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Interactions of CCAAT/enhancer-binding  
protein β with transcriptional coregulators

ABSTRACT

CCAAT/enhancer-binding proteins (C/EBPs) are key regulators of numerous cellular pro-
cesses, including cell proliferation, differentiation, and tumorigenesis. Their biological 

activities require interactions with several protein partners and the formation of functional 
multiprotein complexes involved in DNA repair and cell cycle control. Members of the fam-
ily (C/EBPα, β, δ, ε, and γ) bind to common DNA sequence motifs as homo- or hetero-dimers 
and interact with other transcription factors to control transcription of a number of eukary-
otic genes. Of particular interest is C/EBPβ, which binds to closed chromatin and acts as 
a pioneering factor for initiating tissue-specific gene expression at several promoters. This 
review focuses on intermolecular interactions that underlie C/EBPβ’s ability to regulate chro-
matin accessibility and directs readers to general reviews describing transcription regulation 
in eukaryotes.

INTRODUCTION

Transcriptional machinery access to the core promoter region is restricted 
in eukaryotic cells by the dense packing of chromatin. The barrier imposed by 
compacted chromatin is overcome by the concerted action of sequence-spe-
cific DNA-binding transcription factors (TFs), which stimulate transcription 
of their target genes by regulating the assembly and/or activity of transcrip-
tional initiation complexes. They elicit their effect by recruiting members of 
a diverse family of coactivators that modify chromatin structure and mediate 
recruitment of the RNA polymerase II complex (Pol II) to the transcriptional 
start site. Local chromatin opening at several specific genomic regions is of-
ten triggered by a special class of TFs, known as pioneer TFs, which are able 
to associate with closed chromatin and pave the way for the binding of oth-
er factors. For example, CCAAT/enhancer-binding protein beta (C/EBPβ) 
acts as a pioneering factor for adipogenetic TFs [1] facilitates recruitment of 
the glucocorticoid receptor to steroid response elements [2], and triggers the 
initial steps of chromatin opening at the mim-1 enhancer, facilitating Myb 
binding to the promoter [3]. 

The basic unit of chromatin, the nucleosome, is composed of 146 DNA 
base pairs wrapped around an octamer of the four core histones. The acces-
sibility of the DNA template is modulated by two major classes of chroma-
tin-modifying enzymes: chromatin-remodeling complexes that utilize ATP 
hydrolysis to alter the histone-DNA contacts in the nucleosome and those 
that covalently modify histone proteins, such as histone acetyltransfer-
ase (HAT) and deacetylase (HDAC) complexes, histone methyltransferases 
(HMTs), and histone kinases. Acetylation and phosphorylation change the 
net charge of the nucleosome, thereby facilitating chromatin unraveling and 
histone displacement from DNA. The second function of histone modifica-
tions is the recruitment of nonhistone proteins carrying the enzymatic activ-
ities necessary to further modify chromatin and/or establish enhancer-pro-
moter communication. For example, acetylated lysine residues are recog-
nized by bromodomains present in several chromatin modifiers themselves 
and also in the components of TFIID [4]. Activator recruitment of HATs 
and HMTs is crucial for the activation of many classes of genes, whereas 
deacetylation of the histone tails is required for repression. Histone lysine 
methylation is involved in both gene activation and repression, depending 
on the specific lysine residue that gets modified, as well as on its degree of  
methylation [5,6]. 

Activation is a complex, cooperative process that involves the dynamic 
rearrangement of contacts between TFs, various coactivators, and chroma-
tin-remodeling factors, and requires highly specific, yet weak, readily revers-
ible interactions. Recent live-cell experiments have demonstrated that the av-
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erage time of interactions between TFs and chromatin is 
measured in seconds [7]. Depending on the cell type and 
external stimulus, distinct sets of regulatory proteins can 
assemble at the same promoter. The possibility of inter-
acting with distinct coregulator complexes underlies the 
capability of certain TFs to perform tissue- and cell type–
dependent dual functions. For example, C/EBP proteins, 
which interact with the general coactivator, CBP/p300, 
and usually act as transcriptional activators, were shown 
to inhibit PPARβ gene expression in mouse keratinocytes 
through the recruitment of a transcriptional repressor 
complex containing HDAC1 [8]. 

