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hemojuvelin.

action abolishes the cleavage of hemojuvelin by matriptase-2.
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(Bacl(ground: Matriptase-2 regulates iron homeostasis by binding to and cleaving hemojuvelin. Neogenin interacts with
Results: Matriptase-2 forms a complex with both neogenin and hemojuvelin. Disruption of the hemojuvelin-neogenin inter-

Conclusion: Neogenin is required for matriptase-2 cleavage of hemojuvelin.
Significance: Neogenin is involved in iron homeostasis by interacting with both matriptase-2 and hemojuvelin.
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Hemojuvelin (HJV) and matriptase-2 (MT2) are co-expressed
in hepatocytes, and both are essential for systemic iron homeo-
stasis. HJV is a glycosylphosphatidylinositol-linked membrane
protein that acts as a co-receptor for bone morphogenetic pro-
teins to induce hepcidin expression. MT2 regulates the levels of
membrane-bound HJV in hepatocytes by binding to and cleav-
ing HJV into an inactive soluble form that is released from cells.
HJV also interacts with neogenin, a ubiquitously expressed
transmembrane protein with multiple functions. In this study,
we showed that neogenin interacted with MT2 as well as with
HJV and facilitated the cleavage of HJV by MT2. In contrast,
neogenin was not cleaved by MT2, indicating some degree of
specificity by MT2. Down-regulation of neogenin with siRNA
increased the amount of MT2 and HJV on the plasma mem-
brane, suggesting a lack of neogenin involvement in their traf-
ficking to the cell surface. The increase in MT2 and HJV upon
neogenin knockdown was likely due to the inhibition of cell sur-
face MT2 and HJV internalization. Analysis of the Asn-linked
oligosaccharides showed that MT2 cleavage of cell surface HJV
was coupled to a transition from high mannose oligosaccharides
to complex oligosaccharides on HJV. These results suggest that
neogenin forms a ternary complex with both MT2 and HJV at
the plasma membrane. The complex facilitates HJV cleavage by
MT2, and release of the cleaved HJV from the cell occurs after a
retrograde trafficking through the TGN/Golgi compartments.

Iron is an essential nutrient in nearly all organisms. It is also
toxic when in excess. Because humans cannot control the secre-
tion of excess iron from the body, systemic iron homeostasis is
maintained by coordinately regulating the dietary iron absorp-
tion in the duodenum, iron recycling of senescent erythrocytes
in macrophages, and mobilizing stored iron in the liver. Hepci-
din, the key iron regulatory hormone, plays an essential role in
this process. This 25-amino acid peptide is secreted predomi-

* This work was supported, in whole or in part, by National Institutes of Health
Grants DK080765 (to A.S. Z.) and DK72166 (to C. A. E.).

" To whom correspondence should be addressed: Dept. of Cell and Develop-
mental Biology L215, Oregon Health and Science University, 3181 SW Sam
Jackson Park Rd., Portland, OR 97239. Tel.: 503-494-5846; Fax: 503-494-
4253; E-mail: zhanga@ohsu.edu.

35104 JOURNAL OF BIOLOGICAL CHEMISTRY

nantly by hepatocytes, and it inhibits iron efflux into the circu-
lation by binding to and targeting ferroportin on plasma mem-
brane for degradation. Ferroportin is the only known iron
exporter. It is expressed on duodenal enterocytes, macro-
phages, and hepatocytes (1, 2). Lack of hepcidin causes juvenile
hemochromatosis (3), a particularly severe form of iron over-
load disorder. In contrast, inappropriately high levels of hepci-
din cause iron-deficiency anemia (4). Hepcidin expression is
positively regulated by iron levels in the body, providing a neg-
ative feedback to decrease further iron uptake into the body.
Recent studies identified hemojuvelin (HJV)? and matriptase-2
(MT2) as a pair of key regulators in iron homeostasis, but the
precise mechanisms by which they function in vivo are
unknown (5, 6).

HJV is a glycosylphosphatidylinositol-linked membrane pro-
tein (7) that is encoded by the HFE2 gene in humans and the Hjv
gene in mice. It is mainly expressed in hepatocytes, skeletal
muscle, and heart (5). Homozygous or compound heterozygous
mutations of HFE2 in humans markedly reduce hepatic hepci-
din expression and result in juvenile hemochromatosis with the
clinical manifestations indistinguishable from lack of hepcidin
(5, 8). Similarly, a pronounced decrease in hepcidin expression
and a severe iron overload are also present in mice with a global
disruption of both Hjv alleles (9, 10), indicating that the muta-
tions reported in humans are lack of function mutations. Thus,
HJV is a robust inducer of hepcidin expression (11).

