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Although metastasis tumor antigen 1 (MTA1) contributes to
the responsiveness of macrophages to LPS, the underlying
mechanism remains unknown. Here, we investigated the role of
MTAL1 in the regulation of expression and function of MyD88, a
proximal component of NF-kB signaling. We discovered that
MTAL1 targets MyD88 and that MyD88 is a NF-kB-responsive
gene in LPS-stimulated macrophages. We found that MTAL1 is
required for MyD88-dependent stimulation of NF-kB signaling
and expression of proinflammatory cytokines such as IL-1f3,
MIP2, and TNF-«a as MTA1 depletion leads to a substantial
reduction in the expression of NF-kB target genes. In addition,
LPS-mediated stimulation of MyD88 transcription was accom-
panied by an enhanced recruitment of MTA1, RNA polymerase
II, and p65RelA complex to the NF-«B consensus sites in the
MyD88 promoter. Interestingly, the recruitment of both MTA1
and MyD88 expression is effectively blocked by NF-kB inhibitor
parthenolide. Selective knockdown of MyD88 by a dominant
negative mutant of MyD88 or selective siRNA also impairs the
ability of LPS to stimulate the NF-kB target genes. These find-
ings reveal an inherent coregulatory role of MTA1 upon the
expression of MyD88 and suggest that MTA1 regulation of
MyD88 may constitute at least one of the mechanisms by which
MTAL1 stimulates LPS-induced NF-kB signaling in stimulated
macrophages.

Toll-like receptors (TLRs)? play a key role in the innate immune
system, particularly in the inflammatory response against various
microorganisms by recognizing pathogen-associated molecular
patterns (1-4). Upon the recognition of pathogen-associated
molecular patterns, TLR signaling promptly induces immune
responses that signal through adaptor molecules, the myeloid dif-
ferentiation primary response gene 88 (MyD88), Toll/interleukin
(IL)-1 receptor (TIR) domain containing adaptor protein (TIRAP),
TIR domain containing adaptor-inducing interferon (IFN)-f3
(TRIF), and TRIF-related adaptor molecules (TRAM), eventu-
ally to activate transcriptional factors such as nuclear factor
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(NF)-B, activator protein 1 (AP-1), and IFN regulatory fac-
tors to induce antibacterial and antiviral responses (5, 6).
Among the TLRs, TLR4 is the major receptor involved in the
detection of Gram-negative bacteria and their associated
endotoxins such as lipopolysaccharide (LPS) (7) and signal
through MyD88, leading to the subsequent downstream
activation of NF-kB and mitogen-associated protein kinase
(MAPK) signaling pathways (8). These signaling cascades are
responsible for induction of proinflammatory cytokines and
chemokines (9).

LPS activates two signal transduction pathways, i.e. MyD88-
dependent and -independent pathways (10—13). The MyD88-
dependent pathway activates NF-«B, which results in the pro-
duction of proinflammatory cytokines, such as IL-1f3, IL-6, and
TNEF-« and ultimately leads to the activation and accumulation
of monocytes (14). In contrast, the MyD88-independent path-
way activates interferon regulatory factor-3, resulting in the
expression of [FN- and IFN-inducible genes. MyD88-depen-
dent TLR signals brought the spontaneous T cell and myeloid
cell activation, cachexia, and premature lethality in the A20-
deficient mice (15). Constitutive MyD88-dependent TLR
signals provide beneficial, noninflammatory signals (16),
triggering spontaneous inflammation. For example, MyD88-
mediated innate immune signaling and inflammatory cell
recruitment to the lung are required for the protection from
lethal SARS-CoV infection caused by a human corona virus
(CoV) (17). Also, TLR/MyD88 signaling is critical for induc-
tion of innate immune responses after partial hepatectomy
as liver regeneration after partial hepatectomy requires
innate immune responses (18). Several reports have sug-
gested that inflammation plays a critical role in tumorigen-
esis and invasion, and the underlying mechanisms involved
in these processes have been elucidated (19, 20). Now it is
evident that an inflammatory microenvironment is an essen-
tial component of all tumors (21, 22).

