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The functional capacity of the transcriptional regulatory
CCAAT/enhancer-binding protein-f (C/EBP) is governed by
protein interactions and post-translational protein modifica-
tions. In a proteome-wide interaction screen, the histone-lysine
N-methyltransferase, H3 lysine 9-specific 3 (G9a), was found to
directly interact with the C/EBPP transactivation domain
(TAD). Binding between G9a and C/EBPf was confirmed by
glutathione S-transferase pulldown and co-immunoprecipita-
tion. Metabolic labeling showed that C/EBPf is post-transla-
tionally modified by methylation iz vivo. A conserved lysine res-
idue in the C/EBP TAD served as a substrate for G9a-mediated
methylation. G9a, but not a methyltransferase-defective G9a
mutant, abrogated the transactivation potential of wild type
C/EBPS. A C/EBP3 TAD mutant that contained a lysine-to-
alanine exchange was resistant to G9a-mediated inhibition.
Moreover, the same mutation conferred super-activation of a
chromatin-embedded, endogenous C/EBPf target gene. Our
data identify C/EBPf as a direct substrate of G9a-mediated
post-translational modification that alters the functional prop-
erties of C/EBPf during gene regulation.

CCAAT/enhancer-binding protein-B (C/EBPB)? is a basic
leucine zipper transcription factor that regulates tissue-specific
gene expression, proliferation, and differentiation in a variety of
cell types. C/EBP is an important factor for female reproduc-
tion (1), liver function and regeneration (2), acute phase
response (3), as well as innate and adopted immune functions
(4).

Although the locus encoding C/EBPS lacks any intron, three
protein isoforms are generated from a single mRNA transcript
by alternative translation initiation, resulting in full-length and
N-terminally truncated proteins termed LAP*, LAP, and LIP
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proteins, respectively (5, 6). The long C/EBPf isoforms LAP*
and LAP are transactivator proteins, and the small LIP isoform
is thought of as a transcriptional dominant-negative inhibitor,
although LAP may also function as a latent transcriptional
repressor dependent on post-translational modifications (7, 8).

A number of post-translational modifications have been
detected on C/EBP, including phosphorylation, acetylation,
and SUMOylation. Of particular interest is a phosphoacceptor
site in the central, regulatory part of the protein that is con-
served throughout evolution (Thr-235 in human (9), Thr-188
in rat (10), and Thr-220 in chicken (11)). Phosphorylation at
this site creates a conformational change that abrogates the
inhibitory function of the central regulatory domain. This leads
to a release of the N-terminal transactivation domain (TAD)
(11, 12) and exchange of interacting Mediator components and
activation of the repressed protein (13). Other phosphorylation
sites and their corresponding kinases were also identified,
including glycogen synthase kinase 3 (GSK-3) that phospho-
rylates Ser-184 in murine LAP (Ser-33 in LIP) (14); calcium/
calmodulin-dependent protein kinase that phosphorylates Ser-
276 (15); and protein kinase C that phosphorylates Ser-105 and
Ser-240 and protein kinase A (PKA) that phosphorylates Ser-
105, Ser-299, and Ser-240 in LAP (16-18); p90 ribosomal S
kinase (p90rsk) that phosphorylates Ser-105 in rat C/EBP and
Thr-217 in murine LAP (19); and Cdk2 and Cdc2 that phospho-
rylate Ser-64 and Thr-189 in murine C/EBPf (20). Several of
these phosphorylation events may also depend on each other
(21) to modulate the transcriptional activity of C/EBPfS in
response to external stimuli.

C/EBP, as well as other C/EBP proteins, is also modified by
SUMOylation. SUMOylation of C/EBP« (22), C/EBPS (23, 24),
and C/EBPe (25) occurs at a highly conserved lysine residue in
the regulatory domain. Mutation of the lysine acceptor site
increases the activity of the respective transcription factor, sug-
gesting that SUMOylation is involved in repressive C/EBP
functions.

In addition, C/EBPf3 can be acetylated at multiple lysine res-
idues (26—28). The acetyltransferases p300 and p300/CREB-
binding protein-associated factor (PCAF) catalyze acetylation
of lysine 39, and mutation of lysine 39 has been shown to affect
C/EBPB-dependent reporter activity (26).

