AMCB

Journals.ASM.org

ARTD1 Suppresses Interleukin 6 Expression by Repressing MLL1-
Dependent Histone H3 Trimethylation
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ADP-ribosyltransferase diphtheria-toxin like 1/poly(ADP-ribose) polymerase 1 (ARTD1/PARP1) is a chromatin-associated pro-
tein in the nucleus and plays an important role in different cellular processes such as regulation of gene transcription. ARTD1
has been shown to coregulate the inflammatory response by modulating the activity of the transcription factor nuclear factor kB
(NF-kB), the principal regulator of interleukin 6 (IL-6), an important inflammatory cytokine implicated in a variety of diseases
such as cancer. However, to what extent and how ARTD1 regulates IL-6 transcription has not been clear. Here, we show that
ARTD1 suppresses lipopolysaccharide (LPS)-induced IL-6 expression in macrophages, without affecting the recruitment of the
NF-kB subunit RelA to the IL-6 promoter and independent of its enzymatic activity. Interestingly, knockdown of ARTD1 did not
alter H3 occupancy but increased LPS-induced trimethylation of histone 3 at lysine 4 (H3K4me3), a hallmark of transcription-
ally active genes. We found that ARTD1 mediates its effect through the methyltransferase MLL1, by catalyzing H3K4me3 at the
IL-6 promoter and forming a complex with NF-kB. These results demonstrate that ARTD1 modulates IL-6 expression by regu-

lating the function of an NF-kB enhanceosome complex, which involves MLL1 and does not require ADP-ribosylation.

Interleukin 6 (IL-6) is an important inflammatory cytokine trig-
gered, e.g., by pathogen-associated molecular patterns (PAMPs)
such as bacterial lipopolysaccharide (LPS) (1). Increased IL-6 pro-
duction is linked to inflammatory diseases such as inflammatory
bowel disease, rheumatoid arthritis, mast cell growth prolifera-
tion, chronic inflammation, and obesity and to different cancers
such as breast, colon, epithelial, or lung cancer (1-6). IL-6 can be
released from tumors themselves, or from cancer-associated fi-
broblasts, and together with other factors thereby creates a tumor-
promoting microenvironment (7-9). Understanding the mecha-
nisms how IL-6 transcription is regulated in different cell types is
thus important for diseases such as cancer and inflammatory dis-
eases. While the expression of IL-6 is principally regulated by the
transcription factor nuclear factor kB (NF-kB), epigenetic mech-
anisms also play an important role in the regulation of IL-6 gene
expression (10-14).

NF-kB is a widely expressed, inducible transcription factor
crucial for inflammation, immunity, cell proliferation, and apop-
tosis (15, 16). In mammalian cells, five members of the NF-kB
family exist, forming different homo- or heterodimers (17). The
most abundant, best-studied, and “classical” form of NF-kB is a
heterodimer consisting of the two subunits p50 and RelA (p65). In
unstimulated cells, NF-«B is mostly sequestered in the cytoplasm
as an inactive transcription factor complex by its physical associ-
ation with one of the several inhibitors of NF-kB (IkB). PAMPs
induce the classical, canonical pathway, which involves the rapid
activation of IkB kinase 3 (IKKf), NEMO-dependent phosphor-
ylation and the subsequent degradation of IkBs, and the conse-
quent nuclear translocation of primarily RelA-containing NF-kB
heterodimers. As a mechanism to control the inflammatory re-
sponse, nuclear NF-kB activity is selectively regulated at various
levels downstream of activation, including DNA methylation
(which depends on the differentiation state of the cell in ques-
tion), nucleosome positioning, and histone modifications
(e.g., histone methylation such as H3K4, H3K4, or H4K27
methylation), and via complex formation with coregulators,
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including p300/CBP and MLLI1 (18-22). MLLI1 is a member of
the SET1/MLL family of methyltransferases and is known for its
crucial functions for homeobox gene expression during develop-
ment and embryogenesis and for stem cell regulation, as well as for
gene transcription in general (23, 24). Interestingly, MLL1-depen-
dent regulation of NF-kB downstream genes, including IL-6, has
recently been reported (25). Due to these pivotal functions, mu-
tations affecting the MLLI gene cause severe diseases and are im-
plicated in acute leukemia in children and adults, with a particu-
larly poor prognosis (26). To prevent fatal malfunction or
misregulation of MLL1, multiple mechanisms control its activity
in the cell (27). Together, there is a diversity of regulatory mech-
anisms for the differential activation of NF-kB-dependent target
genes within the same cell or the differential activation of the same
gene in different cells (20, 28). Furthermore, NF-kB is subject to
positive-feedback regulation by cytokines such as IL-6 (29, 30).
ADP-ribosyltransferase diphtheria-toxin like 1/poly(ADP-ri-
bose) polymerase 1 (ARTD1/PARP1) is an abundant nuclear pro-
tein that plays key roles in a variety of nuclear processes, including
the regulation of transcription (31). ARTD1 possesses an intrinsic
enzymatic activity that catalyzes the transfer of ADP-ribose
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(ADPr) units from NAD (NAD™) onto target gene regulatory
proteins, thereby modulating their activities, functions, and inter-
acting partners (32, 33).