Metastasis tumor antigen 1 (MTA1) chromatin modifier
plays a critical role in modifying DNA accessibility for cofac-
tors, largely as a part of the nucleosome remodeling and histone
deacetylation complex (23-25). In addition, MTA1 is one of the
most up-regulated genes in human cancer and has been shown
to play a role in tumorigenesis (23, 26, 27). Recently, this labo-
ratory has shown that MTA1 also plays a critical homeostatic
role in inflammatory responses both as a target and as a com-
ponent of the NF-«B signaling by regulating a subset of LPS-
induced proinflammatory cytokines such as IL-13, MIP2, and
TNE-a (28). Because LPS-induced proinflammatory cytokine
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production is widely thought to be mediated through the stim-
ulation of the MyD88-dependent NF-«B pathway, here we
attempted todelineatetheroleof MTA1inregulation of MyD88-
dependent signaling. We discovered that MTA1 is required for
MyD88-dependent activation of NF-«B signaling and produc-
tion of proinflammatory cytokines in LPS-stimulated cells. Fur-
ther, we found that MyD88 is a direct target of MTA1 and that
LPS-induced MyD88 expression requires MTAl in
macrophages.

EXPERIMENTAL PROCEDURES

Antibodies and Cell Culture—Antibodies against MTA1
(catalogue number A300-280A) and RNA polymerase II (cata-
logue number A300-653A) were purchased from Bethyl Labo-
ratories (Montgomery, TX). HDAC2 (sc-9959), NF-«kB p65 (sc-
372), and NF-«B p65 (286-H) X (sc-7151 X), ERK (sc-154), and
JNK (sc-571) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Phospho-ERK (catalogue number 9106) and
phospho-JNK (catalogue number 9255) were purchased from
Cell Signaling Technology. Antibody against MyD88 (cata-
logue number AB 2068) was purchased from Abcam (Cam-
bridge, MA). Normal mouse IgG, rabbit IgG, and antibodies
against vinculin were purchased from Sigma. All cells were cul-
tured in Dulbecco’s modified Eagle’s medium/F12 medium
supplemented with 10% fetal bovine serum.

Cloning of Murine MyD88 Promoter—Full-length murine
MyD88 promoter was generated by PCR using mouse genomic
DNA and cloned into PGL3 luciferase reporter vector (Pro-
mega, Madison, WI) with the Infusion 2.0 Dry-Down PCR clon-
ing kit (Clontech). The PCR amplification was carried out using
the forward primer 5'-CGCCCACTCACCCCTTGCCCCA-3’
and reverse primer 5'-GGCCCCCGGTGCCGTCCAG-
TACGC-3'.

Quantitative PCR (qPCR)—For qPCR, total RNA was ex-
tracted using TRIzol reagent (Invitrogen), and first-strand
c¢DNA synthesis was carried out with SuperScript II reverse
transcriptase (Invitrogen) using 2 ug of total RNA and oli-
go(dT) primer. cDNA from macrophages was synthesized
using the FastLane Cell cDNA synthesis kit (Qiagen, Valencia,
CA). qPCR was performed with the gene-specific primers listed
in supplemental Table 1 using a 7900HT sequence detection
system (Applied Biosystems, Foster City, CA). The levels of
mRNA of all the genes were normalized to that of B-actin
mRNA.

Chromatin Immunoprecipitation (ChIP) Assay, Reporter As-
says, and Western Blot Analysis—ChIP assays were done by
using NF-«B, MTA1, RNA polymerase II, or HDAC2 antibod-
ies as described elsewhere (29). The primers used for ChIP are
listed in supplemental Table 2. MTA1-luc, IL-1B-luc, MIP2-luc,
and MyD88-luc assays were performed according to the man-
ufacturer’s instructions (Promega), and the results were stan-
dardized against the B-galactosidase activity, an internal con-
trol. Some assays were performed in the presence of control
siRNA or MTA1 siRNA or MyD88 siRNA. Western blot anal-
ysis was performed as described previously (29).