Acetylation is predominantly observed on N-terminal his-
tone tails (29) and accompanied by methylation of lysine side
chains (30). Methylation is involved in gene activation or gene
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repression depending on the state of methylation (mono-, di-,
or trimethylation) and on its position on the histone tail (31).
Lysine methylation of non-histone transcription factors and
the concomitant alteration of their biological functions remain
poorly investigated, with some notable exceptions, such as p53
(32—34). In support of a role of G9a to methylate non-histone
targets, it was shown that G9a is automethylated, which raises
the possibility of the enzymatic activity of G9a being utilized by
other nuclear proteins (35). Such action by G9a is thought to
impose an epigenetic signature both on histones and non-his-
tone proteins alike (36).

We observed that C/EBP is also post-translationally meth-
ylated and set out to identify interacting proteins that may alter
the C/EBP structure and its activity in gene regulation. Here
we show that G9a binds to the TAD of C/EBPf3, methylates
C/EBP on lysine 39, and alters the transcriptional capacity of
C/EBPB. Mutational analysis of C/EBP and of G9a suggests
that methylation at lysine 39 obstructs the ability of C/EBPf3 to
activate gene expression.

EXPERIMENTAL PROCEDURES

Plasmids—Numbering of amino acid residues in C/EBPf is
based on the chicken sequence (EMBL accession number
721646). The conserved regions and corresponding amino
acids in C/EBP were previously published (11). Briefly, con-
served region 1 (CR1) corresponds to AA 1-13, CR2 to AA
18-38, CR3 to AA 42-63, CR4 to AA 99-113, CR5 to AA
118-131, CR6 to AA 145-179, CR7 to AA 184-222, and
CR8-9 (basic leucine zipper region) to AA 243-317. All muta-
tions were introduced using the Stratagene QuikChange site-
directed mutagenesis kit and confirmed by sequencing.

C/EBPB-Gal4 constructs were previously published (11).
Briefly, the Gal4 DNA binding domain (AA 1-147) was ampli-
fied from the pSG424 plasmid (37) by PCR, creating a NarI site
(in-frame with the C/EBPB Narl site in the DNA binding
domain) at the 5" end and an Xbal-translation stop codon at the
3" end (5’ primer, GCACTAGTGAATTCAAGCTTACCATG-
GCGCTACTGTCTTCT; and 3’ primer, GCATCGATCTAGA-
GTGGATCCGACAGTCAACTGTCT). Appropriate C/EBPf
TAD constructs were ligated in-frame as HindIII-Narl frag-
ments to the Gal4 DNA binding domain. Plasmids for full-
length and mutant G9a have been published elsewhere (38).

Peptides—Peptides covering the C/EBP3 TAD were synthe-
sized and are derived from the mouse sequence (Swiss-Prot
P28033): peptidel, AA 1-21; peptide2, AA 22-55; peptide3,
AA 49-81; and peptide4, AA 80-113.

GST Pulldown—Glutathione S-transferase (GST) fusion pro-
teins were expressed in BL21(DE3) bacteria, lysed, and purified
with glutathione-Sepharose 4B (GE Healthcare) using standard
protocols. For pulldown assays, GST fusion proteins were
bound to glutathione-Sepharose 4B and incubated with in vitro
translated, [>**S]methionine-labeled G9a.

Cell Culture—HEK-293 and HelLa cells were cultivated in
Dulbecco’s modified Eagle’s medium (Invitrogen) containing
10% fetal bovine serum (Invitrogen) and 1% penicillin/strepto-
mycin at 5% CO, and 37 °C. U937 and Jurkat cells were culti-
vated in RPMI 1640 medium (Invitrogen) containing 10% fetal
bovine serum and 1% penicillin/streptomycin at 5% CO, and
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37 °C. HD3 cells (39) were cultivated with 8% fetal bovine
serum, 2% chicken serum (Invitrogen), and 1% penicillin/strep-
tomycin at 5% CO, and 37 °C. Phorbol 12-myristate 13-acetate
(PMA) stimulation was performed for 1 h at a final concentration
of 0.5 uM. Transient transfections were performed by the calcium
phosphate method or with Metafectene reagent (Biontex).

