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C/EBPs are implied in an amaz-
ing number of cellular functions:  

C/EBPs regulate tissue and cell type spe-
cific gene expression, proliferation and 
differentiation control. C/EBPs assist in 
energy metabolism, female reproduction, 
innate immunity, inflammation, senes-
cence and the development of neoplasms. 
How can C/EBPs fulfill so many func-
tions? Here we discuss that C/EBPs are 
extensively modified by methylation of 
arginine and lysine side chains and that 
regulated methylation profoundly affects 
the activity of C/EBPs.

Introduction

Many organ functions depend on C/EBP, 
such as the skin, liver, lung, bone or white 
and brown adipose tissue. In addition, 
many signaling pathways affect C/EBP 
activity. C/EBPs interact with a plethora 
of transcription factors, chromatin modi-
fiers and remodeling complexes and com-
ponents of the cell cycle machinery.1-4 It 
thus appears that extensive regulatory 
translational and post-transcriptional 
alterations downstream of signaling 
events serve to shape C/EBP functions in 
a way to seamlessly integrate into context 
specific cellular activities. In the follow-
ing we provide a comprehensive survey 
of the available literature and some novel 
results on extensive C/EBP arginine and 
lysine methylation supporting this general 
assessment.

The CCAAT/enhancer bind-
ing proteins alpha and beta  
(C/EBPα,β) are founding members of the  
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C/EBP-transcription factor family, ini-
tially characterized in adipogenesis and 
myelopoiesis. C/EBP modifications 
include the generation of protein isoforms 
of variable N-terminal length by regulated 
initiation of translation (C/EBPα,β) or 
alternative splicing and promoter usage 
(C/EBPδ,ε), respectively. Such transla-
tion isoforms with different N-termini 
have variable domain compositions and 
thus display distinct functions in gene 
regulation.5,6 In addition, a multitude of 
post-translational modifications (PTMs), 
including phosphorylation of serine, 
threonine and tyrosine residues,7,8 acety-
lation of lysine residues (Kac)9-11 and, as 
recently shown, methylation of lysine and 
arginine (Kme; Rme) occur on C/EBP 
N-termini.7,12,13

Structure and Function of C/EBPs

In order to conceptualize the multitude of 
C/EBP functions, it is important to con-
sider some of the structural features of 
C/EBP transcription factors, as shown in 
Figure 1A and in Sup. Figure 1. Sequence 
alignments show that similarities in the 
N-termini are confined to short discretely 
conserved regions (CR1 to CR7, see also 
Sup. Fig. 1).14-16 The highly conserved 
and contiguous C-terminal ends encom-
pass the basic DNA binding leucine zip-
per dimerization domains (bZip), that 
consist of a pre-bZip basic/acidic region 
(BA), the DNA binding part (DBD), 
the fork domain, the leucine zipper (LZ) 
dimerization domain and a post-bZip 
C-terminal peptide (CP). The alignment  
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functions.14-16 CR6 is a highly conserved 
short region present in all C/EBPs. CR6 
contains a SUMOylation target that is 
involved in repressive functions.22-25 In 
summary, CR1-4 constitute transactiva-
tion domains (TAD) and CR5-7 may 
function as regulatory domains (RD).