Hepatocyte HJV acts as a co-receptor for several bone mor-
phogenetic proteins (BMPs), which induce hepcidin expression
through the BMP signaling pathway (11, 12). Expression of Hjv
in hepatocytes of Hjv-null mice is able to correct the defects of
iron metabolism (13). In agreement with this finding, studies in
mice with tissue-specific Hjv knockdown demonstrate that
hepatocyte-specific expression of Hjv is essential for hepcidin
expression, whereas skeletal muscle Hjv is not (14, 15).

HJV levels can be regulated by MT2, a serine protease, which
is predominantly expressed in hepatocytes (16, 17) and

2 The abbreviations used are: HJV, hemojuvelin; BMP, bone morphogenetic
protein; TGN, trans-Golgi network; CM, conditioned medium; MEM, mini-
mum Eagle’s medium; FCl, furin convertase inhibitor; Endo-H, endo-3-N-
acetylglucosaminidase H; PNGase F, peptide:N-glycosidase F; gRT, quanti-
tative real time; ER, endoplasmic reticulum.
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encoded by the TMPRSS6 gene in humans (denoted as Tmprss6
in mice) (18). This type Il transmembrane protease is composed
of a short cytoplasmic domain, a transmembrane domain, and a
large extracellular domain, which contains a membrane-prox-
imal SEA (sea urchin sperm protein, enteropeptidase, agrin)
domain, two CUB (complete protein subcomponents C1r/Cls
motif, urchin embryonic growth factor, and BMP1) domains,
three low density lipoprotein receptor class A domains, a pre-
dicted activation domain, and a C-terminal catalytic domain
(Fig. 1A) (19). The MT?2 catalytic domain is responsible for the
cleavage of HJV at arginine 288, releasing a 36-kDa soluble form
of HJV that is incapable of binding BMPs (20) making MT2 a
suppressor of hepcidin expression (21). Mutations of TMPRSS6
result in increased hepcidin expression, which leads to iron-
refractory, iron deficiency anemia (6). Similar phenotypes are
also reported in mouse models either with knockdown of both
Tmprss6 alleles or with a mutant Tmprss6 that lacks the cata-
lytic domain (mask mice) (18, 22). The stem region of the M T2
ectodomain (Fig. 14) binds to HJV (21). Interestingly, mice with
the disruption of both Hjv and Tmprss6 genes display a pheno-
type that is indistinguishable from Hjv-null mice. The pheno-
types of high hepcidin expression and iron deficiency detected
in Tmprss6-null mice are totally blunted (23, 24). These obser-
vations support the idea that both MT2 and HJV regulate hep-
cidin expression through the same pathway and that HJV lies
downstream of MT2.

In addition to MT2, HJV can also be cleaved by the ubiqui-
tously expressed furin (25-27). The furin cleavage site of HJV is
distinct from that of MT2 (20). Furin cleavage of HJV generates
a 40-kDa fragment, and it is neogenin-dependent in HepG2
cells, a human hepatoma cell line (28, 29). The role that neoge-
nin plays in the cleavage of HJV is controversial. Another group
reported that neogenin suppresses HJV secretion from cultured
mouse muscle and transiently transfected HEK293 cells (30).

Neogenin is a ubiquitously expressed membrane protein
composed of a large extracellular domain that contains four
immunoglobulin-like domains and six fibronectin III (FNIII)
domains (Fig. 1B) (31). It was originally identified as a receptor
for repulsive guidance molecule-a (RGMa), which belongs to
the same family of proteins as HJV (32). HJV also binds neoge-
nin (7, 33). In vitro analysis of neogenin fragments demon-
strated that the FNIII 5— 6 domains bind HJV with a subnano-
molar binding affinity (34). Whether neogenin is involved in the
MT?2 cleavage of HJV is unknown, and it is the subject of this
study.