Since its discovery, most studies on ARTD1 have focused on its
role in DNA damage detection and repair responses (34). How-
ever, over the past decade, the role of ARTD1 in gene regulation
has received increasing attention (31). Interestingly, ARTDI can
act as a transcriptional enhancer or as an attenuator. ARTDI can
regulate transcription by binding to nucleosomes and interacts
dynamically with different types of chromatin domains to modu-
late the chromatin structure (34, 35). Nucleosome binding and
auto-ADP-ribosylation of ARTD1 has been described as the un-
derlying mechanism for this formation of transcriptionally inac-
tive, dense chromatin (36, 37) and have been implicated in the
reciprocal binding of ARTD1 and histone H1 to chromatin (38).
ARTDL1 has also been shown to covalently modify histone and
chromatin-associated nonhistone proteins with poly(ADP-ri-
bose) (PAR) (39, 40). ARTD1 can modulate the activity of nucleo-
some remodelers through noncovalent mechanisms, as is the case
with ALC1 (amplified in liver cancer 1; also known as CHD1L), a
macrodomain-containing  nucleosome-remodeling  enzyme.
PAR-dependent interactions between ARTD1 and ALC1 promote
nucleosome remodeling by ALC1, as well as recruitment of ALC1
to sites of DNA damage in cells (41, 42). ADP-ribosylation of
KDMS5B, a histone lysine demethylase acting on H3 lysine 4 trim-
ethylation (H3K4me3), has been shown to block the binding of
KDMS5B to chromatin and inhibit its demethylase activity (43).
This antagonism between ARTD1 and KDM5B helps to explain
the high correlation between ARTD1 and H3K4me3 at actively
transcribed promoters. The functional interplay between ARTD1
and KDMS5B helps to control the chromatin state at ARTD1-reg-
ulated promoters for both basal and signal-regulated transcrip-
tional outcomes (43). Finally, ARTD1 may also function as a scaf-
fold protein independent of its catalytic activities, by interacting
with and promoting the recruitment of other coregulatory en-
zymes required for transcription. We were the first to show that
ARTD1 directly interacts with the NF-«kB subunits and thereby
regulates NF-kB-dependent gene expression (44, 45). We found
that ARTD1 synergistically coregulates transcription together
with known NF-«kB transcriptional cofactors such as p300,
CARM1, PRMT1 and the Mediator complex (18, 45, 46).

Although the enzymatic activity is not required for the tran-
scriptional activation of transiently transfected NF-kB reporter
plasmids by ARTD1 or upon NLRP3 inflammasome-induced
ARTDI1 cleavage (47), we were able to link ARTD1 and ADP-
ribosylation to signaling during inflammation and the expression
of adhesion molecules in atherogenesis, as well as cell survival
under stress conditions (48). ARTD1 and NF-«B are thus inter-
connected in the inflammatory response.

At the inflammatory level, we have recently shown that non-
apoptotic LPS-induced caspase 7 activation via the NLRP3 in-
flammasome induces ARTD1 cleavage at the transcriptional start
sites (TSS) of distinct NF-«kB target genes, including IL-6, and
thereby causes elevated expression of these genes (49). The molec-
ular mechanism responsible for the repressed IL-6 expression lev-
els in the presence of ARTD1 was not elucidated, however.

In the present work, we characterized and elucidated the mo-
lecular mechanism by which ARTD1 regulates the transcription of
IL-6. Our results demonstrate that the negative regulation of IL-6
expression by ARTD1 is independent of its enzymatic activity and
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does not affect RelA recruitment to the IL-6 promoter. Instead, we
found that ARTDI is enriched at the IL-6 promoter and sup-
presses MLL1-dependent H3K4me3. These results uncover a new
mechanism of chromatin remodeling by ARTD1 and its impor-
tance for inflammation.