Immunoprecipitation and Immunoblotting—The following
antibodies were used: anti-C/EBPS (Leutz lab or Santa Cruz
Biotechnology (C-19, H-7)), anti-phospho-Thr-235 C/EBPf3
(Cell Signaling Technology), anti-G9a (Walsh lab), anti-green
fluorescent protein (GFP; Roche Applied Bioscience), anti-
FLAG (Sigma), anti-H3K9me2 (Abcam), and anti-H3K%ac
S10p (Abcam). HEK-293, U937, or Jurkat cells were lysed in 50
mM Tris'Cl (pH 8), 150 mm NaCl, 0.1% Nonidet P-40, 1 mm
EDTA, 5 mm MgCl,, 50 um ZnCl,, and protease inhibitor mix-
ture (Roche Applied Bioscience). Samples were immunopre-
cipitated with appropriate antibodies for 2 h at 4 °C, and immu-
noprecipitates were collected on protein A- or G-Sepharose
beads. Alternatively, anti-FLAG affinity matrix (Sigma) was
used for 1 h. Immunoblots were developed and quantified using
IRDye 700-coupled anti-mouse IgG or IRDye 800-coupled anti-
rabbit IgG on the Odyssey infrared scanning system or by ECL
(GE Healthcare).

Chromatin Immunoprecipitation—Chromatin immunopre-
cipitation was performed as described with minor changes (40).
Briefly, U937 cells (2 X 107) were cross-linked with 1% formal-
dehyde, quenched with glycine (final concentration, 0.125 m),
and lysed (10 mm TrisCl (pH 8), 10 mm NaCl, 0.2% Nonidet
P-40, and protease inhibitor mixture). Cell debris was removed
by centrifugation, nuclei were lysed (50 mm NaCl, 10 mm
EDTA, 1% SDS, and protease inhibitor mixture), and DNA was
sheared by sonication. After centrifugation the SDS concentra-
tion of the supernatant was reduced by adding 2 volumes of
dilution buffer (20 mm Tris:Cl (pH 8), 2 mm EDTA, 150 mm
NaCl, 1% Triton X-100, and protease inhibitor mixture).
Immunoprecipitation (IP) was performed with one-fifth of the
extract using 1-5 g of the indicated antibody. One sample was
spared for input control. Immunoprecipitates were collected
with magnetic protein G beads (Dynabeads protein G-100,
Invitrogen). Beads were washed repeatedly with IP buffer 1 (20
mM TrisCl (pH 8), 2 mMm EDTA, 50 mm NaCl, 1% Triton X-100,
and 0.1% SDS), IP buffer 2 (10 mm Tris'Cl (pH 8), 1 mm EDTA,
250 mm LiCl, 1% Nonidet P-40, and 1% sodium deoxycholic
acid), and IP buffer 3 (20 mm Tris-Cl (pH 7.6) and 50 mm NaCl)
and eluted with 150 ul of elution buffer (100 mm NaHCO, and
1% SDS). Cross-links were reversed by incubation in 300 mm
NaCl at 67 °C overnight. Nucleic acids were precipitated with
isopropyl alcohol overnight, and precipitated DNA was ana-
lyzed by quantitative PCR.

Quantitative PCR—Quantitative PCR was performed using
SYBR Green (Invitrogen) and a Light Cycler (Roche Applied
Bioscience) according to the manufacturers’ instructions.
c¢DNA synthesis was performed with SuperScript reverse tran-
scriptase (Invitrogen). Sequences of PCR primer pairs are pub-
lished elsewhere (41).

In Vitro Methylation—pCMV-GFP-G9a or pCMV-GFP-
G9aASET was transfected into HEK-293 cells. After 48 h the
cells were lysed (50 mm TrisCl (pH 8), 150 mm NaCl, 0.1%
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Nonidet P-40, 1 mm EDTA, 5 mm MgCl,, 50 um ZnCl,, and
protease inhibitor mixture), and GFP fusion proteins were
immunoprecipitated from lysates for 3 h with an anti-GFP anti-
body. Antigen-antibody complexes were bound by protein
G-coated Dynabeads and used directly in the methyl transfer
reaction. Each reaction was supplied with 1 uCi of S-adenosyl-
L-[methyl-*H]methionine as a methyl donor and 1-5 ug of GST
fusion protein or 1 um of the corresponding peptide. Reactions
were carried out for 3 h at 30 °C in assay buffer (50 mm Tris-Cl
(pH9), 5 mm MgCl,, and 4 mum dithiothreitol) (42). Methylated
samples were either submitted to SDS-PAGE and detected by
fluorography or spotted onto phosphocellulose membrane, and
[PH]methyl incorporation was determined by scintillation
counting.