In this study, we demonstrate that neogenin forms a complex
with both MT2 and HJV. Down-regulation of neogenin with
siRNA increased the amount of MT2 on the plasma membrane
and blocked MT2 cleavage of HJV. Further analysis suggests
that MT2 cleavage of HJV occurs either at the cell surface or
during a retrograde trafficking to the TGN/Golgi compartment
in a neogenin-dependent manner.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—Both HepG2 and human
embryonic kidney 293 (HEK293) cells were purchased from the
ATCC (Manassas, VA) and maintained in MEM, 10% FCS, 1
mM pyruvate, 1X nonessential amino acids or DMEM, 10%
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FCS, 1 mm pyruvate, respectively. HepG2 cells stably trans-
fected with pcDNA3 empty vector (HepG2-Ctrl), HV (HepG2-
HJV) or MT2 (HepG2-MT2), and HEK293 cells stably
transfected with pcDNA3 empty vector (HEK293-Ctrl),
pcDNA3-HJV (HEK293-HJV), or stably co-transfected with
both HJV and neogenin (HEK293-HJV/Neo) were generated
previously (20). The stably transfected cells were maintained in
complete medium with 800 ug/ml G418. HepG2 cells stably
expressing full-length neogenin (HepG2-Neo) were generated
using the same strategy as described previously (20). HEK293
cells stably expressing full-length neogenin (HEK293-Neo) or
truncated neogenin with no cytoplasmic domain (HEK293-
NeoACD) (Fig. 1B) were established by transfecting
pcDNA3-neogenin or pcDNA3-NeoACD plasmid DNA using
Lipofectamine 2000 (Invitrogen), respectively. pcDNA3-
NeoACD construct was made by adding a stop codon after glu-
tamine 1135, which is localized at the 9th amino acid after the
predicted transmembrane domain of neogenin cDNA
sequence, using the QuikChange site-directed mutagenesis kit
(Stratagene, Santa Clara, CA) and the following primers:
5'-CGTCGTACCACCTCTCACTAGAAAAAGAAACGAG-
CTG-3" and 5'-CAGCTCGTTTCTTTTTCTAGTGAGAGG-
TGGTACGACG-3'. PolyJet (SignaGen Laboratories) and
Lipofectamine 2000 transfection reagent were used to tran-
siently transfect HepG2 and HEK293 cells, respectively.

Soluble Neogenin—Soluble forms of neogenin, including the
entire extracellular domain (Neo/Ecto), neogenin fibronectin
III domains 1- 6 (FNIII 1-6), and neogenin FNIII 5- 6 (Fig. 1B),
were generated using baculovirus, as described previously (34),
and kindly provided by Drs. Pamela Bjorkman and Fan Yang,
California Institute of Technology. They were added directly
into the culture medium of HEK293-HJV and HepG2-H]JV cells
at the indicated concentration as described in the figure legends
to determine the effect on the secretion of MT2-cleaved HJV or
MT?2 degradation.

Knockdown of Endogenous Neogenin—Neogenin siRNA
(Dharmacon) was used to knock down the endogenous neoge-
nin in HepG2-H]JV cells or HepG2-MT?2 cells, as described pre-
viously (35), using RNAIMAX (Invitrogen) for transfection.
The negative control siRNA was the same as described previ-
ously (35). Cells were transfected twice on days 1 and 3 to max-
imize the efficacy of the knockdown. For HepG2-HJV cells,
both cell lysate and the conditioned medium (CM) were col-
lected for analysis by Western blot 72 h after the second trans-
fection. For HepG2-MT?2 cells, cell surface proteins were sub-
jected to biotinylation at 4 °C about 72 h after the second
transfection to determine the effects of neogenin on MT2
expression at the plasma membrane. Alternatively, about 66 h
after the second transfection, HepG2-MT?2 cells were subjected
to incubation with 100 ug/ml cycloheximide in complete
medium for the time intervals as described in the figure legend,
to determine the effects of neogenin depletion on MT2
degradation.

Neogenin Release—HEK293 and HepG2 cells expressing neo-
genin, HJV, or MT2 were incubated in MEM, 1% FCS in the
presence of furin convertase inhibitor (FCI; Enzo Life Sciences),
leupeptin (Sigma), or TAPI-2 (Calbiochem) at the concentra-
tions indicated in the figure legends. After incubation at 37 °C
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in a CO, incubator for the time intervals indicated in the figure
legends, conditioned medium and cell lysates were collected for
immunodetection of neogenin, HJV, and MT2.

Immunoprecipitation—Cells were metabolically labeled with
[**S]Met/Cys (PerkinElmer Life Sciences) at 100 uCi/ml in
MEM (without Met/Cys), 2% FCS for 3 h at 37 °C. After wash-
ing with cold PBS on ice, cell lysates were prepared using NET-
Triton buffer (150 mm NaCl, 5 mm EDTA, 10 mm Tris, pH 7.4,
and 1% Triton X-100) with 1X protease inhibitors mixture
(Roche Diagnostics). Immunoprecipitation was performed as
described previously (36) using protein A-agarose beads (Invit-
rogen), rabbit anti-HJV 18745 antibody (generated against res-
idues 1-401 of HJV), rabbit anti-neogenin 21567 antibody
(generated against the neogenin ectodomain FNIII 1-6), or
rabbit anti-MT2 23144 IgG (generated against the stem region
of MT2 ectodomain). Immunoprecipitated proteins bound to
protein A-agarose beads were washed, eluted, and separated by
SDS-PAGE. Images were obtained by exposure to x-ray film.

