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The Journal of Immunology

Dragon (Repulsive Guidance Molecule b) Inhibits IL-6
Expression in Macrophages

Yin Xia,""J"JlE’1 Virna Cortez-Retamozo,* Vera Niederkoﬂer,m Rishard Salie,M
Shanzhuo Chen,”"dr’jk Tarek A. Samad," Charles C. Hong,#’** Silvia Arber,§"H
Jatin M. Vyas,ﬂ Ralph Weissleder,** Mikael J. Pittet,* and Herbert Y. Lin*"*

Repulsive guidance molecule (RGM) family members RGMa, RGMb/Dragon, and RGMc/hemojuvelin were found recently to act as
bone morphogenetic protein (BMP) coreceptors that enhance BMP signaling activity. Although our previous studies have shown
that hemojuvelin regulates hepcidin expression and iron metabolism through the BMP pathway, the role of the BMP signaling
mediated by Dragon remains largely unknown. We have shown previously that Dragon is expressed in neural cells, germ cells,
and renal epithelial cells. In this study, we demonstrate that Dragon is highly expressed in macrophages. Studies with
RAW264.7 and J774 macrophage cell lines reveal that Dragon negatively regulates IL-6 expression in a BMP ligand-dependent
manner via the p38 MAPK and Erk1/2 pathways but not the Smad1/5/8 pathway. We also generated Dragon knockout mice
and found that IL-6 is upregulated in macrophages and dendritic cells derived from whole lung tissue of these mice compared
with that in respective cells derived from wild-type littermates. These results indicate that Dragon is an important negative regu-
lator of IL-6 expression in immune cells and that Dragon-deficient mice may be a useful model for studying immune and

inflammatory disorders. The Journal of Immunology, 2011, 186: 1369-1376.

one morphogenetic proteins (BMPs) represent a large
subfamily of the TGF-3 superfamily of ligands that trans-
duce their signals through type I and II serine/threonine
kinase receptors and intracellular Smad proteins. TGF-3 super-
family members play numerous roles in physiologic and pathologic
processes, including cell proliferation, differentiation, apoptosis,
and specification of developmental fate during embryogenesis and
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in adult tissues (1). TGF-f signaling also regulates immune func-
tion as demonstrated by the targeted inactivation of TGF-B1 in
mice, which led to a mixed inflammatory cell response and to tissue
necrosis (2). Subsequent studies revealed that activins (3, 4) and
BMPs (5-11) also regulate inflammatory cytokines and chemo-
kines in various cell types, including macrophages, monocytes, and
osteoblastic cells.

Dragon (RGMb), along with two other members of the repulsive
guidance molecule (RGM) family, RGMa and RGMc (hemoju-
velin), are GPI-linked membrane-associated proteins. Recently,
we showed that the three RGM proteins are all coreceptors that
enhance BMP signaling through increased utilization of BMP
type 1I receptor ActRIIA by BMP2 and BMP4 (12-18). Dragon is
expressed in neural tissues, where it may promote cell—ell adhesion
by homophilic interactions (19). Dragon also is expressed in other
organs, including the ovary, testis, and kidney (13, 16). In the kidney,
Dragon is expressed in the epithelium of renal tubules, where it
may facilitate the formation of tight junctions via the BMP-Smad
signaling pathway (16). However, the expression and function of
Dragon in other cells and organs have not been characterized.

Because BMP signaling can regulate macrophage function, we
investigated whether Dragon plays a role in this process. We found
that Dragon is highly expressed in macrophages and is involved
directly in the suppression of IL-6 expression through the p38
MAPK and Erk1/2 pathways. Through the generation of Dragon
knockout (KO) mice, we report a central role of Dragon in con-
trolling IL-6 expression in lung macrophages in vivo. To our
knowledge, this is the first BMP signaling function in vivo that has
been identified for the Dragon protein.

Materials and Methods
RT-PCR

Total RNA was isolated from RAW264.7 macrophages using an RNeasy
mini kit (Qiagen) according to the manufacturer’s instructions. First-strand
cDNA synthesis was performed using an iScript cDNA synthesis kit (Bio-
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Rad). Transcripts of mouse BMP2, BMP4, BMP5-7, and RGMb were
amplified using the primers described previously (14, 16).