MATERIALS AND METHODS

Cell culture. Mouse leukemic monocyte macrophage cell line (RAW
264.7) was cultured in RPMI medium (Gibco/Invitrogen, Carlsbad, CA)
at 37°C. NIH 3T3 and HEK293T cells were cultivated in Dulbecco modi-
fied Eagle medium (PAA, Pasching, Austria). Bone marrow-derived mac-
rophages (BMDM) were obtained from bones (femurs and tibias) of wild-
type and ARTD1 knockout mice and also cultivated in RPMI medium.
The bones were cut from both ends, and bone marrow was flushed out
with complete medium using a 1-ml syringe with a 23G needle until the
bones were completely white. Cells were resuspended in RPMI medium
supplemented with 20% of the supernatant of L1929 cells and plated in
bacterial dishes for 5 days. Differentiated macrophages were maintained
in culture for 2 weeks in RPMI medium supplemented with 5% 1929
supernatant. All media were supplemented with 1% (vol/vol) penicillin-
streptavidin and 10% (vol/vol) fetal calf serum (Gibco/Invitrogen).

Cells were preincubated with the ARTD1 inhibitors olaparib (1 wM;
SelleckChem) and ABT-888 (1 .M; Enzo LifeSciences) for 3 h before LPS
(100 ng/ml; Sigma-Aldrich, St. Louis, MO) stimulation. RAW 264.7 mac-
rophages (Raw cells) stably downregulating ARTD1 were generated using
viral transduction. Virus expressing an shARTD1 construct were gener-
ated in HEK293T cells. Then, 10 pg of shARTD1 plasmid, 6 pg of pack-
aging plasmid, and 3.5 g of viral envelope plasmid were transfected into
HEK293T cells (4 X 10° cells per 10-cm plate) using calcium phosphate.
The medium was changed at 6 to 8 h posttransfection, and supernatant
containing virus was collected, centrifuged, and filtered (0.45-pm-pore-
size cellulose acetate filters) after 3 days. RAW 264.7 cells were seeded 1
day prior to transduction on a 6-well plate (5 X 10° cells per well). Poly-
brene was added to a final concentration of 4 pg/ml overnight. Subse-
quently, 1 ml of supernatant containing virus was added per well. The
medium was replaced at 8 h postinfection and changed to selective me-
dium after 2 days (puromycin, 2 wg/ml; Invivogen, San Diego, CA). Cells
were kept under constant selection.

siRNA transfection. Negative-control AllStars (siMOCK), human si-
PARP1#6, mouse siPARP1#7, mouse siMLL1#1, mouse siSet7#1, and
mouse siRelA#2 were ordered from Qiagen (Hilden, Germany). Cells
were seeded at 50% confluence (2 X 10> cells per well) and transfected
with 20 nmol of small interfering RNA (siRNA) per well (in six-well plate)
with RNAIMAX Lipofectamine (Invitrogen). The experiment was per-
formed 3 days after transfection.

RNA extraction and quantitative real-time PCR (qPCR) analysis.
RNA extraction was performed with the NucleoSpin RNA II kit (Mach-
erey-Nagel, Diiren, Germany). RNA was quantified with a NanoDrop
(Thermo-Fisher Scientific, Waltham, MA), and 2 g of RNA was reverse
transcribed according to the supplier’s protocol (high-capacity cDNA re-
verse transcription kit; Applied Biosystems, Foster City, CA).

qPCRs were performed witha SYBR green SensiMix SYBR Hi-ROX kit
(Bioline Reagents, Ltd., London, United Kingdom) and a Rotor-Gene Q
2plex HRM system (Qiagen). See Table SI in the supplemental material
for primer sequences. The relative amounts of each mRNA were normal-
ized to the RPS12 (mouse) and RPL28 (human) housekeeping genes.

Cell lysis, SDS-PAGE, and Western blot analysis. Whole-cell extracts
were prepared directly on plate by using a Tris lysis buffer (50 mM Tris
[pH 8], 500 mM NaCl, 1% Triton X-100, 1 pg of pepstatin/ml, 1 pg of
bestatin/ml, 1 pug of leupeptin/ml, 2 mM phenylmethylsulfonyl fluoride).
Lysates were homogenized for 10 min at 4°C, followed by a 10-min cen-
trifugation (maximum speed at 4°C) to eliminate cell debris. The protein
concentration was quantified by a Bradford assay (Bio-Rad Laboratories,
Hercules, CA), and 30 g of protein extract was separated on a 10 or 7.5%
SDS-polyacrylamide gel (120 V). The gel was blotted onto a polyvi-
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nylidene difluoride membrane and analyzed using protein-specific anti-
bodies.

