocytic
differentiation.

Chymotrypsin-like proteasomal and calpain activities are specifically
inhibited

Next the influence of different proteolytic activities on C/EBPJ protein stability was assessed.
In unstimulated THP-1 cells, the application of ALLN (a substance inhibiting the proteolytic
activities of the proteasome, calpain 1 and 2, cathepsin B and L, and neutral cysteine proteases)
temporarily stabilizes the amount of detectable LAP*/LAP in comparison to the ALLN-free
controls (Fig 7A). To further identify the proteases involved in C/EBPf degradation, more spe-
cific inhibitors were used either inhibiting the proteasome (MG-132), calpain (Calpain-Inhibi-
tor V), or cathepsin (Cathepsin Inhibitor I) proteases. As shown by elevated C/EBP protein
levels within 4 to 8 h in the presence of the respective inhibitors, both the proteasome and cal-
pain activities appear to be involved in C/EBPP degradation (Fig 7B and 7C), whereas no influ-
ence of cathepsins could be detected (data not shown). These data indicate an involvement of
proteasome and calpain protease systems in the degradation of C/EBP isoforms. To elucidate
whether the identified C/EBPf degrading proteolytic activities are modulated during mono-
cytic differentiation, the specific proteolytic activities were analysed in whole cell extracts of
PMA-treated THP-1 cells. These experiments showed a significant inhibition of the chymo-
trypsin-like proteolytic activity of the proteasome by PMA with a maximal effect at 48 h (Fig
7D). The trypsin-like activity of the proteasome was only slightly affected at 8 h and no PMA
effect was seen on the caspase-like activity (S3 Fig, data not shown). We also detected a strong
inhibitory effect of PMA on the calpain activity with a maximal reduction at 24 h (Fig 7E). In
addition, a further decrease of the chymotrypsin-like and the calpain proteolytic activities was
observed in primary human monocytes cultivated up to 3 d (Fig 7F). The activity of cathepsins,
however, was not affected (data not shown). Consistent with the results shown in the previous
figure, coincubation with the RSK inhibitor had no significant effect on PMA-mediated inhibi-
tion of the chymotrypsin-like proteasomal or the calpain activity (Fig 7G). Since these experi-
ments (using protease-specific labelled substrates) suggest that protease activities are directly
affected, we monitored the expression of calpastatin, one of the most powerful regulators of the
calpain system [24]. We found a continuous increase in the level of endogenous calpastatin in
PMA- and VitD3-differentiated THP-1 cells (Fig 7H and 7I) which suggests that this inhibitor
protein contributes at least in part to the observed inhibition of calpain activity.

Discussion

Using different models for (pre)monocytic differentiation we demonstrated a marked increase
in the larger C/EBP isoforms LAP*/LAP and a dramatic increase in the LAP/LIP ratio consis-
tent with earlier results [17]. It has been shown that the larger C/EPBf isoforms modulate
mechanisms inhibiting proliferation, thereby participating in differentiation, and orchestrate
gene expression patterns of effector molecules involved in fundamental monocyte functions [1,
2, 17]. The strong elevation of LAP*/LAP protein under differentiation-supporting conditions
was accompanied by an only modest and somewhat retarded increase in mRNA suggesting
that (post)translational mechanisms play a key role in mediating this protein expression. In
primary human monocytes significant levels of LAP*/LAP protein were detected which only
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(E) Primary human monocytes were differentiated for 3 d (3 d diff.) and then preincubated for 0.5 h with CHX, before LAP*/LAP protein levels were analysed

at the indicated time points (n = 3).

doi:10.1371/journal.pone.0144338.9006

slightly further increased during ongoing differentiation up to 7 d, similar as described [3].
Therefore, to characterize the mechanisms which regulate the massive increase in LAP*/LAP,
we focused in the majority of the presented experiments on premonocytic models of monocyte
differentiation.