In Vivo Methylation—Transiently transfected HEK-293 cells
were labeled with 10 wCi/ml L-[methyl-*H]methionine (Amer-
sham Biosciences) in the presence or absence of 20 um homo-
cysteine hydrolase inhibitor adenosine dialdehyde (Sigma) in
methionine-free Dulbecco’s modified Eagle’s medium supple-
mented with the protein synthesis inhibitors cycloheximide
(100 pg/ml; Sigma) and chloramphenicol (40 ug/ml; Sigma) as
described previously (43). Inhibition of translation was moni-
tored by labeling the cells with 20 wCi/ml [**S]methionine (MP
Biomedicals). C/EBPB was immunoprecipitated and separated
by SDS-PAGE. For fluorography, gels were incubated with
ENH?ANCE (Perkin Elmer Life Sciences), dried, and exposed
to Eastman Kodak X-OMAT at —70 °C.

Gene Expression—The chicken myelomonocytic growth fac-
tor (¢c(MGF) promoter-reporter construct pM82 or a Gal4 bind-
ing site derivative was used (44, 45). C/EBP 3 expression vectors
were transfected into HEK-293 cells together with a luciferase
reporter in the absence and presence of coeffectors. Cells were
lysed after 36 —48 h (50 mm Tris-Cl (pH 7.5), 1 mm EDTA, 1 mm
dithiothreitol, and 1% Triton), and relative reporter activities
were determined in duplicate in a Berthold Lumat LB9501. Rel-
ative reporter activities were normalized to cotransfected (100
ng) pCMV-lacZ, as determined by 3-galactosidase assay. Resi-
dent gene activation was determined by transfection of HD3
cells and Northern analysis exactly as described (11).

Macroarray Screening—A human colon protein expression
library (RZPD, library 829) was screened using the C/EBPS
TAD (CR1-4) as a bait. The bait was generated as a GST-PKA-
C/EBPP fusion protein expressed in BL21(DE3). The GST-
PKA-C/EBPS CR1-4 fusion protein was affinity-purified with
glutathione-Sepharose from lysates, and the GST moiety was
cleaved off by thrombin protease. The PKA-C/EBPB CR1-4
moiety was in vitro phosphorylated by recombinant PKA in
kinase buffer (10 mm MgCl,, 20 mm MES, 2 mm EGTA, and 1
mm EDTA) in the presence of [y-**P]ATP. The labeled protein
was applied in blocking solution (3% skim milk in Tris-buffered
saline/Tween) overnight to the expression library on polyvi-
nylidene difluoride membrane. Interacting proteins were visu-
alized by autoradiography. Identity of clones was determined
according to the manufacturer’s instructions.

RESULTS

C/EBP Interacts with the G9a Lysine Methyltransferase—A
C/EBP} bait protein for proteomic screening was constructed
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FIGURE 1. C/EBP and G9a interact in eukaryotic cells. A, empty vector or
pcDNA3-C/EBPB LAP*-FLAG was transfected together with pCMV-GFP,
pCMV-GFP-G9a, and pCMV-GFP-G9aASET, as indicated, into HEK-293 cells
and immunoprecipitated (/P) using anti-FLAG affinity matrix. Bound proteins
were analyzed by immunoblotting (/B) using anti-GFP antibodies. Protein
input was monitored with anti-FLAG or anti-GFP antibodies. B, Jurkat cells
were lysed and immunoprecipitated with anti-C/EBP 3, anti-G9a, or Ig (con-
trol) antibodies as indicated. Bound proteins were analyzed by immunoblot-
ting. G, structure of C/EBP, indicating TAD, regulatory domain (RD), and CR, is
shown. pcDM8-C/EBP3 LAP*, pcDM8-C/EBP3 ACR4, pcDM8-C/EBP3 CR489,
and pCMV-GFP-G9a constructs were transfected into HEK-293 cells and
immunoprecipitated using anti-C/EBP antibody and protein A-Sepharose
and revealed by immunoblotting, as indicated. WT, wild type; bZIP, basic
leucine zipper.
to identify proteins that interact with the TAD of C/EBPS (sup-
plemental Fig. 1). Briefly, the N terminus of C/EBPf3 containing
the entire TAD (consisting of CR1-4) (11) was cloned into the
pGEX vector that contained or lacked a phosphorylation site
for PKA (see “Experimental Procedures”). The resulting GST-
C/EBPg fusion proteins were expressed in bacteria, purified,
and submitted to phosphorylation by PKA using [y-**P]ATP.
Only GST-C/EBP containing the PKA site was labeled (sup-
plemental Fig. 14). The GST moiety was cleaved off using
thrombin protease, and the PKA-labeled C/EBPf3 protein was
used as a probe to screen a human colon protein expression
library from Escherichia coli containing 18,432 independent
clones, arrayed as duplicates. The histone-lysine N-methyl-
transferase, H3 lysine 9-specific 3 (G9a) (Unigene AB209433),
was identified as an interacting protein (supplemental Fig. 1B).
Interaction between G9a and C/EBPS was confirmed by pull-
down experiments with recombinant GST-C/EBPS TAD and
in vitro translated G9a, as shown in supplemental Fig. 1C.