Coimmunoprecipitation. Cells were harvested with a scraper and
washed once with phosphate-buffered saline (PBS) for 5 min at 900 X g.
The pellet was resuspended in 400 .l of hypotonic buffer (0.5% NP-40, 85
mM KCl, 5 mM HEPES [pH 7.4]) and directly centrifuged for 10 min at
6,200 X gusing a cold centrifuge. Next, the pellet was resuspended in 200
wl of nuclear extraction buffer (50 mM Tris-HCI [pH 7.5], 150 mM KClI,
5 mM MgCl,, 0.2 mM EDTA, 20% glycerol, 0.1% NP-40) and sonicated
twice for 30 s. The nuclear extract was incubated for 30 min at 4°C with 1
.l of DNase and sonicated again for 30 s, followed by a 10-min centrifu-
gation (4°C and 3,500 X g). Proteins were quantified by using a Bradford
assay. Immunoprecipitation was carried out with 300 g of extract at 4°C
overnight with 10 pl of monoclonal antihemagglutinin (anti-HA)-aga-
rose beads (Sigma-Aldrich). After overnight incubation, the beads were
washed three times with washing buffer (20 mM Tris-HCI [pH 7.5],0.1 M
KCl, 5 mM MgCl,, 0.2 mM EDTA, 10% glycerol, 0.1% Tween), resus-
pended in 2X Laemmli buffer (20 pl), and boiled for 5 min at 95°C.
SDS-PAGE and Western blot analysis were performed as described above.

Immunofluorescence microscopy. Cells were cultured on sterile cov-
erslips (10° cells per well in a 24-well-plate) and grown overnight. After
treatment with or without H,O, (at 1 mM in fetal calf serum-free medium
for 10 min), the cells were fixed (methanol-acetic acid [3:1], 5 min on ice)
and washed twice with PBS. The cells were blocked for 30 min in PBS
containing 5% milk powder and 0.05% Tween and incubated with 10H
PAR antibody (1:350) in the same buffer (1 h at room temperature).
Coverslips were incubated with secondary Cy3-conjugated antibody (for
1 h at room temperature in the dark). After being washed with PBS, the
coverslips were mounted with Vectashield containing DAPI (4',6'-di-
amidino-2-phenylindole; Vector Laboratories, Burlingame, CA). Con-
ventional microscopy was carried out using a Leica DMI 6000B light mi-
croscope (Leica Microsystems GmbH, Wetzlar, Germany).

ChIP. Chromatin immunoprecipitation (ChIP) analysis for H3,
H3K4me3 and ARTD1 was performed as described previously (54) using
magnetic Dynabeads (Life Technologies, Carlsbad, CA). ChIP analysis for
p65 was performed as described previously (50), using protein A-agarose-
salmon sperm DNA beads (Millipore, Billerica, MA).

Luciferase assay. Cells were transfected with a specific siRNA as de-
scribed above (2 X 10* cells per well in a 24-well plate). At 1 day after
transfection, the medium was changed, and different luciferase constructs
were transfected using a TransIT-3T3 transfection kit (Mirus, Madison,
WI). A luciferase assay was performed after 48 h using a dual-luciferase
reporter assay system (Promega, Madison, WI) according to the supplier’s
protocol.

Antibodies. The following antibodies were used: PARP1/ARTD1 (H-
250 [rabbit]), PARP-1 (C2-10 [mouse]), and p65 (C-20 [rabbit]) from
Santa Cruz Biotechnology, Inc. (Dallas, TX); tubulin (mouse) from Sig-
ma-Aldrich; H3K4me3 (rabbit) from Millipore; and histone H3 (rabbit)
from Abcam PLS (Cambridge, United Kingdom). MLLI/HRX was ob-
tained from Millipore. Secondary Cy3-conjugated AffiniPure goat anti-
mouse antibody was obtained from Jackson ImmunoResearch Laborato-
ries (Suffolk, United Kingdom), and 10H PAR (mouse) antibody was
prepared in-house.

