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TGF-p1 Stimulates Mouse Macrophages to
Express APRIL through Smad and

p38MAPK/CREB Pathways

Young-Saeng Jang', Jae-Hee Kim', Goo-Young Seo', and Pyeung-Hyeun Kim

A proliferation-inducing ligand (APRIL), a new TNF family
member, supports B-cell survival and tumor cell prolifera-
tion. APRIL is secreted as a soluble protein by macro-
phages, dendritic cells and activated T cells. However,
factors involved in regulation of APRIL expression are as
yet unknown. In this study, we investigated the effect of
TGF-B1 on APRIL expression in P388D1, a mouse macro-
phage cell line. TGF-B1 induced APRIL mRNA expression
in a time- and dose-dependent manner. One nanogram per
milliliter of TGF-B1 was optimal and APRIL transcripts ap-
peared as early as 3 h after stimulation. Based on our stud-
ies, which included overexpression of Smad3, DN-Smad3,
and sh-Smad3, we found that Smad3 mediates APRIL
transcription at least partially. Further, experiments using
inhibitors revealed that p38MAPK and CREB are also in-
volved in TGF-B1-induced APRIL expression. These re-
sults suggest that TGF-p1, through Smad3 and p38MAPK/
CREB signaling pathways, stimulates APRIL expression in
macrophages.

INTRODUCTION

Antigen presenting cells (APCs) such as dendritic cells (DC)
and macrophages play a central role in adaptive T- and B-cell
responses. DCs enhance B cell proliferation and differentiation,
(Dubois et al., 1997; 1999). Further, B cell-activating factor
(BAFF), which belongs to the TNF family, and a proliferation-
inducing ligand (APRIL), are expressed by macrophages and
DCs, and are critical factors for the growth and survival of both
normal and malignant B cells (Fagarasan and Honjo, 2000;
Litinskiy et al., 2002). Interestingly, APRIL is known to increase
IgA and IgM but not IgG responses to T cell-dependent anti-
gens (Stein et al., 2002). More specifically, APRIL is known to
exclusively influence IgA isotype regulation: IgA production
increases in APRIL transgenic mice (Stein et al., 2002), and
conversely, IgA class switching recombination is impaired in
APRIL-deficient mice (Castigli et al., 2004).

It has been shown that IFN-y, IFN-o. and CD40 ligation stimu-
late macrophages and DCs to express APRIL and BAFF

1,2,%

mRNA (Litinskiy et al., 2002). In addition, we have previously
shown that TGF-B1 and IFN-y stimulate mouse macrophages
to express BAFF (Kim et al., 2008). Therefore, we explored the
effects of TGF-B1 on APRIL expression in mouse macro-
phages to see if TGF-B1 indirectly regulates B cell differentia-
tion by influencing macrophages. Our results demonstrate that
TGF-B1 can modulate mouse macrophages to express APRIL
via Smad3 and p38MAPK/CREB pathways.

MATERIALS AND METHODS

Reagents

TGF-B1 was purchased from R&D Systems (USA). PD98059,
SB203580, SB431542, and SP600125 were obtained from
Sigma Chemical Co. (USA).

Animals

BALB/c mice were purchased from Orient. Co., Ltd. (Korea)
and maintained on an 8:16 h light:dark cycle in an animal envi-
ronmental control chamber (Myung Jin Inst. Co., Korea). Ani-
mal care was in accordance with the institutional guidelines of
Kangwon National University.

Cell preparation and culture

The P388D1 mouse macrophage cell line was cultured in
DMEM supplemented with 10% FBS (HyClone Labs, USA) and
penicillin (100 U/ml)/streptomycin (100 ng/ml; Gibco BRL, USA)
using a humidified CO; incubator (Sanyo, Japan).

Normal macrophages were isolated from the peritoneal cav-
ity of BALB/c mice following i.p. administration of 3% thioglyco-
late (3 ml). Peritoneal cells were harvested 72 h after injection
and adherent cells were collected after 16 h incubation on petri
dishes.