C/EBPβ: STRUCTURAL AND FUNCTIONAL DOMAINS

C/EBPs (C/EBPα, β, δ, ε, and γ) are modular pro-
teins consisting of an N-terminal transactivation domain 
(TAD), central regulatory regions, and a highly conserved 
C-terminal basic region leucine zipper (bZIP) domain re-
quired for DNA binding (Fig. 1). The N-terminal parts of 
C/EBPs exhibit little overall sequence homology, except 
for two segments termed homology box I and homolo-
gy box II that are embedded in the common acidic TADs 
[9]. Several sequence motifs specific for C/EBPβ and con-
served among specimens are shown in figure 1. The bZIP 
domain binds to palindromic DNA sequences as a dimer 
of uninterrupted helices, with each basic region contact-
ing a half-site in the major groove. The helical fold of the 
basic region is induced upon binding to its cognate DNA 
site. The simplicity of this protein–DNA recognition mo-
tif, together with the structural flexibility of the basic 
region, may explain C/EBPβ’s ability to bind directly to 
nucleosomal DNA [10]. 

C/EBPβ is expressed as three iso-
forms with distinct activities: full-
length LAP1, LAP2 lacking 21 amino 
acids (23 in human proteins) from the 
N-terminus, and LIP, which lacks the 
whole activation domain (TAD) and 
acts as a transcriptional repressor. 
The difference within 21/23 amino 
acids between LAP1 and LAP2 leads 
to functional differences between the 
two isoforms due to different pat-
terns of post-translational modifica-
tions and protein interactions, as well 
as a changed network of disulfide 
bonds maintaining the latent forms of 
the proteins [11]. LAP1 participates 
in terminal differentiation, whereas 

LAP2 and LIP promote cell proliferation and tumor pro-
gression. The proper ratios of all three isoforms are criti-
cal for normal growth and development. 

C/EBPβ RECRUITS SWI/SNF AND ISWI 
CHROMATIN REMODELERS 

ATP-dependent chromatin-remodeling enzymes com-
prise a large family of protein complexes divided into 
four subfamilies, SWI/SNF, ISWI, INO80, and CHD, 
which display specialized biological functions imparted 
by their protein components and unique domain compo-
sitions [12]. All members of the family use the energy of 
ATP hydrolysis to alter the packaging state of the chro-
matin structure, which changes the accessibility of nucle-
osomal DNA to cognate TFs. The changes may include 
transient unwrapping of the end of DNA from histone 
octamers, forming a DNA loop or sliding nucleosomes to 
different positions. The SWI/SNF remodelers participate 
in both gene activation and repression, whereas the ISWI 
subfamily complexes (such as ACF, CHRAC, and ATRX), 
which are able to assemble chromatin from histones and 
DNA, have been mainly linked to gene silencing and re-
pression. Repression of genes that are required for plu-
ripotency in differentiating cells is necessary for main-
taining cellular identity.

Mammalian SWI/SNF is composed of a heterogeneous 
mixture of subunits that contain BRG1 or hBrm as a cen-
tral catalytic subunit and a varying number of BRG1-as-
sociated factors (BAFs) (Fig. 2A). The SWI/SNF complex 
is recruited to chromatin-embedded silent genes by the 

LAP1 isoform to control terminal 
differentiation in several cell lines 
[13]. Neither LAP2 nor the R3L-mu-
tant protein was able to perform this 
function. It has been demonstrated 
that the intact, 21–residue N-terminal 
is necessary for maintaining direct 
interactions with the BRG1/hBrm 
and BAF47 subunits of the SWI/SNF 
complex. However, the isolated pep-
tide (residues 1-21), as well as other 
TAD fragments, showed only weak 

Figure 1. Domain organization of C/EBPβ and protein interaction motifs. 

Figure 2. Chromatin-modifying complexes. (A) Human ATP-dependent remodeling complexes of SWI/SNF 
and ISWI families (modified from [34]). (B) Human Set-1 like MLL4 H3K4 methyltransferase complex. Core 
subunits that are common with other mammalian H3K4 methylases are shown in white, and unique subunits: 
PTIP, PA1, NCOA6, and UTX, are shown in green (modified from [31]).