Small interfering knockdown

Mouse Dragon and BMPRII small interfering RNAs (siRNAs) were pur-
chased from Ambion, and the sequences were described previously (14).
SMARTpool siRNAs against mouse Smad4 were purchased from Dhar-
macon. siRNA duplexes (100 nM) were added to subconfluent RAW264.7
or J774 macrophages using Lipofectamine 2000 (Invitrogen) or Dharma-
Fectl (Dharmacon). Cells then were incubated with or without BMP4 (50
ng/ml; R&D Systems), LPS (10 ng/ml; Sigma), the p38 MAPK inhibitor
SB203580 (2.5 M), or the Erk1/2 inhibitor PD98059 (2.5 uM). Assays to
measure mRNA levels of IL-6, MCP-1, TNF-q, IL-1B, IFN-y, RGMb, 1d1,
and RPL19 or phosphorylation levels of Smad1/5/8, p38 MAPK, or Erk1/2
were performed 46 h after transfection. For the experiments with pulmo-
nary artery smooth muscle cells (PASMCs), HUVECsS, inner medullar
collecting duct (IMCD?3) cells, and C2C12 cells, Dragon siRNA duplexes
were used at concentrations of 60-80 nM.

Dragon ¢cDNA transfection

Mouse Dragon cDNA (200 ng/ml) was transfected into RAW264.7 mac-
rophages using Lipofectamine 2000. Transfected cells then were incubated
with noggin (500 ng/ml; R&D Systems) or LDN-193189 (0, 40, and 400
ng/ml; Shanghai United Pharmatech Company, Shanghai, China). Assays

>
w
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to measure mRNA levels of IL-6 and RPL19 were performed 46 h after
transfection.

Measurement of gene expression

Real-time quantification of mRNA transcripts was performed as described
previously (14, 15). First-strand cDNA was amplified with the primers as
described previously (9, 14, 20, 21). Results are expressed as a ratio of the
gene of interest to RPL19.

Western blotting

Lung tissues or RAW264.7 cells were lysed in TBS (50 mM Tris-HCl, 150
mM NaCl, and 1% Triton X-100 [pH 7.4]) containing protease inhibitor
mixture (Pierce) and phosphatase inhibitor mixture (Pierce) for 30 min on
ice. After centrifugation for 10 min at 4°C, the supernatant was assayed for
protein concentration by colorimetric assay (BCA kit; Pierce). A total of
20-40 wg of protein was separated by SDS-PAGE and transferred to
polyvinylidene difluoride membranes. Membranes were probed with rabbit
anti—phospho-Smad1/5/8, anti—phospho-p38 MAPK, and anti—phospho-
Erk1/2 polyclonal Abs (1:1000 dilution; Cell Signaling Technology,
Beverly, MA) or goat anti-mouse IL-6 (R&D Systems). Membranes were
stripped in 0.2 M glycine (pH 2.5) and 0.5% Tween 20 for 10 min and
reprobed with rabbit anti-Smad1, anti-total p38 MAPK, anti-total Erk1/2
(Cell Signaling), or anti-actin Abs (Sigma).
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FIGURE 1. IL-6 is a target of Dragon in RAW264.7 and J774 macrophages. A—C, IL-6 mRNA expression is inhibited by BMP4 (A) and increased by
noggin (B) or by inhibition of BMPRII expression (C). RAW264.7 macrophages were incubated with BMP4 (50 ng/ml) for 0-8 h, incubated with noggin
(500 ng/ml) overnight, or transfected with control or BMPRII siRNA. Cells then were harvested for RNA extraction and real-time PCR for IL-6 and RPL19.
IL-6 expression levels of the treated cells were expressed as a fraction of values from the controls. D, Expression of RGMa, RGMb, and RGMc mRNAs in
RAW?264.7 macrophages. Total RNA from RAW264.7 cells was extracted for RT-PCR to determine the expression of RGMa, RGMb, and RGMc. Total
RNA from the mouse liver was used in PCR analyses as positive controls. E and F, IL-6 mRNA expression is upregulated by inhibition of Dragon ex-
pression in RAW264.7 (E) and J774 (F) macrophages. RAW264.7 (E) or J774 (F) cells were transfected with control or Dragon siRNA and analyzed for
mRNA levels of IL-6, MCP-1, TNF-a, IL-1B3, IFN-y, and Dragon. The expression levels of these factors are normalized to RPL19 and expressed as
a fraction of values from the respective controls. The efficacy of BMPRII siRNA or Dragon siRNA is shown in the insets. *p < 0.05; **p < 0.01.
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Dragon KO mice