Plasmid constructs and transfection

Mammalian expression vectors containing Smad3 and Smad4
subcloned into N-terminal FLAG-tagged pcDNAS3, were gener-
ously provided by Dr. Masahiro Kawabata (Department of Bio-
chemistry, The Cancer Institute, Japan). The DN-Smad3 plas-
mid was provided by Dr. M. Kato (The Cancer Institute, Japan)
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Fig. 1. TGF-B1 enhances APRIL expression in
mouse macrophages. (A) Effects of TGF-1
on APRIL mRNA expression by mouse ma-
crophages. P388D1 cells were incubated
with the indicated dose of TGF-B1 for 9 h.
APRIL mRNA levels were determined by RT-
PCR. (B) Effect of TGF-B1 on APRIL tran-
scripts as a function of time. TGF-B1 was
added to P388D1 cell cultures for the indi-
cated times. (C) Freshly isolated mouse peri-
toneal macrophages were incubated with
TGF-B1 for 9 h. PCRs containing cDNA dilu-
tions of 1:1, 1:2, and 1:4 are shown. Fold
increase values represent relative amounts of
APRIL cDNA normalized to expression of

B-actin cDNA using Scion Image analysis (NIH software). (D) Levels of APRIL protein were determined by Western blot.

(Goto et al., 1998). pRetrosuper Smad3 (Addgene plasmid
15726) which expresses Smad3 shRNA, was purchased from
Addgene (USA). pCMV2-CREB (rat CREB expression plasmid)
was obtained from Dr. P. R. Dobner (University of Massachu-
setts Medical School, USA). DN-CREB, containing an alanine
substitution at the phosphorylation site serine 133 of wild type
rat CREB, was constructed using QuikChange™ Site-Directed
Mutagenesis (Stratagene, USA).

For transient transfection, P388D1 cells were seeded on six-
well plates and transfected using GENE SHUTTLE-20 (Q-
biogene, USA) according to the manufacturer’s protocol.

RT-PCR

RNA preparation, reverse transcription, and PCR were per-
formed as described previously (Park et al., 2001). PCR prim-
ers were synthesized by Bioneer Corp. (Korea). The primers
used for mouse APRIL were: forward primer 5'-CCT CAC TTC
TGA GAC CAC AGC-3' and reverse primer 5-GAA CAA CAG
TCA AGG CAA AGC-3'. PCR was performed in parallel with -
actin primers to allow normalization of the cDNA concentration
in each set of samples.

Flow cytometry

Cultured cells were washed with HBSS and resuspended in
0.01 M PBS at a density of 1 x 10° cells/ml. The cell suspension
was incubated with rabbit anti-APRIL antibody (ProSci., Inc.,
USA) at 4°C for 30 min. After washing, the cells were incubated
with FITC-conjugated anti-rabbit IgG antibody (Becton Dickin-
son, USA) at 4°C for 30 min, washed three times with 0.01 M
PBS, and resuspended in 0.01 M PBS containing 1% formalin.
Cytofluorometric analysis was carried out using a FACScan
(Becton Dickinson).

Western blot analysis

Total cell lysates were subjected to SDS-PAGE under reducing
conditions and proteins were transferred to PVDF membranes
(Bio-Rad, USA). Immuno detection was performed by incuba-
tion with either rabbit anti-APRIL antibody, anti-p38MAPK, anti-
phospho-p38MAPK, anti-CREB, or anti-phospho-CREB (Cell
Signaling Technology, USA) antibodies, followed by peroxi-
dase-conjugated goat anti-mouse or goat anti-rabbit IgG (Pierce,
USA), and visualized by chemiluminescence using a Supersig-
nal detection kit (Pierce).

RESULTS

Effect of TGF-B1 on APRIL expression by mouse
macrophages

It is increasingly clear that APCs directly affect B cells: macro-
phages regulate B-cell responses, and TNF-like ligands APRIL
and BAFF expressed by macrophages play an important role in
B-cell activation and differentiation (Stein et al., 2002). Ig iso-
type switching is a critical event in B-cell differentiation, and
TGF-B1 is a specific switching factor for the IgA and IgG2b
mouse isotype (Kim and Kagnoff, 1990; Mclntyre et al., 1993).
Since we have previously demonstrated that TGF-B1 stimulates
mouse macrophages to express BAFF (Kim et al., 2008), it was
worthwhile to investigate if TGF-B1 can modulate macrophages
to express another member of the same family, APRIL. Indeed,
we found that TGF-B1 induced APRIL transcription in the
mouse macrophage cell line, P388D1 as shown in Fig. 1A.
Maximum induction was observed at the conditions of 1 ng/ml
TGF-B1 and 9 h stimulation (Fig. 1B). TGF-B1 also stimulated
APRIL expression in primary peritoneal macrophages at the
transcriptional and intracellular protein levels (Figs. 1C and 1D).
These observations indicate that macrophages, under the influ-
ence of TGF-B1, can express APRIL.