Co-immunoprecipitation of G9a and C/EBPS showed that
both G9a and ASET (a G9a mutant lacking the C-terminal cat-
alytic domain) interact with C/EBP in eukaryotic cells (Fig.
1A). Interaction between endogenous C/EBPB and G9a was
confirmed in the T lymphocytic Jurkat cell line that expresses
both proteins (Fig. 1B). Interaction between G9a and C/EBPS
depends on CR4, and CR4 was also found to be sufficient for the
interaction, as shown in Fig. 1C.

G9a Methylates the C/EBPB TAD—Cells were labeled with
L-[methyl-*H]methionine as a traceable methyl donor to exam-
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FIGURE 2. C/EBPf is methylated at Lys-39 by G9a. A, HEK-293 cells were
transfected with pcDM8-C/EBPS and labeled with L-[methy/-*H]methionine
48 h after transfection in the absence or presence of adenosine dialdehyde
(AdOx). Protein synthesis was blocked with cycloheximide (CHX) and chlor-
amphenicol (CA). Inhibition of translation was monitored by labeling cells
with [>*S]methionine. After metabolic labeling, cells were lysed, and C/EBP3
was immunoprecipitated, separated by SDS-PAGE, and visualized by fluorog-
raphy. B, in vitro methylation reactions were carried out with S-adenosyl-
[methyl-*Hlmethionine as a [*Hlmethyl donor. G9a or G9aASET was
expressed in HEK-293 cells and enriched with anti-GFP antibodies. Autom-
ethylation of GFP-G9a served as an internal control for the catalytic activity of
the protein. 5 ug of GST or GST-C/EBPB CR1-7 were used as a substrate. The
reaction was performed for 3 h at 30 °C in assay buffer (see “Experimental
Procedures”). Samples were separated by SDS-PAGE and visualized by auto-
radiography. GST protein input was visualized with Coomassie Brilliant Blue.
GFP-G9a or GFP-G9aASET was detected by immunoblotting (/B) using anti-
GFP antibodies in the expression control. C, in vitro methylation of C/EBPS
peptides by G9a is shown. The reactions were carried out as described in B
with T um of the corresponding peptides as substrates. Bars represent relative
incorporation of S-adenosyl-L-[methyl-*HImethionine. Histone H3 was used
as a positive control. Error bars represent the standard deviation from three
independent determinations. D, in vitro methylation of recombinant C/EBPS
proteins by G9a is shown. Reactions were carried out as described in B with 5
g of GST protein as a substrate. Bars represent relative incorporation of
S-adenosyl-L-[methyl-*Hlmethionine. Histone H3 was used as a positive con-
trol. Error bars represent standard deviations from two independent determi-
nations. WT, wild type.

ine whether C/EBPS becomes methylated in vivo. The experi-
ment was performed in the presence or absence of the homo-
cysteine hydrolase inhibitor adenosine dialdehyde, which
blocks generation of the cellular methyl donor S-adenosylme-
thionine (46), and in the presence of cycloheximide and chlor-
amphenicol to block protein synthesis. Metabolic labeling with
[**S]methionine was used to control inhibition of protein trans-
lation in the presence of cycloheximide/chloramphenicol (Fig.
2A, right panel). Immunoprecipitation of C/EBPS and subse-
quent SDS-PAGE and fluorography revealed a [*H]methyl-la-
beled C/EBPB product in the absence but not in the presence of
adenosine dialdehyde (Fig. 24, left and middle panels). These
results suggest that C/EBPB becomes post-translationally
methylated in vivo.