Activation of C/EBPβ. CR7 of  
C/EBPβ contains a conserved N-terminal 
motif followed by a poly-serine stretch 
and a proline embedded threonine resi-
due, providing several phosphorylation 
target sites for various kinases.8 The pro-
line embedded threonine residue serves 
as a target for mitogen activated kinase 
(MAPK) downstream of receptor tyrosine 
kinase (RTK) signaling. The CR7 MAPK 
site in C/EBPβ has been implied in de-
repression and conditional trans-activa-
tion. Intra-molecular interactions between 
CR5 and CR7, as determined by yeast 
two-hybrid interactions were abrogated by 
a phospho-mimetic mutation of the MAP-
kinase target site. Removal of either CR5 
or CR7, or a phospho-mimicking muta-
tion of the MAPK site, strongly activated  
C/EBPβ induced target gene expres-
sion.14,26 Moreover, CR5 was recently 
found to be phosphorylated and meth-
ylated on arginine and in conjunction 
with the TAD and bZip domain compact  
C/EBPβ in an inactive form.15 Several 
reports come to the conclusion that RTK 
signaling mediated C/EBPβ phosphory-
lation eliminates repressive functions of 
CR5-7 and that activation involves some 
structural conversion of the transcrip-
tion factor. Along these lines, circum-
stantial evidence previously suggested 
that phosphorylation in CR7 of C/EBPβ 
entails a structural alteration that is allo-
sterically transmitted to the Mediator 
complex which, together with CR1, con-
verts Mediator into an active state.19,27 
Accordingly, removal of CR5, 6 and 7 
strongly activated gene expression, con-
firming that, at least in C/EBPβ, CR5-7 
functions as a regulatory domain (RD) 
that conditionally inhibits transactivation 
or establishes repressor functions which 
are subject to signal induced negative 
regulation.7,14-16

C/EBP CRs: Beads on a string? 
The highly conserved C/EBP CR1-7 are 
connected by “low complexity regions” 
(LCRs) that may be intrinsically unfolded 

transactivation capacity. However, resid-
ual transactivation properties could be 
detected of individual TAD-CRs or any 
paired combination thereof, suggesting 
individual and co-operative functions of 
the CR2, 3 and 4 modules.14,17

CR1 of C/EBPβ contributes to the 
activation of a distinct set of chromatin 
embedded genes by recruiting the chro-
matin remodeling SWI/SNF complex 
and interacting with Mediator com-
plexes.18,19 CR1 is restricted to C/EBPβ 
and sequence similarities to CR1 are only 
found in C/EBPδ, although an equivalent 
biological function in C/EBPδ has not yet 
been described. A functionally related but 
structurally distinct region was mapped 
in C/EBPα to reside between CR5 and 
CR6,20 (CR1 like, CR1L; Sup. Fig. 1). 
A structurally equivalent region can also 
be delineated in C/EBPε. C/EBPα CR1L 
affects cell differentiation and prolifera-
tion control and could be functionally 
replaced by CR1 of C/EBPβ.20,21

CR5 and CR7 of C/EBPβ dis-
play repressive and/or auto inhibitory 

suggested that the family members  
C/EBPα, ε, on one hand and C/EBPβ, δ, 
on the other hand, are more closely related 
to each other and that all four family mem-
bers may have arisen by consecutive gene 
duplications from an ancient vertebrate  
C/EBP. No significant homologies to 
CR1-7 were found in the inhibitory  
C/EBPγ and C/EBPζ, suggesting a more 
distant relationship between the latter  
C/EBP-related proteins and  
C/EBPα,β,δ,ε.

Trans-activating and regulatory  
C/EBP modules. Inspection of N-terminal 
CRs of C/EBPα,β,δ,ε revealed high con-
servation of primary structures in CR2, 
3, 4 and 6 across species, whereas CR1 
homologies were confined to C/EBPβ 
and C/EBPδ. More relaxed similarities 
between C/EBPs are found in CR5 and in 
CR7 (Sup. Fig. 1).

Data from many laboratories dem-
onstrated that CR2, 3 and 4 make up a 
strong trans-activation domain (TAD). 
Removal or mutation of individual CR2, 
3 or 4 in C/EBPβ strongly diminished its 