Isolation of Peritoneal Macrophages—After LPS treatment,
peritoneal lavage was done with 10 ml of sterile ice-cold PBS,
and the peritoneal lavage fluid was collected. The cells were
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FIGURE 1. MTA1 regulates MyD88 expression. A, upper, Western blot anal-
ysis of MyD88 in LPS-stimulated Raw cells with or without MTA1 knockdown.
Lower, densitometric analysis of MyD88 protein expression. B, qPCR analysis
of MyD88 mRNA in LPS-stimulated Raw cells with or without MTA1 knock-
down. C, upper, expression of MyD88 protein in LPS stimulation of MTA1™/*
and MTA1~/~ MEFs. Lower, densitometric analysis of MyD88 expression. D,
gPCR analysis of MyD88 mRNA in LPS-stimulated wild type and MTA1 ™/~
MEFs. E, gPCR analysis of MyD88 mRNA in LPS-stimulated murine macro-
phages isolated from wild type and MTA1 ™/~ mice.

washed and resuspended in Dulbecco’s modified Eagle’s medi-
um/F12 medium supplemented with 10% fetal bovine serum,
cultured overnight, and then washed to remove nonadherent
cells.

siRNA Transfection—siRNA against MTA1 and negative con-
trol siRNA was purchased from Dharmacon (Lafayette, CO),
and MyD88 siRNA was purchased from Santa Cruz Biotechnol-
ogy. Raw cells were seeded at 40% density the day before trans-
fection in 6-well plates, and siRNA transfections were per-
formed with Oligofectamine reagent (Invitrogen) according to
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FIGURE 2. MTA1 regulates MyD88 transcription. A, MyD88 promoter-luciferase activity in LPS (1 ng/ml for
4 h) stimulated Raw cells with or without MTA1 knockdown. B, MyD88 promoter-luciferase activity in LPS (1
wg/ml for 4 h)-stimulated wild type and MTA1~/~ MEFs. C, MyD88 promoter-luciferase activity in LPS-stimu-
lated Raw cells after cotransfecting with control vector pcDNA or MTA1. D, gPCR analysis of MyD88 mRNA in
LPS (4 h) stimulated Raw cells after cotransfecting with control vector pcDNA or MTA1.
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FIGURE 3. MyD88 is a MTA1 target gene. A, binding region of MTA1 on
murine MyD88 promoter. B, recruitment of MTA1 to MyD88 chromatin in Raw
cells treated with LPS for 1 h. C, ChIP analysis of MTA1 followed by RNA polym-
erase |l recruitment to MyD88 chromatin in Raw cells treated with LPS for 1 h.
D, ChIP analysis of MTA1 followed by HDAC2 recruitment to MyD88 chromatin
in Raw cells treated with LPS for 1 h.

the manufacturer’s instructions. Cells were harvested 48 h after
transfection, and cell lysates were prepared.

EMSA—Nuclear extracts were prepared using a Nonidet
P-40 lysis method (30). EMSA for NF-«B DNA binding was
performed using the annealed and [y-**P]ATP end-labeled oli-
gonucleotides in a 20-ul reaction mixture for 15 min at 20 °C.
Samples were run on a nondenaturing 5% polyacrylamide gel
and imaged by autoradiography. Specific competitions were
performed by adding a 100 molar excess of competitor to the
incubation mixture, and supershift EMSAs were performed by
adding 1.5 ul of the NF-«B p65 (Santa Cruz 286-H) antibody.
Oligonucleotides used are shown in the supplemental Table 3.

Statistical Analysis and Reproducibility—The results are
given as the means * S.E. Statistical analysis of the data was
performed by using Student’s ¢ test.

RESULTS AND DISCUSSION

MTA1 Regulates MyD88 Expression in LPS-stimulated Macro-
phages—Recent findings from this laboratory have established
that MTAL1 status plays a critical coregulatory role in control-
ling the expression of a subset of NF-«B target genes in LPS-
stimulated macrophages (28). During the course of these stud-
ies, we also found that MTA1 influences the status of NF-«B
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in the Raw 264.7 (Raw), a widely
used macrophage cell line in study-
ing TLR signaling and inflammatory
mechanisms. We found that medi-
ated reduction in the levels of
endogenous MTA1 by specific siRNA in the Raw cells compro-
mised the ability of LPS to induce the expression of MyD88
protein and mRNA (Fig. 1, A and B). Because the outcome of
siRNA-mediated knockdown studies is dependent on the
extent of target knockdown, we next examined the effect of
genetic MTA1 depletion in MEFs (mouse embryonic fibro-
blasts) and cultured peritoneal macrophages from wild-type
and MTA1~/~ mice (32) on the ability of Escherichia coli-de-
rived LPS on MyD88 expression. We found that MTA1 deple-
tion substantially compromised the ability of LPS to induce
MyD88 protein and mRNA expression in MEFs (Fig. 1, C and
D)aswell asin MTA '~ macrophages (Fig. 1E), suggesting that
MTAI may be a new mediator of MyD88 expression by LPS.
Consistent with this possibility, during the course of these stud-
ies, we consistently observed that MTA1 knockdown reduced
the expression of MyD88 expression in LPS-treated cells, sug-
gesting the potential role of MTA1 in supporting the MyD88
pathway in LPS-stimulated macrophages.