To generate Dragon KO mice (C57/B6/129), a mouse genomic library was
screened using a mRGMb-specific probe (Incyte Genomics, Palo Alto,
CA). The second coding exon of mRGMb was disrupted by inserting
a cassette containing an enhanced GFP, followed by an IRES-NLS-LacZ-
pPA and a thymidine kinase-neomycin cassette using homologous re-
combination in embryonic stem (ES) cells. ES cell recombinants were
screened by Southern blot analyses. The genotyping of mRGMb mutant
mice was performed by Southern blotting (primers for the probe, 5'-GTT
CCT AGG GAG AAT AGC GTC TCC-3' and 5'-ACA GGC ACG TTC
GTC ACT TGA ACC-3') (Supplemental Fig. 4) or PCR (5'-GTC AAT
CCG CCG TTT GTT CCC ACG G-3' and 5'-GCG TGT ACC ACA GCG
GAT GGT TCG G-3' for the KO allele; 5'-ACA GGC ACG TTC GTC
ACT TGA ACC-3' and 5'-GTT CCT AGG GAG AAT AGC GTC TCC-3’
for the wild-type [WT] allele). Northern blot and RT-PCR analyses of
mRGMb KO mice confirmed the absence of RGMb mRNA in the brain
and lung, respectively (Supplemental Fig. 4). A sequence described pre-
viously for in situ hybridization was used for the probe for Northern blot
analysis (22).

Mice were housed under specific pathogen-free conditions with a light/
dark cycle of 12 h/12 h and ad libitum access to food and water. Het-
erozygous animals were bred to obtain homozygous Dragon-null mice. All
of the procedures were performed in accordance with Massachusetts
General Hospital animal care regulations.

Flow cytometry

Mice were sacrificed 10-12 d after birth. Lungs were digested with col-
lagenase 1 (Sigma-Aldrich) at 37°C for 1 h. RBCs were lysed with am-
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FIGURE 2. Dragon action on IL-6 expression is BMP ligand-dependent.
A, Expression of BMP ligands BMP2 and BMP4-BMP7 in RAW264.7
macrophages. Total RNA from RAW cells was extracted for RT-PCR to
determine the expression of BMP2 and BMP4-BMP7 mRNAs. Total RNA
from the mouse kidney was used in PCR analyses as positive controls. B,
Inactivation of BMP ligands by noggin abolished inhibition of IL-6 ex-
pression induced by RGMb overexpression. RAW264.7 cells was trans-
fected with and without Dragon cDNA, followed by incubation with and
without noggin (500 ng/ml). The cells then were harvested for real-time
PCR analysis of IL-6 and RPL19 mRNA levels. C, Induction of IL-6 ex-
pression by inhibition of RGMb expression was attenuated by exogenous
BMP4. RAW264.7 cells were transfected with and without Dragon siRNA,
and the cells transfected with Dragon siRNA were incubated with in-
creasing amounts of BMP4 (0-50 ng/ml). The cells then were harvested
for real-time PCR analysis for IL-6 and RPL19 mRNA levels. *p < 0.05;
*#*p < 0.01 versus the controls (bar 1 in B and bar 2 in C).
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monium chloride potassium lysis buffer. The cells were washed and
resuspended in HBSS supplemented with 0.2% (w/v) BSA and 1% (w/v)
FCS. The total number of living cells was determined with trypan blue
(Mediatech).

Cell suspensions were incubated with a mixture of mAbs against T cells
(CD90-PE, 53-2.1), B cells (B220-PE, RA3-6B2), NK cells (CD49b-PE,
DXS5; NKI1.1-PE, PK136), granulocytes (Ly-6G-PE, 1A8), myeloid cells
(CD11b-allophycocyanin, M1/70), and monocyte subsets (Ly-6C-FITC,
AL-21) (BD Biosciences). Monocytes were identified as CD11b™&" (CD90/
B220/CD49b/NK 1.1/Ly-6G)"Y (F4/80/CD11c)'°Y Ly-6C"€"°%: macro-
phages as F4/80M" (CD11b'%); dendritic cells (DCs) as CD11c"eh
CD11b™"; and neutrophils as CD11b™&" Ly-6G"e", Reported cell num-
bers were calculated as the product of the total number of living cells and
the percentage of cells within their respective gates. Data were acquired on
a LSRII (BD Biosciences) and analyzed with FlowJo, version 8.5.2 (Tree
Star). For gene expression analysis, the cells mentioned above were sorted
with a FACSAria II (BD Biosciences) into 250 pl RLT buffer, and total
RNA was extracted using an RNeasy mini Kkit.