Postępy Biochemii 62 (3) 2016	 345

affinity for hBrm, suggesting that full-length C/EBPβ 
TAD participates in binding to SWI/SNF. On the other 
hand, all three isoforms were found to interact with hu-
man SNF2H, ACF, and ACF1, which are components of 
ACF- and CHRAC-remodeling complexes belonging to 
the ISWI family (Fig. 2A). Thus, the differential roles in 
transcription regulation played by C/EBPβ isoforms in 
the same cellular context can be, in part, explained by dif-
ferences in their associations with the chromatin-remod-
eling complexes [14].  

THE INTERPLAY BETWEEN ACETYLATION 
AND DEACETYLATION 

HATs, CBP, and CBP’s paralogue, p300, play critical 
roles in the regulation of chromatin structure and may ac-
tivate gene expression by connecting the enhancer-bound 
TFs with basal transcriptional machinery at promoters 
[15]. Apart from the domains necessary for catalytic ac-
tivity, p300 and CBP share highly conserved domains for 
protein–ligand binding. Through these protein-interact-
ing domains, p300/CBP mediates the assembly of mul-
tiprotein transcriptional complexes, which, in addition 
to a variety of TFs, include signaling molecules, nuclear 
hormone receptors, and additional HATs [16].

Although their major targets are histone 3 lysine 18 
(H3K18) and histone 3 lysine 27 (H3K27), CBP/p300 and 
CBP/p300-associated GCN5 also acetylate several TFs, 
including C/EBPβ, altering their transactivation poten-
tial [17]. Reciprocally, the HAT activities of p300 and CBP 
coactivators are modulated by the phosphorylation in-
duced by specific kinases associated with certain p300/
CBP-bound TFs [18]. The binding of C/EBP activators 
to CBP/p300 results in the phosphorylation of multiple 
Ser/Thr-Pro sites in the C-terminal region of p300/CBP 
[19], and in acetylation of C/EBPβ at lysines 39, 98, 101, 
and 102 [17]. The interdependence between C/EBPβ-in-
duced p300 phosphorylation and p300-mediated C/EBPβ 
acetylation provides an efficient control of transcriptional 
responses to cellular signaling [20]. 

The reversal of histone acetylation by HDAC proteins 
counteracts the effects of HATs by returning the histone 
to its basal state, and it also correlates with transcription-
al repression. HDACs can regulate gene repression via 
nonhistone substrates. HDACs are divided into three ma-
jor families. Class I and II enzymes depend on the zinc 
ion for their catalytic activity, whereas class III consists 
of NAD-dependent enzymes of the Sir family [21] [6]. 
HDAC enzymes are usually components of larger, multi-
protein repressive chromatin complexes. The interaction 
of C/EBPβ with HDAC deacetylases is mediated by core-
pressor mSin3a [22]. C/EBPβ’s association with the mSi-
n3a–HDAC1 complex leads to the repressed transcription 
of many genes, including C/EBPα [22] and PPARβ [8], 
as well as p53, sirtuin 1, and GSK3β [23]. The interaction 
requires an AAGF sequence motif located at the N-ter-
minus of the LIP isoform (Fig. 1). All three isoforms in-
teract readily with the mSin3a corepressor, however, the 
binding of LAP1/LAP2 to the mSin3a–HDAC complex 
may be diminished by p300-induced C/EBPβ acetylation 

(see above) at lysines K98, K101 and K102, therefore only 
LIP actively inhibits C/EBPβ-dependent transcription 
through HDAC1. In fact, glucocorticoid stimulation dis-
places HDCA1 from LAP1/LAP2 and activates preadipo-
cyte differentiation [24]. Reversible acetylation mediated 
by p300 and HDAC1 also regulates the promoter activity 
of interleukin-12 [25].

THE STRUCTURAL BASIS OF C/EBP’S 
INTERACTIONS WITH p300

The Taz2 domain of CBP/p300 binds specifically to 
acidic TADs of several TFs, including the p53 tumor sup-
pressor, ETF2, and members of the STAT and C/EBP 
families. The structure of the Taz2 domain consists of a 
bundle of four α-helices linked by three zinc fingers. The 
peptide-binding surface is formed by residues from the 
hydrophobic core that maintain a rigid arrangement of 
four helices [26]. C/EBP activators bind to the Taz2 do-
main of CBP/p300 through their minimal TADs, which 
comprise both conserved homology boxes A and B [19].