Our experiments revealed a marked increase in the levels of total and phosphorylated RSK
in monocytic differentiation models. Furthermore, we showed that the prominent elevation of
LAP*/LAP during this state of monocytic development was mediated via the MEK/ERK/RSK
cascade. RSK is a MAPK involved in the regulation of protein translation by activating rpS6
and eIF4B [23]. Several MAPK including RSK have been suggested to be involved in the differ-
entiation of several cell types including monocytic cells [25]. Alternative translation of C/EBPB
towards the small isoform LIP depends on mTOR which activates eIF4E [5] and phosphory-
lates S6K1 [23]. For instance, during early myelomonocytic differentiation, the FLT3-induced
LIP production has been shown to be mediated by mTOR [15]. Our data demonstrated that
mTOR/S6K1 were not involved in PMA-induced monocytic LAP*/LAP expression. However,
this shift towards LAP*/LAP was accompanied by rpS6 phosphorylation which was sensitive to
RSK and MEK inhibition. A cluster of conserved rpS6 serine residues can be phosphorylated
by RSK family members [23]. rpS6 has been described as a structural protein of the 40S ribo-
somal subunit interacting with essential components of the translation initiation complex [23,
26, 27]. Interestingly, it has been proposed that rpS6 may be involved in the translation of
mRNA species containing 5’ terminal oligopyrimidine tracts [28], a structure also characteristic
for C/EBPB mRNA. Phosphorylated rpS6 has been reported to be involved in the control of
cell size [29] and terminal differentiation of muscle cells [30].

Our data demonstrated significant levels of phosphorylated eIF4B in different models of
monocytic differentiation. Most important, we found that the production of LAP*/LAP protein
under the applied conditions depends on phosphorylated eIF4B. During initiation of transla-
tion the mRNA is bound by the heterotrimeric eIF4F protein complex consisting of cap-bind-
ing factor eIF4E, the scaffold protein eIF4G, and the ATP-dependent RNA helicase eIF4A [31].
elF4A facilitates the processing and unwinding of mRNAs containing more complex 5 'UTR
secondary structures to enable binding of the preinitiation complex (PIC). The activity of
elF4A is significantly enhanced by accessory proteins such as eIF4B and eIF4H [21]. Both pro-
teins support translation by promoting a unidirectional movement of eIlF4A and enhancing its
ATP binding activity as well as mRNA affinity [27]. It has also been proposed that eIF4B con-
tributes to the association of the elF4G-mRNA complex with the 40S subunit of the ribosome
[21]. Recently, it has been shown that e[F4A-associated translational regulation may play a role
during myogenic differentiation [32]. In our study, the levels of eIF4A remained stable under
the applied conditions. The intracellular amount of eIF4A has been shown to exceed the levels
of its binding partners [33] which indicates that translational events are not directly regulated
by this translation factor. Thus, the activation of eIF4A by rate-limiting eIlF4B may be a crucial
step in PIC recruitment under certain cellular conditions [33]. With respect to the high GC
content in the 5’UTR of the C/EBPB mRNA (77%) [2] and the predicted formation of stable
stem loop structures [8], an involvement of further proteins in the initiation of C/EBPf mRNA
translation appears probable, such as RNA helicase eIF4A and its accessory factors, e.g. e[F4B.

In addition, our results suggest that PKR-dependent pathways significantly contribute to
the expression of LAP*/LAP in differentiating monocytic cells. PKR, initially described as an
antiviral kinase activated by dsRNA, is able to reduce general protein translation by inhibitory
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Fig 7. Inhibition of proteasome and calpain activities (A-C) THP-1 cells were treated with CHX * 50 pM ALLN (A), 50 uM MG-132 (B), or 100 pM
Calpain-inhibitor V (calpain-l; C). LAP*/LAP levels were detected at the indicated time points (n = 3 each). (D-E) THP-1 cells were treated with PMA
up to 24 or 48 h and the chymotrypsin-like activity of the proteasome (D) as well as the calpain activity (E) were determined in whole cell extracts
using protease-specific substrates (meantSD; n>3, duplicates). The respective proteolytic activity at 0 h was defined as 100% (dashed line). (F)
Primary human monocytes were cultivated up to 3 d. The chymotrypsin-like (CL) and the calpain (C) proteolytic activities were determined at days
0, 1, and 3 (meanSD; n = 2, representative for n = 4 experiments). The respective proteolytic activity at day 0 was defined as 100% (dashed line).
(G) THP-1 cells were incubated for 24 h + PMA in the absence or presence of RSK-I. The chymotrypsin-like (CL) proteasome and calpain (C)
activities were measured as described above (meantSD; n = 3, duplicates). (H-I) THP-1 cells were incubated with PMA up to 24 h (H) or with VitD3
up to 72 h (I) and the levels of calpastatin were determined at the indicated time points (n = 3).