RESULTS

ARTD1 negatively regulates LPS-induced IL-6 expression in a
RelA-dependent manner. Stimulation of Raw cells with LPS for 1
or 4 h led to a strong induction of IL-6 transcript levels as identi-
fied by quantitative reverse transcription-PCR (RT-PCR) (Fig.
1A). In shARTD1-treated Raw cells (see Fig. 1A, right panel, for
knockdown efficiency), IL-6 expression levels were comparably
induced after 1 h but significantly enhanced at 4 h after LPS stim-
ulation, suggesting that ARTD1 negatively regulates IL-6 gene ex-
pression at this later time point. The observed effect was specific
for IL-6, since the NF-kB-dependent control gene IkBa was not
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affected by ARTDI1 knockdown (Fig. 1A). Selectively enhanced
IL-6 expression (compared to their respective controls) was also
observed in LPS-stimulated primary BMDM from ARTDI knock-
out mice (Fig. 1B) and NIH 3T3 fibroblasts treated with siARTD1
(Fig. 1GC; see the right-hand panels for knockout and knockdown
efficiencies), as well as in siARTD1-treated HEK293T cells stimu-
lated with PMA (Fig. 1D; see the right-hand panel for the induc-
tion of RelA nuclear translocation), suggesting that the ARTDI1-
mediated negative regulation of IL-6 expression is cell type (and
stimulus) independent.

Because of their ease of transfectability, the mechanism of
the negative regulatory effect of ARTD1 on IL-6 expression was
further investigated using NIH 3T3 cells. To assess whether the
negative regulation by ARTD1 was dependent on NF-kB, exper-
iments with double knockdown of ARTDI and RelA were per-
formed. Enhanced IL-6 expression by ARTD1 knockdown in LPS-
stimulated NIH 3T3 cells was completely abolished by
concomitant downregulation of RelA (Fig. 2A), indicating that the
negative regulatory effect of ARTD1 on IL-6 expression was highly
dependent on the induction of RelA in these cells. To corroborate
these results, reporter assays with a luciferase gene under the con-
trol of either the wild-type IL-6 promoter or a mutated IL-6 pro-
moter lacking the NF-kB binding site were performed. In line with
the analysis of the transcript levels, knockdown of ARTD1 led to
enhanced IL-6 promoter transcriptional activity (Fig. 2B). This
effect was not observed when the NF-«kB binding site was mutated,
confirming that the negative regulatory effect of ARTD1 under
these conditions is also RelA-dependent and the chromatinization
of the transfected reporter plasmids is sufficient to detect the
ARTDI1-mediated IL-6 repression.

ARTD1 negatively regulates IL-6 expression independent of
its enzymatic activity. ARTD1 can regulate gene expression by
ADP-ribosylating target proteins (including itself) or by its asso-
ciation with chromatin at the promoters of regulated genes (i.e.,
independently of its enzymatic activity). To determine whether
the enzymatic activity of ARTD1 is required for the observed neg-
ative regulatory effect on IL-6 expression, Raw cells were stimu-
lated with LPS in the absence or presence of the ADP-ribosylation
inhibitor olaparib. Again, ARTD1 knockdown lead to enhanced
IL-6 expression, whereas that of Ik Ba remained unaffected (Fig.
2C). Treatment of cells with olaparib, which effectively inhibited
H,0,-induced PAR formation at the dose used for this experi-
ment (data not shown), neither affected IL-6 expression in
shMOCK cells nor enhanced expression in shARTD1 cells (Fig.
2C), indicating that ADP-ribosylation is not involved in the neg-
ative regulatory effect of ADRT1 on IL-6 expression. Comparable
results were obtained with another ADP-ribosylation inhibitor,
ABT-888 (Fig. 2D). Together, these results demonstrate that the
observed derepression of IL-6 expression upon knockdown of
ARTDI is neither dependent on ARTD1-mediated ADP-ribosy-
lation nor on that by another ARTD family member.

ARTDI1 does not alter the H3 occupancy at the IL-6 pro-
moter. To investigate whether ARTD1 represses IL-6 expression
indirectly by hampering RelA recruitment to the IL-6 promoter,
LPS-induced recruitment of RelA to the IL-6 and Ik Ba promoters
(100 bp upstream of the TSS was compared in shMOCK and
shARTD1-treated Raw cells. The biphasic recruitment of RelA to
the IL-6 promoter (i.e., immediate within 1 h and late at 4 h after
stimulation) was not different between shMOCK and shARTD1-
treated cells in regard to timing and extent (Fig. 3A). The ARTD1-
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dependent negative regulation of IL-6 expression was therefore
not due to an effect on RelA recruitment to the IL-6 promoter.
Alternatively, as a chromatin-associated factor, ARTD1 may
exert its regulatory function through the modulation of the chro-
matin state at the TSS of the IL-6 gene. To address the function of
ARTDI as a chromatin regulator at the promoter of IL-6, ChIP
experiments were performed to analyze the H3 occupancy at the
IL-6 and IkBa promoters. These analyses revealed that the chro-
matin at the IL-6 promoter was strongly enriched (at least 3-fold)
in histone H3 compared to that at the IkBa promoter in
shMOCK-treated cells (Fig. 3B), suggesting a more compact chro-
matin state at the IL-6 promoter (51). The H3 occupancy in
shARTD1-treated Raw cells under basal conditions (i.e., un-
treated) was not significantly reduced compared to shMOCK-
treated cells in the first 100 bp upstream of the TSS of the IL-6 pro-
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2). The data are presented as means = the SD and were analyzed by one-way