Roles of Smad3 and Smad4 in TGF-B1-induced APRIL
expression

We proceeded to elucidate the mechanisms underlying TGF-
B1-induced APRIL expression. As Smad3 and Smad4 are well-
known intermediates in the TGF-B signaling pathway (Massa-
gue, 1998), we asked whether they mediate APRIL expression.
Overexpression of a dominant negative variant of Smad3 (DN-
Smad3) significantly abrogated APRIL transcription in a dose-
dependent manner (Figs. 2A and 2B). Furthermore, sh-Smad3,
which silences Smad3 expression, also eliminated the effect of
TGF-B1 on APRIL transcription (Fig. 2C).

Based on the observation that Smad3 mediates TGFp1-
induced APRIL transcription, we next determine the effect of
TGF-B1 and Smad3/4 at the protein level. We found that TGF-
B1 actually increases the expression of membrane-bound
APRIL (Fig. 3). This effect of TGF-B1 on surface APRIL expre-
ssion was augmented by overexpressed Smad3/4, and abro-
gated by either overexpression of DN-Smad3 or Smad3 shRNA.
Robust expression of both transfected Smad3 and DN-Smad3
was verified by Western blot (Fig 3, rounded box). Taken to-
gether, these results indicate that Smad-dependent pathway is
involved in TGFB1-induced APRIL expression.
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Fig. 2. Smad3 and Smad4 mediate TGFp1-induced
APRIL expression. (A) P388D1 cells were transfected
with 2 ug each of Smad3/4 or DN-Smad3 expression
plasmids and stimulated with TGF-B1 for 9 h. Levels
of APRIL transcripts were determined by RT-PCR.
For PCR, cDNAs from each sample were prepared to
1:1, 1:3, and 1:9 dilutions. Fold increase values rep-
resent relative expression of APRIL normalized to
expression of B-actin. (B, C) Cells were transfected
with DN-Smad3 (2, 4, 8 ng) or Smad3 shRNA (2 pg)
prior to treatment with TGF-g1 for 9 h. Levels of
APRIL transcripts were measured by RT-PCR.
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Fig. 3. Effects of TGF-B1 and Smad3/4 on Surface APRIL Expression. P388D1 cells were transfected with Smad3/4 (each 2 pg), DN-Smad3
(8 ng) or Smad3 shRNA (2 ng) and incubated with TGF-B1 (1 ng/ml) for 48 h. Surface APRIL expression was analyzed by FACS by using
anti-APRIL antibody. Western blot was performed to detect the expression of transfected Smad3 (rounded box).

Induction of APRIL expression by TGF-B1 involves the
p38MAPK/CREB pathway

It has been demonstrated that the TGF-p signal activates
Smad-independent pathways in cell type dependent, i.e MAPKs
such as c-Jun N-terminal kinases (JNK) and extracellular sig-
nal-regulated kinases (ERK) (Dubois et al., 1999; Yamaguchi et
al., 1995). Further, p38MAPK is a downstream molecule of
TGF-B-activated kinase 1 (TAK1) in TGF-B signaling (Hanafusa
et al.,, 1999), and activates CREB in this pathway (Johanne-
ssen et al., 2004). Therefore, we tested these possibilities using
appropriate inhibitors. SB203580, a p38MAPK inhibitor, com-
pletely abolished TGFB1-induced APRIL transcription whereas
both PD98059 (ERK inhibitor) and SP600125 (JNK inhibitor)
had little effect (Fig. 4A), suggesting that p38MAPK plays a
critical role in induction of APRIL by TGF-B1. Moreover, over-
expression of CREB, one of the downstream molecules in-
volved in p38MAPK signaling, enhanced TGF-B1-induced APRIL
mRNA expression (Fig. 4B). In contrast, overexpression of DN-
CREB completely abrogated the increase in APRIL transcrip-

tion induced by TGF-B1. Similarly, SB203580 abolished the
increase in APRIL transcription induced by TGF-B1 and over-
expressed CREB (Fig. 4B). These findings were paralleled by
changes in APRIL expression at the protein level (Fig. 4C-1).
Robust expression of both transfected CREB and DN-CREB
was verified by Western blot (Fig. 4C-2). Finally, we found that
TGF-B1 induces phosphorylation of p38MAPK and CREB (Fig.
5A).

Taken together, these results indicate that the p38MAPK—
CREB and the Smad pathways are involved in TGFB1-induced
APRIL expression, as proposed in Fig. 5B.