Figure 1. Scheme of the C/EBPα,β,δ,ε structure and crosstalk between phosphorylation 
and arginine/lysine methylation in C/EBPβ. (A) CR1-4 (green, turquoise), representing the 
transactivation domain (TAD) and CR5-7 the regulatory domain of C/EBPs. Towards the C-terminus 
a basic/acid motif (BA) precedes the DNA binding region (DB) followed by the fork and the leucine 
zipper (LZ) regions. A C-terminal peptide (CP) is separated from the LZ. (B) Model of signaling 
through receptor tyrosine kinase (RTK) / ras-MAPK pathways causes phosphorylation within CR7. 
Phosphorylation abrogates interaction with G9a and PRMT4 that methylate C/EBPβ K39 and R3, 
respectively. Methylation at K39 interferes with activation of myeloid genes and methylation of 
R3 interferes with recruitment of SWI/SNF that is required for the activation of a subset of myeloid 
genes.
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C/EBPα SWI/SNF recruiting region with 
the N-terminal C/EBPβ derived CR1,20 
abrogation of C/EBP-dependence of Myb 
regulated genes by a chimeric C/EBP-
Myb protein,36 or even functional gene 
replacement of C/EBPα by C/EBPβ.37,38 
It remains difficult to distinguish between 
several structural possibilities, since the 
intrinsic disorder prevents 3D structural 
elucidation of the C/EBP N-termini, indi-
cating that C/EBP functions are based on 
an unusual degree of structural plasticity.

Multi-Site Methylation of C/EBPα,β

Considering the structural/functional 
C/EBP features further and seeking for 
an explanation of how C/EBPβ toggles 
between repressor/activator functions, it 
came to our attention that several basic 

intervening LCRs may accommodate 
accessory docking sites for co-regulators 
in a C/EBP-family member specific fash-
ion. Both models for LCR functionality 
are not mutually exclusive. Another pos-
sibility is that the CRs might exist as an 
intrinsically destabilized “molten globule” 
that may adopt an ordered structure only 
transiently and/or only after inter-molec-
ular interactions with other proteins, 
depending on the signaling state and on 
PTMs.34,35 The fact that residual modular 
transactivating functions were observed 
with individual CR1-4 or combinations 
thereof currently supports a model of 
modular, linear functionality of CRs and 
tethering functions of LCRs, without rul-
ing out other possibilities. Modular func-
tionality is also supported by several other 
experiments: replacement of the internal 

and that are characterized by an accu-
mulation of prolines and glycines.28-31 
This may raise the possibility that proline 
isomerases are involved in altering the  
C/EBP structure. The C/EBP LCRs dis-
play relaxed interspecies conservation. 
Amino acid polymorphisms within the 
same C/EBP sub-type preferentially occur 
within LCRs (Sup. Fig. 1), although 
some primary structures are retained 
between all corresponding LCRs. As 
the activating motifs CR2, 3 and 4 may 
interact with components of the basic and 
inducible gene regulatory and epigenetic 
machinery,18,19,32,33 the LCRs might merely 
serve as flexible hinges to connect linear 
CR2-4 “docking” sites for co-factors or 
provide the scaffolds for complex assem-
bly. Alternatively, the CRs may form a 
structural core and the semi-conserved, 