moter but also not further upstream and even downstream in the
gene body (Fig. 3C). Upon LPS stimulation, the measured H3 con-
tent was also not significantly changed between shARTD1 and
shMOCK cells (Fig. 3D), suggesting that ARTD1 affects IL-6 expres-
sion unlikely by altering the histone occupancy around the TSS.
ARTD1 regulates IL-6 expression through the H3K4me3 lev-
els at the IL-6 promoter. The results obtained thus far indicate
that ARTDI negatively regulates IL-6 expression independent of
H3 recruitment or its enzymatic activity. However, ARTD1 may
exert its regulatory function through the modulation of the his-
tone modifications at the TSS of the IL-6 gene. The higher occu-
pancy of H3 at the IL-6 promoter compared to the Ik Ba promoter
(Fig. 3B) suggests that a H3 modification may be required to in-
duce a more permissive chromatin state. H3K4me3 is a mark that
is associated with active gene expression (52). We therefore eluci-
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FIG 3 ARTDI helps to maintain H3 at the IL-6 promoter. (A) Effect of ARTD1 knockdown on p65 occupancy on IL-6 and IkBa promoters upon LPS
stimulation in Raw cells (n = 3). (B to D) H3 occupancy at the IL-6 and Ik Ba promoters in Raw cells under unstimulated conditions (shMOCK and shARTD1)
(B and C) or after 4 h of LPS treatment (D) (n = 3). The data are presented as mean = the SD.

dated whether ARTD1 inhibits H3K4me3 at the IL-6 promoter,
thereby keeping the chromatin in a nonpermissive state. To study
this possibility, ChIP experiments for H3K4me3 were performed
and the IL-6 and Ik Ba promoters analyzed in detail. Upon ARTDI
knockdown and LPS stimulation, the relative occupancy of
H3K4me3 100 bp upstream of the TSS of the IL-6 promoter was
strongly increased, while no significant changes were observed at
the IkBo promoter (Fig. 4A). More detailed analysis revealed that
the strongest effects on relative H3K4me3 levels upon ARTD1
downregulation and LPS stimulation were observed between the
TSS and 200 bp upstream (Fig. 4B), which corresponds to the
location of the NF-kB response element. The increased H3K4me3
was observed at the 4-h time point, supporting the gene expres-
sion data and suggesting that ARTD1 represses H3K4me3 levels at
the NF-kB binding site of the IL-6 promoter, thereby repressing
IL-6 gene expression.

MLL1 is responsible for the H3K4me3 at the IL-6 promoter
and interacts with NF-kB. To identify the responsible H3K4
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methyltransferase at the IL-6 TSS and to investigate a potential
antagonistic effect with ARTD1, Set7/9 and MLL1 were knocked
down by siRNA in NIH 3T3 cells in the presence or absence of
ARTD1 (Fig. 5A; see the right-hand panels for the knockdown
efficiencies). Whereas the enhanced IL-6 gene expression ob-
served in siARTD1-treated cells was unaffected by knockdown of
the methyltransferase Set7/9, it was rescued by knocking down
MLL1, suggesting that MLL1 is the methyltransferase responsible
for enhanced H3K4me3 formation at the IL-6 promoter upon
knockdown of ARTD1 (Fig. 5A). The expression of Ik Ba was nei-
ther significantly affected by siARTD1 nor by siMLL1 treatment.
The H3K4me3 could be also altered by a reduced activity of the
histone demethylase KDM5B (43). However, knockdown of
KDM5B did not lead to increased expression of IL-6 in either
shMOCK or shARTD1 cells (Fig. 5B). Furthermore, knockdown
of MLL1 but not of Set7/9 led to a significantly reduced H3K4me3
at the IL-6 promoter after LPS stimulation, whereas that at the
control promoter Ik Ba was unaffected (Fig. 5C). These analyses
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FIG 4 ARTDI knockdown is associated with increased H3K4me3 occupancy at the IL-6 promoter in LPS-stimulated cells. H3K4me3 occupancy at the IL-6 and
IxBa promoters in Raw cells after 4 h of LPS stimulation (shMOCK and shARTD1) (n = 3) is shown.

provide strong evidence that the methyltransferase MLL1 and not
Set7/9, or KDM5B regulates H3K4me3 at the IL-6 promoter in
LPS-stimulated cells. The same observation was made when
MLL1 was knocked down together with ARTD1, indicating that
ARTDI1 mediates its effect through MLL1 (Fig. 5D).