DISCUSSION

In the present study, we demonstrate that TGF-1 stimulates
mouse macrophages to produce APRIL and two different TGF-
B1 signaling pathways via Smad3/4 and p38MAPK-CREB, are
involved in this process. Analogous to these results, it has been
reported that TGF-B1 signaling activates two independent



Fig. 4. Involvement of p38MAPK and
CREB in TGFB1-induced expression
of APRIL. (A) TGF-B1 induces APRIL
mRNA expression via p38MAPK.
P388D1 cells were pre-treated with 5
uM PD98059 (an ERK inhibitor), 10
uM SP600125 (a JNK inhibitor), 10
uM SB431542 (an inhibitor of ALK4,

5, and 7), or 10 uM SB203580 (a p38
MAPK inhibitor) for 1 h, and then
stimulated with TGF-B1 (1 ng/ml) for
9 h. (B, C-1) Cells were transfected
with 1 pg of the expression vectors
for CREB or DN-CREB prior to treat-
ment with TGF-B1 (1 ng/ml) for 9 h.
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pathways, the Smad-mediated and the TAK1-mediated path-
ways (Heldin et al., 1997; Moriguchi et al., 1996). In the TAK1
pathway, TGF-B1 activates TAK1-MKK6-p38MAPK (Hanafusa
et al,, 1999) and CREB, p38 MAPK downstream molecules
(Chen and Xie, 2010; Johannessen et al., 2004). Between the
two pathways, we do not distinguish at the moment which
pathway is more relevant to TGFB1-induced APRIL expression
as often demonstrated by others (Hanafusa et al., 1999;
Kamaraju and Roberts, 2005; Patel et al., 2010). We have pre-
viously shown that TGF-f1 induces the expression of BAFF,
another TNF family member, mainly through Smad3/4 signaling
(Kim et al., 2008). Thus, the mechanisms underlying APRIL
and BAFF induction by TGF-B1 are slightly different, though
both molecules are involved in Ig synthesis by B lymphocytes.
It is known that the DNA-binding specificity of Smad proteins
is relatively low. Thus, individual Smad proteins must cooperate
with other DNA binding proteins to elicit specific transcriptional
responses (Feng et al., 1998; Hanai et al., 1999). In this context,
we have demonstrated that Runx3 synergizes with Smad3/4 to
induce Ig germ-line o transcription leading to IgA isotype
switching (Park et al., 2003). In addition, HIF-1a. cooperates
with Smad3/4 to mediate TGFB1-induced VEGF transcription in
mouse macrophages (Jeon et al., 2007). The present data
indicate that CREB could play this role in TGFp1-inducible
APRIL transcription. Consistent with this hypothesis, TGF-31
signaling involves the phosphorylation of CREB (Potchinsky et
al., 1997) and CREB cooperates with Smads to mediate TGFB1-

induced germline Ig o promoter activity (Zhang and Derynck,
2000). We note that the present report does not address this
issue and that it is essential to clone the promoter region to
elucidate whether this is the case. Nevertheless, we and others
have been unable thus far to clone the APRIL promoter region,
although we were successful in the construction of a mouse
BAFF promoter reporter (Kim et al., 2008). One of the probable
obstacles in determining the APRIL promoter region is the in-
trinsic complexity of the gene structure and its expression pat-
tern: another TNF family gene, TWEAK, is closely linked to the
APRIL gene and the two are often expressed together as a
TWE-PRIL fusion protein (Bossen and Schneider, 2006). There-
fore, it still remains to be determined whether and how CREB
and Smad3/4 bind the promoter region of APRIL gene.

In conclusion, TGF-B1 is a well known cytokine that induce
isotype switching recombination of IgA in mouse B cells (Coff-
man et al., 1989; Kim and Kagnoff, 1990). It is generally ac-
cepted that activated Th cells produce these cytokines which in
turn directly modulate B cells. Nonetheless, there is accumulat-
ing evidence that macrophages affect B cell proliferation and
differentiation (Craxton et al., 2003; Fagarasan and Honjo, 2000;
Litinskiy et al., 2002). We have shown that APRIL, as well as
BAFF, are produced by TGFB1-stimulated mouse macrophages
(Kim et al., 2008). BAFF and APRIL can activate B cells to
express activation-induced deaminase (AID), which is a critical
enzyme for Ig class switch recombination (Castigli et al., 2005;
Litinskiy et al., 2002; Yamada et al., 2005). Taken together, our
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in vitro studies indicate that TGF-B1 induces the expression of
APRIL and BAFF in macrophages and thereby exerts an impor-
tant effect on Ig isotype switching in vivo.
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