Data analysis

The results are presented as the mean * SD of three determinations from
two or three independent experiments for the in vitro studies or the mean *
SD of 67 mice (Fig. 6A—C), 6 mice (Fig. 7A), 3—4 mice (Fig. 7B), or 4-6
mice (Supplemental Fig. 7) for the in vivo studies. Dragon expression
levels in different cell populations in the lung of WT mice were analyzed
by one-way ANOVA. Other differences were assessed by Student ¢ test.
Differences of p < 0.05 were considered significant.

Results

Dragon suppresses IL-6 expression through a BMP
ligand-dependent pathway

It has been shown that BMP signaling inhibits IL-6 expression in
a number of cell types, including macrophages (5-7, 9). Consistent
with these previous findings, BMP4 inhibited IL-6 mRNA ex-
pression in RAW264.7 macrophages (Fig. 14). The inhibition was
seen as early as 2 h after exogenous BMP4 treatment (Fig. 1A).
Incubation with noggin, an extracellular antagonist of BMP li-
gands (Fig. 1B) or inhibition of BMP type II receptor BMPRII
expression by siRNA increased IL-6 mRNA expression (Fig. 1C).
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FIGURE 3. Changes in phosphorylation levels of Smadl/5/8, p38
MAPK, and Erk1/2 in Dragon knockdown RAW264.7 cells. A, RAW264.7
cells were transfected with control (three replicates) and Dragon siRNA
(three replicates). Forty-six hours after transfection, the cells were lysed
and analyzed by Western blotting for phospho-Smad1/5/8 and total Smad1;
phospho-p38 MAPK and total p38 MAPK; phospho-Erk1/2 and total Erk1/
2; and actin. B, Western blot chemiluminescence from experiments in A
was quantified using IPLab Spectrum software for phospho-Smadl1/5/8
relative to Smad1, phospho-p38 MAPK relative to total p38 MAPK, and
phospho-Erk1/2 relative to total Erk1/2. *p < 0.05; **p < 0.01; ***p <
0.001.
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These results confirm the previously published findings that BMP
signaling inhibits IL-6 expression in macrophages in vitro (5, 6).

We have shown previously that Dragon is a coreceptor that
enhances BMP signaling (12, 13, 16). To examine whether Dragon
regulates IL-6 expression in macrophages, we first examined the
expression of Dragon in RAW264.7 cells. As shown by RT-PCR,
Dragon mRNA was highly expressed in RAW264.7 cells, whereas
the expression of two other members of the RGM family was
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FIGURE 4. Inhibition of IL-6 expression by BMP4 and Dragon is not
affected by LDN-193189. A, RAW264.7 cells were treated with or without
BMP4 (50 ng/ml) in the presence or absence of LDN-193189 (400 nM).
The cells then were harvested for real-time PCR analysis for IL-6 and
RPL19 mRNA levels. B, RAW264.7 cells were treated with or without
BMP4 (50 ng/ml) in the presence of increasing amounts of LDN-193189
(0-400 nM). The cells were lysed and analyzed by Western blotting for
phospho-Smad1/5/8 and total Smadl. C, RAW264.7 cells were treated
with or without BMP4 (50 ng/ml) in the presence or absence of LDN-
193189 (400 nM). The cells then were harvested for real-time PCR
analysis for Id1 mRNA levels. D, RAW264.7 cells were transfected with or
without Dragon cDNA. The cells transfected with Dragon cDNA then were
treated with increasing amounts of LDN-193189 (0-400 nM). The cells
were harvested for real-time PCR analysis for IL-6 and RPL19 mRNA
levels. *p < 0.05; ***p < 0.001 versus cells treated with BMP4 in the
absence of LDN-193189 (bar 2, C).
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either weak (RGMc) or undetectable (RGMa) (Fig. 1D). Inhibition
of Dragon expression by siRNA increased basal IL-6 mRNA
levels by 2.8-fold (Fig. 1E). Inhibition of Dragon expression only
modestly increased MCP-1 expression and did not alter the ex-
pression of TNF-a and IL-1f (Fig. 1E). A selective increase in
IL-6 expression by inhibition of Dragon also was observed in J774
macrophages (Fig. 1F). In addition, inhibition of Dragon expres-
sion in RAW264.7 cells increased LPS-stimulated IL-6 mRNA
levels by 1.8-fold, whereas MCP-1, TNF-a, and IL-13 mRNA
levels did not change (Supplemental Fig. 1). These results suggest
that IL-6 is an important cytokine target of Dragon action in
macrophages.