To test whether MLL1 forms a complex with NF-kB, complex
formation was analyzed in HEK293T cells overexpressing HA-
tagged MLL1. Since HEK293T cells lack TLR4 and therefore can-
not be stimulated by LPS, cells were stimulated with phorbol my-
ristate acetate (PMA). In HEK293T cells overexpressing MLLI,
complex formation of MLL1 with endogenous RelA was detected
in chromatin-free nuclear extracts 4 h after stimulation (Fig. 5E).
Interestingly, the interaction between RelA and MLL1 was ob-
served in a stimulus-dependent manner and at the same time
point when the enhancement of IL-6 expression by ARTD1
knockdown was the most prominent. Due to the lack of suitable
antibodies, the chromatin recruitment of MLL1 could not be an-
alyzed, although others have recently reported that MLLLI is re-
cruited to the chromatin in an NF-kB-dependent manner to reg-
ulate NF-kB-mediated gene expression (25).

ARTD1 forms a complex with MLL1 but leaves the IL-6 pro-
moter in a stimulus-dependent manner. To explain how ARTD1
interferes with MLL1-dependent IL-6 expression and H3K4me3
at the IL-6 promoter, MLLI expression levels were analyzed.
ARTD1 knockdown did neither significantly affect MLLI expres-
sion nor MLLI protein levels (Fig. 6A and B), suggesting that
ARTD1 may rather be involved in the recruitment of MLL1 to the
chromatin or may influence specific protein-protein interactions.

To test, whether ARTD1 forms a complex with MLL1, MLL1
was immunoprecipitated from HEK293T cells overexpressing
MLL1 and stimulated for 4 h with PMA. An interaction of MLL1
with endogenous ARTD1 was indeed detected in a stimulus-de-
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pendent manner at the same time point as for RelA (i.e., 4 h after
stimulation) (Fig. 6C). The detected signal was specific, because
ARTD1 knockdown obliterated the signal. Since the negative reg-
ulation of IL-6 expression by ARTDI1 could not be explained by an
altered recruitment of RelA (Fig. 3A) and the chromatin recruit-
ment of MLLI could not be analyzed, we investigated whether the
chromatin recruitment of ARTD1 is changed during LPS stimu-
lation. ChIP experiments with LPS-stimulated Raw cells revealed
that ARTD1 was time-dependently released from the promoters
of both IL-6 and Ik Ba: upon LPS stimulation (Fig. 6D), suggesting
that LPS stimulation changes the occupancy of ARTD1 at differ-
ent chromatin loci.

In summary, we describe MLL1 as a new transcriptional coacti-
vator of NF-kB and an additional molecular mechanism by which
ARTDI coregulates NF-kB-dependent transcription, namely, by
the regulation of H3K4me3 through MLL1 and independent of
ARTD1’s enzymatic activity.

DISCUSSION
ADP-ribosylation and in particular ARTD1 have been implicated
in many different and distinct cellular and biological processes
(31). One of the most important functions of ARTD1 is the co-
regulation of inflammatory gene expression by direct modulation
of transcriptional regulators or indirectly through alterations of
the chromatin state (31).

Here, we elucidated the mechanism by which ARTD1 conveys
a nonpermissive chromatin state at the IL-6 promoter, by inter-
fering with MLL1-dependent H3K4me3 upon LPS stimulation.
Interestingly, expression of the gene encoding the NF-kB inhibi-
tor IkBa and other housekeeping genes was not ARTD1 depen-
dent, which may be due to different chromatin architecture at the
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promoters of these two genes. The coregulatory function of study, knockdown of MLL1 but not of SET7 or KDM5B altered
ARTDI1 was not mediated by its enzymatic activity. the H3K4me3 of the IL-6 promoter. It is tempting to speculate
The results presented here define the negative regulation of that ARTD1, depending on the cellular context, its stimulation,
H3K4me3 at the IL-6 promoter by MLL1 as the mechanism by and the availability of its substrate NAD™, can either repress
which ARTD1 modulates IL-6 expression. Previously, ARTD1 ac- H3K4me3, through ADP-ribosylation-independent binding to
tivity was shown to positively regulate transcription via the mod- MLLI1, or enhance H3K4me3 and therefore gene expression
ification and inhibition of the histone demethylase KDM5B, re-  through ADP-ribosylation of KDM5B.
sponsible for the demethylation of H3K4me3 (43). In the present We observed that ARTD1 chromatin association is reduced