Next, we asked whether G9a can methylate C/EBPB. G9a or
the ASET mutant was expressed as GFP fusion proteins in
HEK-293 cells and immunoprecipitated from cell lysates.
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Affinity enriched G9a proteins were subsequently incubated
with recombinant GST or GST-C/EBP3 CR1-7 in the presence
of S-adenosyl-1-[methyl->*H]methionine. As shown in Fig. 2B,
C/EBPB CR1-7 was methylated by G9a but not by G9aASET.
Automethylation of G9a served as an internal control for the
activity of the enzyme (Fig. 2B) (36).

Comparison of the amino acid sequence of the C/EBPB TAD
between teleosts and mammals disclosed a single conserved
lysine residue (Lys-39 in chick, mouse, and rat; Lys-43 in
human) in the low complexity hinge region located between
CR2 and CR3. Methylation assays with immunoprecipitated
enzymes were repeated with peptides covering the C/EBPf3
TAD to disclose a G9a methylation target site, and GST-H3 (N
terminus) served as a positive control. A peptide that spanned
C/EBPB Lys-39 incorporated significantly more [*H]methyl
label than other peptides that may or may not contain lysine
residues (peptide 81-113 contains Lys-98, Lys-101, and Lys-
102) (Fig. 2C). The data show that G9a specifically methylates
peptide 22-55 that contains the conserved Lys-39. Next, in
vitro methylation assays with various recombinant GST-C/
EBPp proteins and G9a were carried out (Fig. 2D). *H-Methy-
lation was significantly lower than in wild type when Lys-39 was
replaced by alanine. These data suggest that Lys-39 of C/EBPS
serves as a target site for G9a methylation.

The G9a SET Domain Is Required for Repression of C/EBP3
Transactivation—The functional consequence of the interac-
tion between C/EBPB and G9a was addressed by reporter gene
studies. G9a, but not G9aASET, diminished the transactivation
potential of C/EBPS in a concentration-dependent manner on
the C/EBPB-responsive cMGF reporter construct pM82 (Fig. 3,
A and B). A chimeric construct with the complete C/EBPB TAD
and the heterologous DNA binding domain of Gal4 (11) was
also repressed by G9a (Fig. 3B). The G9aASET variant failed to
repress reporter activation, suggesting that the catalytic activity
of G9a is important for repression. Repression by G9a depends
on CR4, as its deletion overcame the sensitivity toward G9a
(Fig. 3B). Interestingly, exchange of the conserved lysine at
position 39 to alanine (K39A) also abrogated the sensitivity
toward G9a. Taken together, these data suggest that both
recruitment of G9a by CR4 and methylation of lysine 39 by G9a
are prerequisites for suppression of the gene activation poten-
tial of C/EBPS. The possibility that prevention of methylation
at Lys-39 generates super-active C/EBPJ was examined by
transfecting erythroid HD3 cells with wild type C/EBPS or
K39A and monitoring activation of the resident, chromatin-
embedded myeloid mim-1 C/EBPf target gene (11). As shown
in Fig. 3C, the C/EBPB-K39A mutant resulted in strongly
enhanced activation of mim-1, suggesting that prevention of
Lys-39 methylation causes C/EBPf3 to become super-active.

Association of C/EBPB and G9a with the Promoter of the Neu-
trophil Elastase Gene (ELA2)—Previously, it has been shown
that C/EBPB may repress gene expression and that C/EBPS can
be activated by Ras signaling or PMA treatment through phos-
phorylation of an evolutionarily conserved mitogen-activated
protein kinase (MAPK) site in its regulatory domain (9, 11, 12).
Activation of C/EBPB is accompanied by a conformational
change that is allosterically transmitted to the TAD (13). We
therefore examined physical and functional interactions
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FIGURE 3. G9a acts as a repressor of C/EBPB-dependent transcription.
A, schematic representation of the cMGF promoter-pM82 reporter gene con-
struct containing two C/EBP binding sites upstream of the luciferase (LUC)
gene. G9a, G9aASET, and C/EBPB were transfected into HEK-293 at the indi-
cated plasmid concentrations. B, reporter construct as in A, with the C/EBPS
binding sites exchanged against four Gal4 binding sites (pM82-Gal4). G9a or
G9aASET was transfected, together with reporter and Gal4 effector con-
structs (or without effector in the G9a-only controls). The ratio of transfected
Gal4 effector constructs to G9a expression plasmids was 1:2. The reporter
activity of the individual Gal4 constructs was set to 1 for comparison of G9a
effects. Transfection efficiency was monitored by determining B-galactosid-
ase activity of cotransfected pCMV-lacZ construct. Error bars in A and B repre-
sentto S.D.from two independent experiments. C, constructs, as indicated on
the top, transfected into HD3 cells. RNA was extracted after 24 h and sub-
jected to Northern hybridization using a probe to the mim-1 gene (arrow-
head) or to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a con-
trol. A protein expression control (anti-C/EBP immunoblot from transfected
cell lysates) is shown. WT, wild type.