IL-6 and Dragon mRNAs also were expressed in mouse PASMCs,
HUVECs, mouse IMCD3 cells, and C2C12 mouse myoblasts. In-
hibition of Dragon mRNA by 70-90% did not alter IL-6 expression
in PASMCs, HUVECs, and IMCD3 cells and slightly increased
IL-6 expression in C2C12 cells (Supplemental Fig. 2). These re-
sults suggest that the action of Dragon in IL-6 expression is spe-
cific for macrophage cell types.

Our previous studies have shown that Dragon.Fc binds to
radiolabeled BMP2 and BMP4 and that BMP signaling induced by
transfected Dragon was reduced after inhibition of BMP4 ex-
pression in IMCD3 cells, suggesting that BMP2 and BMP4 are the
endogenous BMP ligand for the Dragon coreceptor (12, 16). To ex-
amine whether the ability of Dragon to inhibit IL-6 expression is
dependent on BMP ligands, we examined the expression of BMP2,
BMP4, and the closely related BMPS, BMP6, and BMP7 (Fig. 24)
in RAW264.7 macrophages. BMP4 mRNA was detected, whereas
while BMP2, BMPS5, BMP6, and BMP7 were not. Transfection of
RAW264.7 cells with Dragon cDNA inhibited IL-6 expression,
whereas addition of noggin abolished this inhibition (Fig. 2B).
Silencing of Dragon induced IL-6 expression, whereas exogenous
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FIGURE 5. Induction of IL-6 expression by Dragon siRNA is abolished
by p38 MAPK inhibitor SB203580 or Erkl/2 inhibitor PD98059. A,
RAW?264.7 cells were transfected with control or Dragon siRNA, followed
by incubation with DMSO, SB203580 (2.5 uM), or PD98059 (2.5 uM).
The cells were analyzed by real-time PCR for IL-6 and RPL19 mRNA
levels. B, RAW264.7 cells were transfected with control or Dragon siRNA,
followed by incubation with DMSO, SB203580 (2.5 pM), or PD98059
(2.5 pM). The cells were lysed and analyzed by Western blotting for
phospho-p38 MAPK and total p38 MAPK; and phospho-Erk1/2 and total
Erkl1/2. *p < 0.05 versus cells transfected with Dragon siRNA in the
absence of any inhibitors (bar 2).
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BMP4 addition abolished this induction (Fig. 2C). These results
suggest that endogenous BMP ligand(s) is required for Dragon to
inhibit IL-6 expression.

The action of Dragon in IL-6 expression is mediated by the p38
MAPK and Erkl/2 pathways but not the Smadl/5/8 pathway

To explore the mechanisms involved in the regulation of IL-6 ex-
pression by Dragon, we examined the effects on the Smad1/5/8,
p38 MAPK, and Erkl1/2 pathways, which are well-documented
pathways that mediate BMP actions (1). As shown in Fig. 3A
and 3B, phospho-Smad1/5/8 levels were decreased, but phospho-
p38 MAPK and phospho-Erk1/2 levels were increased, after in-
hibition of Dragon expression by siRNA. To examine whether the
Smad pathway plays a role in the regulation of IL-6 expression by
BMP4 and Dragon, we used LDN-193189, a small molecule BMP
inhibitor, which inhibits Smad1/5/8 phosphorylation but does
not affect p38 MAPK and Erk1/2 activity (16, 23). LDN-193189
treatment did not affect the inhibition of IL-6 expression induced
by BMP4 (Fig. 44). In contrast, the induction of phospho-Smadl/
5/8 levels and 1d1 expression by BMP4 was reduced dramatically
by LDN-193189 (Fig. 4B, 4C). LDN-193189 treatment also did
not affect the inhibition of IL-6 expression induced by Dragon
(Fig. 4D). Finally, inhibition of Smad4 expression by siRNA did
not affect IL-6 mRNA levels, although it significantly reduced Id1
mRNA expression in RAW264.7 cells (Supplemental Fig. 3).
These results suggest that regulation of IL-6 by Dragon/BMP does
not involve the Smad pathway.

A Lungs/D10-12

IL-6/RPL19

FIGURE 6. IL-6 mRNA expression is up-
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To examine whether the p38 MAPK and Erk1/2 pathways are
involved in the regulation of IL-6 expression by Dragon, we used
p38 MAPK inhibitor SB203580 or Erk1/2 inhibitor PD98059. IL-6
expression induced by Dragon siRNA was abolished by treatment
with SB203580 or PD98059 (Fig. 5A), which, respectively, re-
duced phospho-p38 MAPK and phospho-Erk1/2 protein levels
that were induced when Dragon was inhibited (Fig. 5B). These
results suggest that p38 MAPK and Erk1/2 mediate the action of
Dragon on lowering IL-6 mRNA levels.