(Right) Knockdown efficiency of siRNA treatment against KDM5B by qPCR analysis. (C) H3K4me3 occupancy at the IL-6 and Ik Ba promoters upon knockdown
of ARTD1 and either SET7 or MLL1 in NIH 3T3 cells after 4 h of LPS stimulation (n = 3). The data are presented as means * the SD and were analyzed by
one-way ANOVA, followed by Bonferroni’s post hoc test. *, P < 0.05. (D) H3K4me3 occupancy at the IL-6 and Ik Ba promoters upon combined knockdown of
ARTDI and either SET7 or MLL1 in NIH 3T3 cells after 4 h of LPS stimulation (n = 3). (E) MLL1 and p65 coimmunoprecipitation in HEK293T cells
overexpressing MLL1 (lanes 1 and 4, unstimulated; lane 2, 1 h of PMA; lane 3, 4 h of PMA).
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upon LPS treatment after 4 h. Based on our recent studies (49), it
is likely that the activation of the inflammasome at this time point
is responsible for the proteolytic cleavage of ARTD1 at D214 and
its subsequent release from chromatin. Since LPS itself is not ex-
pected to activate the inflammasome but to induce the expression
of its components, it remains to be elucidated by which mecha-
nism the inflammasome is activated.

According to our study, ARTDI is bound to the IL-6 promoter
even before stimulation of the cells, likely regulating the compac-
tion and basal expression levels of IL-6. Similar to this result, bio-
chemical studies with reconstituted chromatin have shown that in
the absence of NAD™, ARTD1 promotes chromatin compaction
independently of its enzymatic activity (53).

Our findings suggest a model in which ARTD1 represses IL-6
expression by interfering with the MLL1-induced H3K4me3 at the
IL-6 promoter. Upon stimulation of cells, ARTD1 leaves the IL-6
promoter in a time-dependent manner. Interestingly, ARTD1
forms a complex with MLLI only at the later time point (4 h,
second NF-kB wave), when complex formation of MLL1 with
NE-kB is also observed, suggesting that upon eviction of ARTDI,
ARTDI might compete with NF-kB for binding to MLLI, thus
allowing only a certain amount of MLLI1 to bind to NF-kB and
thus damping the MLLI1-induced H3K4me3 levels at this later
time point. In contrast, in cells lacking ARTDI or expressing re-
duced levels of ARTDI, all MLL1 binds to NF-kB and remains
associated with the chromatin, resulting in increased H3K4me3 at
the IL-6 promoter and consequently, increased IL-6 gene expres-
sion.

Since we were not able to investigate and quantify the recruit-
ment of MLL1 to the IL-6 promoter, and the coimmunoprecipi-
tation of MLL1 with NF-«kB and/or ARTD1 does not allow us to
distinguish whether all three proteins are found in the same com-
plex or in distinct complexes containing MLL1 only associated
with NF-kB or ARTD1, additional investigations are required to
fully dissect the mechanism by which ARTDI regulates MLL-1-
driven NF-kB-dependent gene expression of IL-6, including also
in developmental processes, homeobox gene expression or the
development of acute leukemia. In this context, it will be of par-
ticular interest to investigate the regulation of IL-6 expression by
ARTDL1 in cells harboring MLLI mutations.

In summary, our experiments have identified the dampening
effect of ARTD1 on MLL1-dependent H3K4me3 as a new mech-
anism regulating the expression of the inflammatory cytokine
IL-6. Taken together, these data strongly indicate that ARTD1
orchestrates chromatin accessibility and the posttranslational
modification of histones indirectly through the interaction with
the H3K4 methyltransferase MLL1 and thereby modulates the ex-
pression of IL-6. This apparently occurs in an ADP-ribosylation-
independent manner. These results not only have important im-
plications for our understanding and future analysis of MLL1
functions and IL-6 regulation but also highlight a potential cross
talk between IL-6- and MLL1-induced pathologies.
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