MTAI Stimulates MyD88 Transcription—To evaluate the
role of MTAL1 in the regulation of MyD88 expression, we next
cloned the MyD88 promoter fragment (+67 to —1233) into a
TATA-less pGL3-luc reporter. We found that LPS is a potent
inducer of MyD88 transcription and that depletion of the
endogenous MTA1 by specific siRNA in the Raw cells (Fig. 24)
and in MEFs (Fig. 2B) compromises the ability of LPS to induce
MyD88 promoter activity. Consistent with these observations,
we found that MTA1 overexpression in the Raw cells induces
MyD88 promoter activity as well as MyD88 mRNA (Fig. 2, C
and D). These results suggest that MTA1 may be a mechanistic
mediator of MyD88 stimulation in LPS-stimulated cells.

To gain a deeper insight into the mechanism of LPS stimula-
tion of the MyD88 transcription, we next conducted a ChIP-
based promoter-walk in the Raw cells stimulated with or with-
out LPS and mapped the recruitment of MTA1 onto two
regions of the MyD88 promoter at (+81 to —93) and (—280 to
—569) (Fig. 3, A and B). We also found that MTA1-Pol II coac-
tivator complexes are corecruited to these regions of MyD88
promoter in LPS-stimulated macrophages (Fig. 3C). Interest-
ingly, we also observed an in-parallel, de-recruitment of the
MTAI1-HDAC?2 corepressor complex from the above regions of
the MyD88 promoter in LPS-stimulated Raw cells (Fig. 3D).
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FIGURE 4. MyD88 is target gene of NF-kB. A, MyD88 promoter-luciferase activity followed by Western blot
analysis for MyD88 expression in Raw cells treated with LPS in the presence of parthenolide. B, MyD88 pro-
moter-luciferase activity in Raw cells treated with LPS after cotransfecting with p65. C, four NF-«kB motifs in
mouse MyD88 promoter. The NF-«B consensus sequences were identified by using the program alibaba 2.1.
The functionally active NF-«B sites are in bold. D, ChIP analysis of p65, p65 followed by RNA polymerase II, and
MTA1 followed by p65 recruitment to MyD88 chromatin in Raw cells treated with LPS for 1 h. E, effect of
parthenolide on the recruitment of p65 onto MyD88 promoter (+81 to —93 and —280 to —569) in LPS-
stimulated Raw cells. F, EMSA analysis of p65 binding to the mouse MyD88 promoter using the oligonucleotide
encompassing NF-kB consensus sequences (Site 1, Site 2, and Site 3) in Raw cells treated LPS for 2 h.
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FIGURE 5. Selective knockdown of MyD88 compromised NF-kB, TNF-c;, and MTA1 expression. A, NF-«B
promoter-luciferase activity in LPS-stimulated Raw cells with or without TIR-MyD88. B, TNF-a promoter-lucif-
erase activity in LPS-stimulated Raw cells with or without TIR-MyD88. C, MTA1-promoter-luciferase activity and
gPCR analysis of MTA1 mRNA expression in LPS-stimulated Raw cells with or without TIR-MyD88, a dominant
negative mutant of MyD88.

transiently expressed p65RelA in-
creases MyD88 promoter activity
under both basal and LPS-inducible
conditions in the Raw cells (Fig. 4B).