between G9a and C/EBPS under both conditions and on the
resident human myeloid target gene #ELA2 that can be acti-
vated by PMA in the U937 cell line (41, 47). As shown in Fig. 44,
PMA treatment of U937 cells enhances expression of the
hELA2 gene (~6-fold) and induces phosphorylation of C/EBPS
at Thr-235. Interaction between G9a and C/EBPf was abro-
gated when C/EBPf3 became hyperphosphorylated. This sug-
gests that phosphorylation-dependent structural alterations in
C/EBPf that abrogate repression also abrogate interaction with
G9a. Next, we examined G9a and C/EBPf occupancy at the
hELA2 promoter. A 117-bp fragment upstream of the TATA
box has been characterized as a minimal promoter that is
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C/EBP-responsive (41). As shown in Fig. 4B, in unstimulated
U937 cells both, C/EBPB and G9a were associated with the
minimal promoter (—117/+1), but not with an upstream
sequence (—1959/—1707). In addition, “repressive” H3K9 di-
methylation, a hallmark of G9a activity, was found at the pro-
moter region, but no H3K9 acetylation and H3S10 phosphoryl-
ation could be detected (marks of transcriptionally active
genes). PMA treatment abrogated both G9a association and
H3K9 dimethylation and concomitantly enhanced promoter-
bound C/EBPf3, H3K9 acetylation, and H3S10 phosphorylation
(Fig. 4B). Altogether, these data suggest that C/EBP3-G9a com-
plexes reside at the ELA2 gene promoter and that G9a is shed
from the promoter during PMA-induced gene activation.

DISCUSSION

The Lysine Methyltransferase G9a Interacts with C/EBPB—
G9a was isolated in a proteome-wide screen as an interaction
partner of C/EBP3, and the association was found to be evolu-
tionarily conserved and independent of the catalytic SET
domain of G9a. Beside the SET domain, G9a contains ankyrin
repeats that may function as a protein-protein interaction
motif. The G9a ankyrin repeats were recently shown to prefer-
entially bind mono- and dimethylated lysines in histone H3 tails
(48). Therefore, G9a represents a protein lysine methyltrans-
ferase that may “write” (with its SET domain) and “read” (with
its ankyrin repeats) the same epigenetic mark. Whether meth-
ylation of C/EBP3 by G9a creates an additional binding site for
GYa itself or other repressive histone-modifying complexes will
require further analysis. It is also evident that only the long
C/EBPB isoforms LAP* and LAP may recruit G9a and serve
repression (7, 8), because CR4 is absent in LIP.

An interesting observation in this context is that the repres-
sive effect of G9a via C/EBPf is observed only when methyla-
tion of Lys-39 may occur, although G9a binds to C/EBPf inde-
pendently of Lys-39. This observation may suggest that
methylation of C/EBPS by G9a creates a new binding site for a
repressive protein complex or enhances interaction with
C/EBPp via “reading” methylated Lys-39 and thus exert repres-
sion, e.g. by enhancing histone H3 methylation in its vicinity.
These notions are substantiated by the experimental results
showing enhanced binding of wild type compared with
G9aASET (Fig. 1A) and by chromatin immunoprecipitation of
endogenous C/EBPf3 and G9a proteins on the resident #ZELA2
gene in U937 cells (Fig. 4).

Methylation of Lys-39 Is a Novel Post-translational Modifica-
tion of C/EBPPB—Data presented in this study identify lysine
methylation at Lys-39 as a novel post-translational modifica-
tion in C/EBP. The evolutionary conserved Lys-39 is part of
the transactivation domain of C/EBPS and is located in a low
complexity hinge region between CR2 and CR3. Lysine methy-
lation of nuclear proteins was first detected in histones, but
evidence is accumulating that non-histone proteins are also
subject to regulation by methylation of lysine side chains in a
dynamic fashion, e.g. p53 was shown to be lysine-methylated in
the C-terminal part of the protein by the histone methyltrans-
ferases Set8, Set9, and Smyd2 (32, 33, 49). Methylation of p53
may enhance or repress transcription in a target gene-depend-
ent manner, whereas demethylation by LSD1 decreases its
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activity, but increased the ability
of G9a to bind HP1 (36). Accord-
ingly, one may assume that repres-
sive complexes can assemble on
non-histone proteins after methy-
lation by G9a.