IL-6 expression is upregulated in the lungs and livers of
Dragon KO mice

To examine if Dragon plays a role in regulating IL-6 expression
in vivo, we analyzed IL-6 expression in the lungs, livers, spleens,
colons, and muscles of Dragon KO mice. Dragon KO mice were
generated using gene targeting in ES cells by homologous re-
combination (Supplemental Fig. 4). Because Dragon KO mice die
2-3 wk after birth (cause of mortality under investigation), we
collected samples from Dragon KO and WT littermates at 10—
12 d of age. As shown in Fig. 6A, IL-6 mRNA expression was
upregulated by 10-fold in the lungs of KO mice compared with
that in the WT mice. IL-6 protein also was upregulated, as shown
by Western blot analysis (Fig. 6D). IL-6 mRNA levels were sig-
nificantly higher in E20.5 KO lungs than those in E20.5 WT lungs
(Fig. 6B). IL-6 mRNA levels were 2.9-fold higher in KO livers
than those in WT livers of 10- to 12-d-old mice (Fig. 6C). IL-6
mRNA expression was 16-fold lower in the spleen, colon, and
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fetuses. mRNA levels were measured by
quantitative real-time PCR, were normalized
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muscle compared with the IL-6 levels in the lung of 10- to 12-d-
old WT mice (data not shown), and IL-6 mRNA levels in these
organs were not altered between KO and WT mice (Supplemen-
tal Fig. 5). In addition to IL-6, a number of other inflammatory
cytokines and chemokines, including MCP-1, TNF-«, IL-1f3, and
IFN-v, also were upregulated in the lung of Dragon KO mice at
10-12 d after birth (Supplemental Fig. 6). These results suggest
that Dragon is a negative regulator of IL-6 and other inflamma-
tory factors in the lung and liver in vivo.

In the lungs of Dragon KO mice, phospho-Smad1/5/8 levels did
not change, whereas phospho-p38 MAPK and phospho-Erk1/2
levels in KO lungs were increased compared with those in WT
lungs (Fig. 6E). These results are consistent with the in vitro ob-
servation in cultured RAW264.7 cells that Dragon acts through the
p38 MAPK and Erk1/2 pathways, but not the Smad1/5/8 pathway,
to regulate IL-6 expression.

IL-6 mRNA is upregulated in macrophages in the lungs of
Dragon KO mice

Next, we sought to characterize which cells increase IL-6 ex-
pression in the lungs of Dragon KO mice. To this end, we purified
and analyzed diverse populations of the tissue immune cell rep-
ertoire from 10- to 12-d-old WT and Dragon KO mice (Fig. 7,
Supplemental Fig. 7). The total number of cells in the lung was
similar between WT and Dragon KO mice. The numbers of Ly-
6C"2M and Ly-6C'*™ monocytes, macrophages, DCs, and neutrophils
were not significantly different between the two genotypes (Sup-
plemental Fig. 7).
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FIGURE 7. Dragon mRNA expression in Ly-6C"&" and Ly-6C'"
monocytes, macrophages, DCs and neutrophils in lungs of 10- to 12-d-old
WT mice (A), and IL-6 mRNA expression in the five cell populations and
the rest of the cells (others) in WT and KO mice (B). Total RNA was
extracted from sorted Ly-6C™€" and Ly-6C'®" monocytes, macrophages,
DCs, neutrophils, and other cells in lungs of 10- to 12-d-old WT and KO
mice. Real-time PCR analyses were performed to quantify Dragon and
IL-6 mRNA levels. RPL-19 was used as an internal control. *****Values
with different superscripts differ significantly; *p < 0.05; **p < 0.01 (B).
n =6 (A) or 34 (B).