doi:10.1371/journal.pone.0144338.g007

phosphorylation of eIF20: [34]. A PKR-dependent reduction of eIlF2c. activity is associated with
a predominant expression of the larger C/EBP isoforms under certain conditions, whereas an
increased elF2a activity favours the formation of LIP [5]. Our results showed an increase in
(p-)PKR but no change in the level or phosphorylation of eIF2a. However, coincubation with

a PKR inhibitor markedly reduced the PMA-induced increase of (p-)eIF4B. Several reports
describe elF2a-independent alternative functions of PKR [35]. It has also been described ear-
lier that PMA under certain conditions has no effect on eIF2a. phosphorylation [36]. Our data
suggest that PKR is involved in the regulation of LAP*/LAP expression by controlling eIF4B
expression in an elF2a-independent manner. Further studies are necessary to dissect these
here described new alternative functionalities of PKR.

We also found a marked stabilization of C/EBPB-LAP*/LAP proteins in monocytic differen-
tiation models. The dependency of C/EBP isoform half-life on certain cellular conditions has
been shown before. For instance, it has been reported that in proliferating cells, e.g. fibroblasts
and myotubes, LAP*/LAP exhibit a half-life of 1-4 h [12, 37, 38]. Under differentiation-support-
ing conditions, the half-life appears to be considerably prolonged in preadipocytes (8-29 h) [10,
39, 40]. Additional conditions enhancing C/EBP protein half-life have also been described, e.g.
transfection of kinases targeting tyrosine 79 (>6 h) [41] or suppression of C/EBP SUMOylation
(>12h) [38, 40].

In addition, the degradation of LAP*/LAP could be reduced in unstimulated cells by protea-
some or calpain inhibitors. This is in good agreement with earlier results describing a degrada-
tion of C/EBP proteins by the proteasome or calpain [10-12]. Proteasome-associated
degradation of C/EBP has also been reported to negatively regulate the expression of certain
C/EBPp target genes such as elastin [42]. Consistently, we observed an inhibition of the chymo-
trypsin-like proteolytic activity of the proteasome as well as calpain activity in differentiating
THP-1 cells. A further reduction of both proteolytic activities was also observed in differentiat-
ing primary human monocytes. Since we used protease assays including specific fluorescence-
labelled artificial substrates, these data suggest that under the applied cellular conditions, pro-
teasome and calpain activities are directly affected. The entire 26S proteasome consists of two
subcomplexes (19S regulatory particle, 20S core particle) and at least 33 different subunits [43]
enabling the formation of standard as well as immunoproteasomes with different specificities
[44]. The activity of the proteasome can be regulated by different signalling molecules and
pathways. For instance, the MAPKKK family protein apoptosis signal-regulating kinase
(ASKI1) negatively regulates the proteasome by inhibiting the ATPase of the 19S particle [45].
TGEF-B- and SMAD3/p53-dependent signalling has been described to inhibit the 20S protea-
some activity by repressing the proteasome activator subunit 3 (PSME3) [46]. Calpains com-
prise a family of calcium-dependent cysteine proteases, e.g. the heterodimer p- and m-calpain
consisting of a catalytic and a regulatory subunit which catalyse limited proteolysis of a variety
of targets [24]. The proteolytic activity of calpain is negatively regulated by its endogenous
inhibitor calpastatin [24]. Our analyses showed a considerable increase in calpastatin expres-
sion following PMA stimulation correlating with both the decreased calpain proteolytic activity
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and the enhanced LAP*/LAP levels. This suggests that during monocytic differentiation, the
inhibition of calpains may be driven at least in part by increasing calpastatin amounts. A differ-
entiation-supporting role of calpastatin has been described in adipocytes and neuronal stem
cells [47, 48]. Further reports demonstrate that calpain can be activated by a conformational
change induced by calcium binding in response to calcium signalling [24]. Phosphorylation of
calpains by PKC, ERK, or PKA has also been shown to increase or decrease calpain activity
[24].