Interactions between C/EBPε and the p300 Taz2 do-
main were revealed by X-ray crystallography at 1.5 Å 
resolution [27] (Fig. 3). The intramolecular interface in-
volves 19 residues from the C/EBPε TAD and extends 
over 757.5 Å2. The hydrophobic interactions are supple-
mented by nine hydrogen bonds and one salt bridge. The 
bound C/EBPε TAD peptide (residues 37 to 58) forms 
the L-letter structure composed of two helices separated 
by a three-residue linker (Fig. 3A). The N-terminal helix, 
which corresponds to the homology box A, interacts with 
residues from Taz2 helices α3 and α4, and also contacts 
Thr1776 from the Znf2 loop. In addition to the hydropho-
bic interactions involving Ile42, Tyr45, and Ile46, the side 
chain of Asp41 makes polar contacts with both the side 
chain and the main chain NH of Thr1775 from the Znf2 
loop, as well as with the main chain NH from Asn1776. 
Residues 48-51 do not make contact with Taz2. The ho-
mology box B helix (residues 51-59) binds, through its hy-
drophobic face (Leu53, Leu54, Leu57, and Phe58), to the 
large hydrophobic surface at the interface between heli-
ces α1 and α3 (Fig. 3), and contributes more than 60% of 
the total buried surface area and van der Waals contacts. 
In addition, Asp56 forms a salt bridge with Lys1783. 

The bipartite binding of C/EBPε to Taz2 suggests that 
other members of the family may interact with Taz2 in 
a similar manner, via two highly conserved amphipath-
ic helical motifs connected by flexible linkers. The ability 
of C/EBPβ alone to induce local chromatin opening sug-
gests its strong association with coactivators. According-
ly, C/EBPβ interactions with p300 or CBP involve addi-
tional sequence motifs, GYVSLGRA and LRAYL (Fig. 1), 
which are located in the region C-terminal to TAD [28]. 
The position of the bound C/EBPε (37-61) peptide C-ter-
minus in the complex with Taz2 indicates that the addi-
tional C/EBPβ region could bind to a large hydrophobic 
surface of Taz2, which is known as a binding site for the 
p53 N-terminal TAD and the E1A oncoprotein (Fig. 4). 
In contrast, the N terminus of C/EBPε peptide is orient-
ed toward the opposite side of the Taz2 surface, which is 



346	 www.postepybiochemii.pl

devoid of features required for specific 
binding, suggesting that segments of C/
EBPs N-terminal to homology box A are 
unbound in the C/EBP-p300-Taz2 com-
plexes. This observation is in agreement 
with the known location of the docking 
site of protein kinase HIPK2 on the C/
EBPβ N terminus, which associates with 
the C/EBPβ-p300 complex [20]. A pos-
sible spatial arrangement of C/EBPβ, 
Taz2, and HIPK2 in a stable ternary 
complex is shown in figure 4.

DAXX REPRESSES C/EBPβ ACTIVITY IN 
AN HDAC-INDEPENDENT MANNER

The transcriptional activity of C/
EBPβ is also negatively regulated 
by death domain–associated protein 
(DAXX) [29]. DAXX is a multi-domain 
scaffold protein that plays diverse roles 
in cellular processes. Its best charac-
terized role is that of a transcriptional 
corepressor. DAXX interacts with CBP/
p300, HDACs, ATRX, and a number of 
TFs. It directly binds to C/EBPβ and de-
creases both C/EBPβ-dependent phos-

Figure 3. p300-Taz2–C/EBPε-TAD interactions. Taz2 domain is shown as a gray surface. (A) Superposition of the peptide backbones corresponding to TADs of C/EBPε 
(cyan) bound to p300, and STAT1 (magenta) bound to the Taz2 domain of CBP (PDB code 2KA6) on the unliganded Taz2(1726-1834) structure (PDB code 3IO2). (B) Electro-
static interactions in the Taz2–C/EBPε interface. (C) Residues from homology box A and (D) Residues from homology box B, which are involved in hydrophobic contacts 
with Taz2 surface. Originally published in [27].