G9aRepresses C/EBPB—C/EBP3-
dependent reporter assays showed a
concentration-dependent and SET-
dependent repression of C/EBPf3
activity by G9a. Interestingly, the
murine equivalent of Lys-39 was

previously found to be acetylated,
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FIGURE 4. Interaction between C/EBPB-G9a and hELA2 promoter occupancy. A, myeloid U937 cells
were treated with or without PMA (2 h) and lysed, and sequential immunoprecipitation and immunoblot-
ting were performed with anti-phospho-C/EBPS (IP) and anti-C/EBPB (H-7, immunoblot, upper panel),
anti-C/EBP (C-19, IP) and anti-G9a (immunoblot, middle panel), or anti-C/EBP3 (C-19, IP) and anti-C/EBPS
(H-7, immunoblot; lower panel), respectively. hELA2 transcript was determined by quantitative PCR (bar
graph) with and without PMA stimulation of U937 cells, as indicated. B, Chromatin immunoprecipitation
assay of the hELA2 promoter (—117/+1; —1959/—1707 served as control; lower panel) from unstimulated
(black bars and upper panel) or PMA-stimulated (white bars and middle panel) U937 cells. Antibodies were
used as indicated. Quantitative PCR results are expressed as fold enrichment over anti-tubulin. Quantita-
tive PCR conditions were 40 cycles at 95 °C for 30 s, 57 °C for 10 s, and 72 °C for 20 s. PCR products were
analyzed on 1.8% agarose gels for visualization. Error bars in A and B represent the S.D. from two inde-

pendent experiments.

activity (49). Set9 also methylates TAF10 at a single lysine res-
idue. This modification leads to a stronger association of the
TATA box-binding protein (TBP)-associated factor with the
RNA polymerase II (50). The retinoic acid receptor « was also
found to be trimethylated in its ligand-binding domain. This
modification appears to enhance the ability of retinoic acid
receptor a to interact with co-factors like PCAF (51). Similarly,
the lysine methylation of C/EBPS could also alter the interac-
tion with cofactors that still have to be identified.

G9a Catalyzes Lysine Methylation of C/EBP3—Methylation
of lysine 9 in histone H3 (H3K9) serves as a specific binding site
for heterochromatin protein 1 (HP1) and is correlated with
transcriptional gene silencing. Among others, Suv39h1 and
G9a methylate H3K9 and repress transcription; however,
Suv39h1l and G9a partition differently between heterochro-
matin and euchromatin, respectively. G9a rather appears to
be the predominant euchromatic H3K9 methyltransferase in
mammals as deletion of G9a in mice decreases H3K9 meth-
ylation in euchromatic regions (52). G9a cooperates with
GLP as a heteromeric complex and is essential for maintain-
ing normal methylation patterns of H3K9 throughout
euchromatin (53), whereas the Suv39h class of enzymes
maintains methylation of heterochromatin (54) and recruits
HP1 (55). Biochemical studies showed that G9a is capable of
mono-, di-, and trimethylating peptides that cover the N
termini of H3 in vitro, although the final trimethylation step
is rate-limiting (53, 56). Furthermore, G9a was shown to be
automethylated in vitro, which did not alter the enzymatic
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and acetylation was suggested to

enhance the transactivation poten-

tial of C/EBPB (26). However,

acetylation-dependent activation

@ ‘?:b & was deduced from mutational anal-
0‘-2‘\5 & C‘o’\ ysis that reduced transactivation in

C/EBPB K39A and K39R mutants
on C/EBP-responsive sites (26).
Currently, we cannot resolve the
discrepancy between our data and
the previous study, but one possibil-
ity is that post-translational modifi-
cations on C/EBPB manifest in a
promoter-specific manner. Not-
withstanding the discrepancy,
acetylation of the C/EBPS TAD at
Lys-39 could be associated with
transcriptional activation and lysine methylation with repres-
sion, representing a site that is involved in tuning C/EBP B activ-
ity dependent on the chromatin context.
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