In addition, several reports suggest further regulatory mechanisms which directly influence
the stability of the C/EBP protein. For instance, multiubiquitination and proteasomal degra-
dation of C/EBPP has been described [10] which has been increased by previous SUMOylation
[38, 40]. Homo/heterodimerization has been demonstrated as an additional mechanism to pro-
tect C/EBPP monomers from proteasome-associated degradation [49]. However, it is still con-
troversial whether C/EBPf is multiubiquitinated [49] and whether the proteasome is directly
involved in C/EBP cleavage [13]. Moreover, phosphorylation of murine C/EBP at threonine
188 has been shown to be protective especially against p-calpain-dependent degradation [39].
In human cells, phosphorylation at tyrosine 79 enhances C/EBP protein stability [41],
whereas phosphorylation at threonine 235 supports proteolysis [50].

The importance of the regulation of the translational machinery during cellular differentia-
tion has been recognised earlier [31], also with respect to maturation of monocytic cells [51].
Furthermore, proteolysis-associated processes, e.g. involving proteasomes or calpains, have
been proposed as important regulatory mechanisms controlling cellular development [52, 53],
including differentiation of hematopoietic cells [54]. In comparison to transcriptional regula-
tion, translational control of gene expression together with proteolytic fine-tuning allows a
faster change in protein concentrations [31]. Furthermore, it has been proposed that this
immediate interaction represents an important quality control of newly synthesised proteins at
the ribosomes [55]. In the present study, we show that translation- and proteolysis-associated
mechanisms based on only limited mRNA changes induce a shift in C/EBPJ expression
towards LAP*/LAP resulting in a dramatically increased protein expression in models of
monocytic differentiation. Under this condition, MEK/RSK-mediated LAP*/LAP formation
depends on phosphorylated eIF4B and rpS6 which may form a functional clamp within the
PIC/40S ribosome to guide the process of translation initiation. Our experiments suggest new
elF20-independent functions of PKR potentially establishing additional regulatory avenues for
this kinase. The switch from mTOR-induced LIP formation during early myelomonocytic dif-
ferentiation to RSK-mediated signalling in further developed monocytic cells to orchestrate
LAP*/LAP production, pushed by an increased protein stability, may be a prototypical example
for the regulation of protein expression during selected processes of differentiation/prolifera-
tion and cell homeostasis. Thus, this study may contribute to a better understanding of prolif-
eration/differentiation-related diseases such as sepsis or leukemia.

Supporting Information

S1 Fig. Determination of the effective dose of the applied RSK-I. THP-1 cells were incubated
for 24 h with PMA together with increasing doses of RSK-I. Subsequently, LAP*/LAP protein
amounts were assessed (n = 3).

(PDF)

S2 Fig. Determination of the effective dose of the applied PKR-I. THP-1 cells were incubated
for 24 h with PMA together with increasing doses of PKR-I. Subsequently, LAP*/LAP protein
amounts were assessed (n = 3). Additional lanes showing the effect of PKR-I on unstimulated
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S3 Fig. Trypsin-like proteolytic activity in differentiating THP-1 cells. THP-1 cells were
treated with PMA up to 24 h and the trypsin-like activity of the proteasome was determined in
whole cell extracts using protease-specific substrates (mean+SD; n = 3, duplicates).

(PDF)
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