DRAGON INHIBITS IL-6 EXPRESSION IN MACROPHAGES

Dragon mRNA was expressed in Ly-6C"" and Ly-6C'°%
monocytes, macrophages, and DCs, although it is barely detectable
in neutrophils collected from lungs of 10- to 12-d-old WT mice
(Fig. 7A). Dragon expression was much higher in macrophages
than that in Ly-6C™&" and Ly-6C'°" monocytes, DCs, neutrophils,
and other cells, with Dragon expression being higher in DCs than
that in monocytes, neutrophils, and other cells (Fig. 7A). IL-6
mRNA expression was increased by 3.4-fold in macrophages and
2.2-fold in DCs due to Dragon deletion, while no changes in IL-6
mRNA levels were observed in Ly-6C™&" and Ly-6C™" monocytes,
neutrophils, and other cells (Fig. 7B). These results suggest that
high levels of Dragon in lung macrophages (and DCs) serve to
suppress IL-6 expression in vivo, which are consistent with our
in vitro data.

Discussion

The three RGM family members RGMa, RGMb (Dragon), and
RGMc (hemojuvelin) are BMP coreceptors that enhance BMP sig-
naling. Our published studies have shown that RGMc/hemojuvelin
acts through the BMP pathway to regulate hepcidin expression
and iron metabolism, but the biological actions of the BMP signal-
ing functions of RGMa and RGMb/Dragon are poorly character-
ized. Previous studies have shown that BMPs (5, 6, 9) regulate
inflammatory cytokines and chemokines, including IL-6, in various
cell types, including macrophages and monocytes. In the current
study, we confirmed that BMP4 inhibited IL-6 expression in
RAW264.7 macrophages. Interestingly, inhibition of Dragon ex-
pression in RAW264.7 or J774 macrophages increased IL-6 ex-
pression, whereas Dragon overexpression inhibited IL-6 expres-
sion in a BMP ligand-dependent manner. These results suggest
that Dragon regulates IL-6 expression via the BMP pathway in
RAW?264.7 macrophages. Inhibition of Dragon expression did not
have significant effects on IL-6 expression in PASMCs, HUVECs,
mIMCD3, and C2C12 cells. These cells have been shown be re-
sponsive to BMP ligands by ourselves and others (9, 14, 16, 24-26).
For example, inhibition of BMPRII expression increased IL-6 ex-
pression in PASMCs derived from mouse (data not shown) and
human (9). Thus, the IL-6 effect of Dragon appears to be specific
for macrophages. The reason for this cell type-specific action is
unclear.

Our study also demonstrated that Dragon action on IL-6 ex-
pression is mediated by the p38 MAPK and Erk1/2 pathways but
not by the Smadl1/5/8 pathway. Our data show that 1) phosphor-
ylation levels of p38 MAPK and Erk1/2 were increased by in-
hibition of Dragon expression in vitro and by deletion of Dragon

Macrophages

Phospho-Smad1/5/8

Phospho-p38 MAPK
PhospholEidlZ

? IL-6 transcription

FIGURE 8. Schematic diagram depicting Dragon action in regulating
IL-6 expression in macrophages. Dragon/BMPs inhibit phosphorylation of
p38 MAPK and Erkl1/2 via a mechanism yet to be determined and then
suppress IL-6 transcription. Dragon also facilitates BMP ligands to activate
Smad1/5/8 through BMP type 1I and BMP type I receptors, but the bi-
ological functions of this activation remain unknown. R I, BMP type I
receptors; R II, BMP type II receptors.
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in vivo, whereas phosphorylation levels of Smad1/5/8 were reduced
by inhibition of Dragon in vitro but not affected by deletion of
Dragon in vivo; 2) the induction of IL-6 expression by inhibition
of Dragon expression is blocked by a p38 MAPK- or Erkl/2-
specific inhibitor; and 3) inhibition of IL-6 expression by exoge-
nous Dragon or BMP4 was not affected by LDN-193189, and
IL-6 expression was not affected by inhibition of Smad4 expres-
sion. A study by Hagen et al. (9) showed that inhibition of BMPRII
in mouse PASMCs also led to increased p38 MAPK activity re-
sulting in increased IL-6 expression. These results suggest an in-
hibitory effect of BMP2 signaling on p38 MAPK and Erk1/2 ac-
tivation in these cells. In contrast, previous studies have shown
a stimulatory effect of BMP2 on p38 MAPK and Erk1/2 activation
in other cell types (27). To add more complexity, a recent study
demonstrated that BMP6 and BMP7 suppressed estrogen-induced
p38 MAPK and Erkl/2 activation, whereas BMP2 and BMP4
enhanced this stimulation in MCF-7 cells (28). Therefore, whether
BMP signaling leads to stimulation or inhibition of the p38 MAPK
and Erk1/2 pathways appears to be dependent on the specific BMP
ligands and cell types studied.