Figure 2. Distribution, methylation, and functional evaluation of conserved arginine residues in C/EBPβ. (A) Schematic representation of the C/EBPβ 
structure showing the distribution of evolutionary conserved arginine (R, magenta) or lysine (K, blue) in relation to the domain and CR structure. 
(B) List of R and K residues in human (H) mouse (M), rat (R), and chicken (C) C/EBPβ. Numbers refer to equivalent amino acid positions. Underneath: 
identification by mass spectrometry and summary of data of mono-(me1), di-(me2), tri-(me3) methylation, and acetylation (ac) in rat (R) and chicken 
(C) C/EBPβ. (C) Protein expression controls in QT6 fibroblasts of chicken C/EBPβ LAP* arginine to alanine (R to A) mutants or wild type (WT), as 
indicated. (D) Reporter activation by C/EBPβ mutants. Expression constructs encoding wild type or R to A C/EBPβ mutants were transfected together 
with a cMGF promoter luciferase construct and reporter expression was determined after 36 hours. Numbers show reporter activation as means of 
duplicates from 3 independent experiments (I, II, III). (E) Endogenous gene activation by C/EBPβ mutants. RNA blots show expression of the resident 
myeloid C/EBP target gene mim1 in QT6 fibroblasts. C/EBPβ R to A mutants or wild type C/EBPβ LAP* were transfected and expression levels of 
endogenous genes were monitored by Northern blotting. GAPDH expression serves as control.
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individual R to A mutations in chicken 
(Fig. 2C) and rat (data not shown) dis-
played enhanced reporter activation. 
Combinations of mutations in the TAD 
or the RD cooperated to further amplify 
reporter and endogenous gene expression 
(Fig. 2D and E). This indicates that both 
trans-activation and auto-inhibition rely 
on the methylation state of conserved argi-
nines and that the extensive PTM meth-
ylation pattern seen by mass spectrometry 
appears to govern C/EBP functionality. 
It is noteworthy that ras activation of  
C/EBPβ was recently found to corre-
late with phosphorylation and methyla-
tion in CR5 that displays auto-inhibitory 
functions.7 These data suggest that the 
conserved R-residue in CR5 is involved 
in intra-molecular interactions that may 
depend on the methylation status. Pilot 
experiments with C/EBPα showed that 
R to A mutations also enhance its trans-
activation (data not shown) and thus sug-
gest that other C/EBPs are regulated by 
arginine methylation.

Differential activity of individual  
C/EBPβ R to A point mutants was, 
however, observed on different chro-
matin embedded target genes (data not 
shown). This raises the possibility that, 
in addition to intra-molecular regulation, 
context-specific interactions within the 
local chromatin at cis-regulatory C/EBP 
sites may selectively distinguish between  
C/EBP modification patterns. Whether 
and how methylation/de-methylation of 
R and K C/EBPβ residues exactly modify 
intra-molecular interactions and context-
specific functions will require systematic 
exploration of both a presumably signal-
dependent PTM “code” on C/EBPs and 
PTM dependent protein interactions.

Outlook

C/EBPβ emerges as a nodal transcrip-
tion factor that integrates and coordinates 
signals from several onco-developmental 
pathways, including Stat3, TGFβ and 
RTK-signaling.26,40,41 It seems reasonable 
to assume that signal integration occurs 
through a multitude of modification sites 
and the structural plasticity of C/EBPs. 
Multi-site PTM of C/EBPβ at the receiv-
ing end of signaling cascades may navi-
gate and organize co-factor interactions, 

alanine (R3A, K39A) enhanced C/EBPβ 
induced gene expression. Interestingly, 
mutation of R3 into leucine (to mimic 
R3-methylation) also strongly dimin-
ished interaction with SWI/SNF and 
Mediator and interfered with SWI/SNF 
dependent target gene activation.12 These 
data suggested an intramolecular crosstalk 
between signal dependent phosphoryla-
tion and K,R-methylation (Fig. 1B). In 
addition, it also indicated that methyla-
tion in the N-terminus might be involved 
in repression of C/EBP-mediated trans-
activation. Thus, the data also implied 
the existence of a signal dependent nega-
tive intra-molecular crosstalk between 
RTK induced phosphorylation and K,R-
methylation. This notion was confirmed 
by inactivation of the methyltransferases 
PRMT4/CARM1 (methylating R3) or 
G9a (methylating K39) by dominant-
negative enzyme mutants that resulted in 
activation of myeloid, C/EBPβ-mediated 
gene expression. Moreover, activation 
of the MAPK pathway or a phosphomi-
metic T to D mutation of the C/EBPβ 
MAPK site abrogated the interaction 
between C/EBPβ and PRMT4/CARM1 
or G9a, as summarized in Figure 1B. It 
is plausible to assume that an allosteric 
alteration previously found to affect the 
N-terminus of C/EBPβ might also regu-
late the dynamic interaction with protein 
methyl-transferases.12,13,19,39