To elucidate the molecular details
of MTAL1 regulation of MyD88 tran-
scription, we scanned the MyD88
promoter for the putative NF-«B
consensus motifs. This exercise led
to the identification of three per-
fect NF-kB motifs in the MyD88
promoter for the first time (Fig.
4C). Results from anti-p65RelA
antibody-based ChIP analysis of
the MyD88 promoter indicated
that LPS stimulation enhances the
recruitment of p65RelA to the
regions 1 (+81 to —93) and (—280
to —569) (Fig. 4D) and not to region
3 (—877 to —1053) of the MyDS88
promoter. We also found that
p65RelA-Pol II and MTA1-p65RelA
complex also recruited to these
regions in the AMyD88 promoter
(Fig. 4D). Importantly, p65RelA
recruitment to the MyD88 chroma-
tin was effectively prevented by the
NE-kB inhibitor parthenolide (Fig.
4E).

Region 1 of the MyD88 promoter
contains a single NF-«B site (site 1),
whereas region 2 contains two
NE-«B sites (sites 2 and 3) (Fig. 4C).
To demonstrate a potential direct
binding of p65RelA to the mouse
MyD88 promoter DNA, we next
performed EMSA using a 26-
bp oligonucleotide encompassing
sites 1, 2, and 3 and the nuclear
extracts from LPS-stimulated Raw
cells. We found evidence of dis-
tinct p65RelA-DNA complex for-
mation using probes encompassing
sites 1 and 3 but not site 2 of the
MyD88 promoter DNA (Fig. 4F).
The specificity of the detected

Together, these findings suggest that MTA1 targets MyD88
chromatin in LPS-stimulated macrophages.

MyD88 Is a NF-kB-regulated Gene—Because MTAL1 status
affects both NF-«kB signaling (28) and MyD88 expression in
LPS-stimulated Raw cells (this study) and because LPS is a
potent inducer of NF-«B (33), we next determined the mecha-
nism of LPS regulated MyD88 expression. As illustrated in Fig.
4A, inhibition of the NF-kB pathway by the pharmacologic
inhibitor parthenolide suppressed LPS-mediated stimulation
of MyD88 promoter activity and MyD88 protein expression in
the Raw cells, suggesting that LPS may regulate MyD88 via
NE-kB pathway. In support of these findings, we found that
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protein'DNA complex was further verified by supershift exper-
iments using anti-p65RelA but not control IgG or MTA1-anti-
body (Fig. 4F, compare lanes 4 and 14 with lanes 2 and 12,
respectively). These results suggest that LPS stimulates MyD88
transcription via a direct binding of p65RelA binding to the
MyD88 promoter and that MyD88 is a NF-kB-responsive gene.

MyD88 Regulates NF-kB Target Genes—To determine
whether MyD88 plays a mechanistic role in LPS-stimulation of
the NF-«B target genes, we used a well characterized dominant
negative mutant of MyD88, known as TIR-MyD88 (12). We
found that transient expression of TIR-MyD88 impaired the
ability of LPS to stimulate the NF-kB-luc activity (Fig. 54) as
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FIGURE 6. MyD88 regulates NF-«B target genes. A, TNF-a, MIP2, IL-13, MTA1
promoter-luciferase activities in LPS (1 wg/ml for 4 h) stimulated Raw cells
after knocking down MyD88 using MyD88-siRNA. B, qPCR analysis of TNF-a,
MIP 2,1L-13, MTA1, and MyD88 mRNA expression in LPS-stimulated Raw cells
after knocking down MyD88 using MyD88-siRNA is shown.

well as TNF-a promoter-luc activity (Fig. 5B). Consistent with
these findings, TIR-MyD88 also impaired the ability of LPS to
stimulate MTAI promoter-luc activity and MTA1 expression
(Fig. 5C), which itself is a NF-kB-regulated gene (28). These
findings suggested a potential role of MyD88 in the expression
of LPS-inducible genes.