Previous studies have shown that BMP receptors oligomerize in
at least two different manners. BMP type I and type II receptors can
form hetero-oligomeric complexes prior to ligand binding. BMPs
bind to these preformed hetero-oligomeric complexes and then
activate the Smad signaling pathway. The other alternative is that
BMP ligand binds to BMP type I receptors and then recruits BMP
type II receptors into a complex (BMP-induced signaling com-
plexes), thus activating XIAP-Tak1-Tabl complex and down-
stream p38 MAPK and Erk1/2 pathways (27, 29). BMP type I and
type II receptors partially reside in lipid rafts. The non-Smad
signaling induced by BMP2 depends on the association of BMP
receptors with rafts and caveolae, whereas the Smad pathway is
independent of lipid raft association (27). Interestingly, Dragon
also is localized in lipid rafts (13). Whether Dragon is involved in
regulating the formation of BMP-induced signaling complexes
and activation of XIAP and TAKI remains to be investigated.

We found that IL-6 expression was increased dramatically in
lung macrophages and DCs as well as in whole lung and liver
tissues in the Dragon KO mice compared with that in WT mice.
These results revealed an important physiologic role of Dragon in
regulating IL-6 expression. The magnitude of the increase in IL-6
mRNA levels in the whole lungs (10-fold) was larger than those in
macrophages (3.4-fold) and in DCs (2.2-fold). The reason for the
differences between the whole organ and specific cell populations
remains unclear, but the cells were analyzed for mRNA levels a few
hours after the cells were collected due to the preparation time
required for FACS procedures, and IL-6 mRNA expression may
have declined during this period of time. IL-6 expression in cells
other than monocytes, macrophages, DCs, and neutrophils in the
lung was not altered by Dragon deletion. This result is consistent
with our in vitro data showing that inhibition of Dragon did not
change IL-6 expression in PASMCs, a cell type in the lung, which
is involved in mechanisms of disorders, such as pulmonary arterial
hypertension, with elevated IL-6 expression.

Expression levels of other factors, including MCP-1, TNF-q, IL-
1B, and IFN-vy, also were elevated in the lungs of Dragon KO
mice. Our in vitro data using RAW264.7 and J774 cells show that
IL-6 is a direct target of the Dragon—-BMP pathway, whereas ex-
pression of MCP-1, TNF-a, and IL-1 were not affected appre-
ciably by inhibition of Dragon expression. Therefore, the changes
in these factors in Dragon KO mice might be due to secondary
effects of Dragon/BMP action.

We characterized the Dragon expression profile in five immune
cell populations isolated from the lungs of 10- to 12-d-old mice
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and found that Dragon is expressed most highly in macrophages
and DCs and lower in other cell types. This increased expression of
Dragon in macrophages and DCs likely accounts for why these cell
types dramatically increased their IL-6 expression in the Dragon
KO mice compared with that in the WT mice, whereas there was
no change in IL-6 expression in Ly-6C™&" and Ly-6C'" mono-
cytes, neutrophils, and other cells.

The growth of Dragon KO mice was retarded (data not shown),
and the mice die between 2 and 3 wk after birth. Our preliminary
results show that the Dragon KO mice developed growth hormone
resistance in the liver and skeletal muscle (data not shown). Growth
hormone resistance has been reported in other mice injected with
exogenous IL-6 (30) or in mice with transgenic overexpression of
IL-6 (31, 32). Therefore, in the future, it will be interesting to
investigate whether abnormal expression of IL-6 and other in-
flammatory factors contribute to the retarded growth and even
the mortality of Dragon KO mice.

Dragon has an ability to promote cell-cell adhesion by homo-
philic interactions (19). Whether this property of Dragon con-
tributes to the difference in migration and other functions among
different immune cell populations has not yet been addressed.

In summary, we have demonstrated, to our knowledge, the first
in vivo biological role for the BMP signaling function of Dragon,
which is that Dragon suppresses IL-6 expression in macrophages.
Dragon is most highly expressed in macrophages compared with
other immune cells in the lung, and deletion of Dragon in mice
leads to increased expression of IL-6 and other inflammatory
factors in macrophages and DCs as well as in the lung and the liver.
Our results also show that the Dragon—-BMP pathway inhibits p38
MAPK and Erk1/2 phosphorylation, thus suppressing IL-6 ex-
pression in macrophages. Dragon enhances Smad1/5/8 phosphor-
ylation in macrophages, but the biological consequences of this
activation are yet to be determined (Fig. 8). Taken together, our
study suggests that Dragon plays an important role in regulating the
immune system.
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