Figure 4. A hypothetical model of the Taz2–C/EBPβ–HIPK2 ternary complex. The structure (PDB code 
3IO2) of the p300 Taz2 domain (residues 1726-1834) is shown as a gray surface. Residues comprising the 
binding site for p53 and E1A are colored light green. The bound E1A chain (PDB code 2KJE) is shown as 
navy blue ribbon. Homology boxes A and B from C/EBPβ are shown as cyan ribbon. Regions predicted to 
be disordered (C/EBPβ N terminus and the linker connecting the two homology boxes, as well as the p300 
region following Taz2 α4), are marked as dashed lines. The HIPK2 docking site is shown as a blue box. 
Originally published in [27].
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phorylation of p300 and p300-induced acetylation of C/
EBPβ. The DAXX–C/EBPβ interactions were mapped to 
the central helical domain of DAXX and the C-terminal 
bZIP domain of C/EBPβ. Interestingly, DAXX represses 
C/EBPβ transcriptional activity in an HDAC-indepen-
dent manner by a mechanism that is currently unknown.

C/EBPβ REQUIRES MLL4 METHYLTRANSFERASE FOR 
ENHANCER ACTIVATION DURING ADIPOGENESIS

Covalent histone modifications play important roles in 
regulating gene expression and cell differentiation. His-
tone lysine methylation is dynamically regulated by spe-
cific methyltransferases and demethylases. Histone H3 
lysine 4 (H3K4) methylation is associated with gene ac-
tivation, whereas histone H3 lysine 27 (H3K27) methyla-
tion prevents H3K27 acetylation and correlates with gene 
repression. Genome-wide analyses revealed that estab-
lished enhancers are marked by mono- and di-methyla-
tion of histone 3 lysine  4 (H3K4me1/2), whereas moieties 
tri-methylated at histone 3 lysine 4 (H3K4me3) are pre-
dominantly present at active promoters [30]. Establish-
ing active enhancers to bind lineage-determining TFs at 
cell type-specific genomic regions is particularly import-
ant during differentiation. Mono- and di-methylation at 
H3K4 in mammals is implemented mainly by MLL4 (also 
known as KMT2D) methyltransferase, with some MLL3 
redundancy. MLL3 and MLL4 are catalytic subunits of 
the Set1-like MLL3/MLL4 H3K4 methyltransferase com-
plex, which, in addition to containing common core sub-
units of other mammalian H3K4 methylases, contains 
unique subunits: PTIP and associated PA1, NCOA6, and 
H3K27-specific demethylase, UTX (Fig. 3B). Pax transac-
tivation domain-interacting protein (PTIP) mediates the 
complex assembly and also links its components to en-
hancer-bound TFs and various coactivators [31]. Physical 
interactions of C/EBPβ with the MLL3/MLL4 complex 
were confirmed by immunoprecipitation experiments 
[32,33]. 

Members of the C/EBP family cooperate with PPARγ 
to control differentiation of fat cell precursors, preadipo-
cytes, into mature adipocytes (adipogenesis). C/EBPβ 
regulates chromatin-remodeling events during the early 
stage of differentiation, activates expression of PPARγ 
and C/EBPα, and facilitates cooperative binding of other 
adipogenic TFs to specific genomic regions [1]. Step-wise, 
differentiation-stage enhancer activation by C/EBPβ 
critically depends on MLL4 activity. C/EBPβ binds to 
closed chromatin in preadipocytes and recruits the MLL4 
complex to PPARγ and C/EBPα gene loci to initiate local 
chromatin opening prior to the induction of PPARγ ex-
pression. After PPARγ and C/EBPα are expressed, they 
cooperatively de novo recruit MLL4 first, and then p300, 
to complete enhancer activation by H3K27 acetylation 
[33]. The H3K4me1 mark on enhancers usually precedes 
the H3K27ac mark on active enhancer and correlates with 
loss of H3K27me3. The MLL4 complex is required for C/
EBPβ-dependent H3K27 acetylation by p300, which sug-
gest involvement of demethylase UTX.