To validate the role of MyD88 in the expression of LPS-in-
ducible genes independently, we next showed that selective
siRNA-mediated knockdown of MyD88 in the Raw cells is
accompanied by a significant reduction in the ability of LPS to
induce promoter activities driven from TNF-«, MIP2, IL-1f,
and MTAI (Fig. 6A) and the mRNAs expression of TNF-a,
IL-13, MIP2, and MTAI (Fig. 6B) in Raw cells. To understand
further the possible involvement of other TLRs in mediating
the observed LPS-induced cytokine production, we next exam-
ined the mRNA levels of TLR4, TLR3, and TLR2 along with
INEF-3, one of the targets of TLR3 in LPS-stimulated MEFs and
macrophages isolated from MTA1"’" and MTA1 /" mice.
MTAL1 depletion substantially compromised the ability of LPS
to induce TLR4 mRNA expression, whereas the mRNA levels of
TLR2, TLR3, and INF-B were not compromised in MEFs and
macrophages (Fig. 7, A and B), suggesting the involvement of
TLR4 MyD88-dependent signaling as modified by the status of
MTALI. In addition to these findings, we also observed the com-
plete abolition of the MAPK activation in response to LPS treat-
ment of MTA1 ™/~ MEFs (Fig. 7C). However, an early activa-
tion of MAPKs was observed in MTA1"/" MEFs in response to
LPS as expected (Fig. 7C). These results also validated the role
of MAPKs in TLR4 MyD88-dependent signaling. Together,
these findings revealed that MTA1 regulation of MyD88
expression may constitute, at least in part, one of the mecha-
nisms by which MTA1 modulates LPS-induced NF-«B signal-
ing in stimulated macrophages (Fig. 7D).

In brief, our finding of MTA1 regulation of MyD88 has intro-
duced a new regulatory player to the cascade of event leading to
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FIGURE 7. MTA1 regulates LPS response via TLR4 MyD88-dependent
signaling. A and B, qPCR analysis of TLR4, TLR2, TLR3, and INF-8 mRNA
expressions in LPS-stimulated MEFs and macrophages isolated from
MTA1*/* and MTA1~/~ mice, respectively. C, Western blot analysis of
phospho-ERK (P-ERK), ERK, phospho-JNK (P-JNK), and JNK in MTA1"/* and
MTA1~/~ MEFs in the presence and absence of LPS. D, schematic repre-
sentation of MTA1 regulating LPS response via MyD88-dependent signal-
ing: LPS stimulation of macrophages is accompanied by transcriptional
stimulation of MTA1 through NF-kB pathway. Once MTA1 is induced, it
acts as a coactivator and gets recruited to the MyD88 promoter, leading to
increased MyD88 expression, which in turn, further potentiates NF-«B sig-
naling as well as MyD88 transcription.

the induction of immune and proinflammatory genes by TLRs.
In general, TLR signaling is regulated at multiple levels, and
some, but not all, of the pathways are MyD88-dependent (34 —
36). For example, MyD88 regulates proinflammatory cytokines
in a class-specific manner (37) and also needed for the recruit-
ment of NF-«B, RNA polymerase II, and TATA-binding pro-
teins to secondary response gene promoters (Cxcl2, Cxcl1, and
Tnf genes which encode MIP2, GRO1, and TNF-a, respec-
tively) (37). Accordingly, expression levels of all of these (pri-
mary and secondary responsive genes) are significantly reduced
in MyD88 ™'~ macrophages (37). Chromatin modifications of
TLR-dependent genes have been also implicated in the negative
regulation of the inflammatory response (38). In addition to
inflammation, recent studies have also linked a role of MyD88
in NF-«kB-mediated proliferation and invasion of ovarian,
colon, and pancreatic cancer cells (20, 39). However, the precise
molecular mechanisms responsible for the regulation of
MyDB88 at the transcriptional level in cancer and immune cells
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remain poorly understood. In this context, our present data
demonstrate that MTA1 contributes to the regulation of the
LPS response via modulating the MyD88-dependent signaling
and expression of proinflammatory cytokines. Emerging data
suggest that MTA1 regulates its target genes either by acting as
a corepressor (40, 41) or as transcriptional coactivator via inter-
acting with RNA polymerase II (42, 43). Our results showed
that MyD88 is target of MTAL, and it regulates the AMyD88
expression at the transcription level by directly binding to its
promoter as a part of the p65 and RNA polymerase II complex
(Figs. 3 and 4). These findings raises the possibility that MTA1
may protect the animal by regulating the innate immune
response either by directly modulating the NF-«B signaling (28)
or by regulating the MyD88-dependent signaling. Because
MTAL is widely up-regulated in human cancer, these findings
further add to our understanding of the complex regulatory
mechanisms involved between the immune system and the
cancer.

Acknowledgment—We thank Katherine A. Fitzgerald for providing
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