Mutational Analysis of C/EBPβ  
R-Methylation Sites

The possibility that arginine meth-
ylation is critical for the function of  
C/EBPβ was addressed by a mutagen-
esis approach. Figure 2A shows the con-
served R,K-residues among vertebrate  
C/EBPβ (see also Sup. Fig. 1). The 
matrix in Figure 2B lists the respective 
amino acid sequence positions in human 
(H), rat (R), mouse (M) and chick (C)  
C/EBPβ. Underneath, mass spectromet-
ric results indicate methylation or acetyla-
tion as found in chicken (C) or in rat (R). 
Arginines in the N-terminus of chicken 
and rat C/EBPβ were mutated to alanine 
(to abrogate modification of the side chain 
while retaining secondary structure) 
and mutants were tested in reporter and 
endogenous gene activation assays. All 

residues (R, K), located at the borders close 
to CRs or within LCRs, are fairly con-
served between C/EBPα,ε and C/EBPβ,δ 
or even between all C/EBPs (Sup. Fig. 1).  
Previous results obtained by metabolic 
labeling of full-length and truncated  
C/EBPα,β with 3H-SAM and immuno-
reactivity towards methyl-arginine/lysine 
specific antibodies12,13 suggested that  
C/EBPα,β are extensively post-transla-
tionally modified by K,R-methylation in 
their N-termini. In an effort to determine 
whether C/EBP modifications are more 
complex than previously anticipated, we 
examined C/EBP PTMs in a systematic 
approach. Comprehensive mass spectrom-
etry of C/EBPβ and C/EBPα revealed 
more than 50 novel alterations, including 
phosphorylation (data not shown), acety-
lation (on K-residues) and methylation 
occurring on K,R-residues in C/EBPα,β 
from chicken, rat and human (Fig. 2 and 
Sup. Fig. 1). More than 30 methylation 
patterns, including mono- and di-methyl-
ation of arginine residues (Rme1, Rme2) 
and mono-, di- and trimethylation of 
lysine residues (Kme1, Kme2, Kme3) 
were uncovered, suggesting that exten-
sive methylation on K,R-moieties occurs 
on both, C/EBPα,β (and probably on all  
C/EBPs).

Although modifications were found 
clustered in the bZip domain (that also 
harbor the most K,R-residues), many of 
the R- and K-residues in the N-terminus 
were modified by methylation. To unravel 
the functional consequences of methyla-
tion, we concentrated on the N-terminal 
“working end” of C/EBPβ. As shown in 
Figure 2B, methylation occurred on K39 
that had previously been described as a tar-
get for acetylation9 and was then identified 
as a target of G9a K-methyltransferase.13 
Moreover, the highly conserved K-residue 
within the SUMOylation site in CR6 
(rat K134) may also become methylated 
(Fig. 2B), which would interfere with 
SUMO conjugation. The N-terminal 
R3 residue in CR1 that is involved in 
SWI/SNF recruitment, was found to be 
di-methylated and interaction analysis 
showed that methylation of R3 abrogates 
interaction with both SWI/SNF and 
Mediator. Activation of ras-MAPK signal-
ing inhibited methylation of both R3 and 
K39 and mutation of either residue into 
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such networks involved in the conver-
sion of cell peripheral signals into gene 
regulation and epigenetics. We antici-
pate that unraveling the PTM-dependent  
C/EBPβ interaction network might help 
to elucidate how C/EBPβ regulates genes 
involved in such diverse settings as myo-
genic vs. adipogenic differentiation,45 
cooperation between C/EBPβ, Stat3 
and TGFβ in epithelial-mesenchymal/
tumorigenic transition,40,41 and in com-
plex C/EBPβ functions in the skin and 
lung, innate immunity, fertility, mam-
mary gland formation, myelopoiesis and 
development of leukemia. In any case, the 
extensive PTM pattern seen with C/EBPs, 
FoxO proteins42 or p53,46 are reminiscent 
of the “histone code” and suggest that 
multi-site modifications of transcription 
factors might be central for integration of 
signals and gene expression.42,43,47,48
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