PERSPECTIVE

Regulation of transcription in eukaryotes depends on 
the dynamic association of multiprotein complexes with 
cis-regulatory elements. C/EBPβ regulates activities of 
several cell-type and cell-state specific enhancers through 
interactions with chromatin modifying complexes. Chro-
matin modifications promote enhancer accessibility to spe-
cific transcription factors, contribute to the combinatorial 
assembly of transcriptional complexes, and modulate long-
range communication with promoters. In this respect, it is 
apparent from the examples described above that the three 
translational isoforms of C/EBPβ play differential roles in 
transcription and may also have distinct physiological roles. 
Thus, C/EBPβ might elicit completely opposite effects on 
cell proliferation depending on the cell-type and C/EBPβ 
isoform present. LAP1 is believed to regulate terminal dif-
ferentiation processes, whereas LAP2 and LIP are involved 
in cell proliferation and tumor progression in a number of 
tissues. To understand the molecular mechanisms underly-
ing the diverse functions of these isoforms, future studies 
should be directed toward identifying their molecular part-
ners. An equally important line of investigation is to deter-
mine the cellular cues that affect the expression levels of the 
three isoforms and to explain how the isoform ratio controls 
cell proliferation. 

REFERENCES
1.	 Siersbaek R, Nielsen R, John S, Sung MH, Baek S, Loft A, Hager GL, 

Mandrup S (2011) Extensive chromatin remodelling and establish-
ment of transcription factor ‚hotspots’ during early adipogenesis. 
EMBO J 30: 1459-1472

2.	 Grontved L, John S, Baek S, Liu Y, Buckley JR, Vinson C, Aguilera G, 
Hager GL (2013) C/EBP maintains chromatin accessibility in liver and 
facilitates glucocorticoid receptor recruitment to steroid response ele-
ments. EMBO J 32: 1568-1583

3.	 Plachetka A, Chayka O, Wilczek C, Melnik S, Bonifer C, Klempnaue 
KH (2008) C/EBPbeta induces chromatin opening at a cell-type-specif-
ic enhancer. Mol Cell Biol 28: 2102-2112

4.	 Filippakopoulos P, Knapp S (2012) The bromodomain interaction 
module. FEBS Lett 586: 2692-2704

5.	 Li B, Carey M, Workman JL (2007) The role of chromatin during tran-
scription. Cell 128: 707-719

6.	 Kouzarides T (2007) Chromatin modifications and their function. Cell 
128: 693-705.

7.	 Stavreva DA, Varticovski L, Hager GL (2012) Complex dynamics of 
transcription regulation. Biochim Biophys Acta 1819: 657-666

8.	 Di-Poi N, Desvergne B, Michalik L, Wahli W (2005) Transcriptional 
repression of peroxisome proliferator-activated receptor beta/delta in 
murine keratinocytes by CCAAT/enhancer-binding proteins. J Biol 
Chem 280: 38700-38710

9.	 Ramji DP, Foka P (2002) CCAAT/enhancer-binding proteins: struc-
ture, function and regulation. Biochem J 365: 561-575

10.	Miller M (2009) The importance of being flexible: the case of basic re-
gion leucine zipper transcriptional regulators. Curr Protein Pept Sci 
10: 244-269

11.	Zahnow C (2009) CCAAT/enhancer-binding protein beta: its role in 
breast cancer and associations with receptor tyrosine kinases. Expert 
Rev Mol Med 11: e12

12.	Clapier CR, Cairns BR (2009) The biology of chromatin remodeling 
complexes. Annu Rev Biochem 78: 273-304

13.	Kowenz-Leutz E, Leutz A (1999) A C/EBP beta isoform recruits the 
SWI/SNF complex to activate myeloid genes. Mol Cell 4: 735-743



348	 www.postepybiochemii.pl

Oddziaływania pomiędzy białkiem β wiążącym sekwencję 
wzmacniającą CCAAT a regulatorami transkrypcyjnymi
Maria Miller

Protein Structure Section, Macromolecular Crystallography Laboratory, National Cancer Institute at Frederick, Frederick, MD, 21702-1201, USA
e-mail: mariami@mail.nih.gov

Słowa kluczowe: transkrypcja, C/EBPβ, remodeling chromatyny, kompleksy modyfikujące chromatynę

STRESZCZENIE
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innym czynnikom, umożliwia rozpoczęcie ekspresji genów specyficznych dla wielu tkanek. Niniejsza praca koncentruje się na opisie od-
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