Biotinylation of Cell Surface Proteins—HepG2-MT2 or
HepG2-HJV cells in a 6-well plate at ~80% confluence were
biotinylated with 0.25 mg/ml Sulfo-NHS-Biotin (Thermo
Fisher Scientific) at 4 °C for 30 min. After the reaction was ter-
minated, cells were immediately solubilized in NET-Triton, 1X
protease inhibitors mixture (Roche Diagnostics). Biotinylated
proteins were isolated using streptavidin-agarose beads
(Thermo Fisher Scientific). Bound proteins were eluted with
NET-Triton, 1% B-mercaptoethanol, 0.5% SDS and subjected
to digestion with Endo-H or PNGase F, followed by immuno-
detection of MT2, HJV, TfR1, Na"/K"-ATPase «l, and
B-actin.

Analysis of HIV Secretion—Cell surface HJV in HepG2-HJV
cells was biotinylated at 4 °C as described above. Cells were then
incubated in complete medium at 37 °C for 4 h. The total bio-
tinylated cell surface proteins before incubation at 37 °C and
the biotinylated proteins collected in the CM/pulldown after
incubation at 37 °C were isolated using streptavidin-agarose
beads. The eluates were subjected to Endo-H and PNGase F
digestion, followed by immunodetection of HJV.

Endo-H and PNGase F Digestion—Endo-H and PNGase F
(New England Biolabs) were used to analyze the Asn-linked
oligosaccharides on MT2, neogenin, and HJV protein in cell
lysate and streptavidin bead eluate or secreted HJV in condi-
tioned medium. Briefly, samples were incubated with Endo-H
or PNGase F for 4 h at 37 °C according to manufacturer’s
instruction. The digested proteins were subjected to Western
blot analysis as described under “Immunodetection.”

Liver Membrane Preparation—Snap-frozen liver tissues
from wild type, Tmprss6-null mice (—/—), and neogenin-mu-
tant mice were crushed in liquid nitrogen, followed by homog-
enization using a metal Dounce homogenizer in ice-cold HEM
lysis buffer (20 mm Hepes, pH 7.4, 1 mm EDTA, and 300 mm
mannitol) containing protease inhibitors mixture. After remov-
ing the nuclei and insoluble debris by centrifugation at
10,000 X g for 10 min, the supernatant was subjected to a high
speed centrifugation at 100,000 X g for 60 min at 4 °C to pellet
membranes. Membrane pellets were solubilized in NET-Tri-
ton, 1X protease inhibitors mixture. The membrane extract
proteins (250 ug) were separated using SDS-PAGE (11%) under
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reducing conditions, followed by immunodetection of MT2,
neogenin, and $-actin.

Liver tissues from 8-week-old male wild type and
Tmprss6~ "~ mice were kindly provided by Dr. Thomas Bartni-
kas and Dr. Mark Fleming, Harvard University. Heterozygous
neogenin (Neo) mutant mice on a B6.129 background were pur-
chased from Mutant Mouse Regional Research Center, Univer-
sity of Missouri. This mouse colony is maintained at Oregon
Health and Science University DCM. Wild type, Neot”~, and
Neo ”~ male littermates at about 24 days were obtained by
cross-breeding the heterozygous mice. Neogenin mutation was
confirmed by genotyping by PCR. All procedures for animal
uses were approved by Oregon Health and Science University
DCM.

Quantitative Real Time RT-PCR (qRT-PCR)— qRT-PCR was
used to analyze Tmprss6 mRNA levels in whole liver tissues of
neogenin mutant mice and TMPRSS6 mRNA levels in HepG2
and HepG2-MT?2 cells with and without neogenin knockdown.
The procedures for total RNA isolation and cDNA preparation
were described previously (37). qRT-PCR analysis was per-
formed as reported previously (20). Primers used are 5'-ctgtg-
cagcgaggtctatcg-3' (human TMPRSS6, forward), and 5'-agtca-
ccctgacaggceatect-3' (human TMPRSS6, reverse); 5'-aggtcatca-
ccattggcaatg-3' (human B-actin, forward), and 5'-gtcacacttca-
tgatggagttgaag-3' (human B-actin, reverse). The sequences for
mouse Tmprss6 and mouse [-actin are the same as reported
previously (13, 38). All primers were verified for linearity of
amplification. The results for each gene of interest are
expressed as the amount of mRNA relative to B-actin.

Immunodetection—Cell lysates, conditioned medium, or
streptavidin eluates were separated by SDS-PAGE under
reducing conditions, followed by transfer onto a nitrocellulose
membrane. Membranes were probed with affinity-purified rab-
bit anti-HJV 18745 antibody (0.22 pg/ml), rabbit anti-neogenin
21567 antibody (1:10,000), rabbit anti-MT2 23144 IgG, mouse
anti-TfR1 (1:10,000; Zymed Laboratories Inc.), mouse anti-
Na*/K"-ATPase «l (1:500; Santa Cruz Biotechnology), or
mouse anti-B-actin antibody (1:10,000; Chemicon Interna-
tional), followed by immunodetection using a corresponding
horseradish peroxidase (HRP)-conjugated secondary antibody
(Chemicon International) and chemiluminescence (Super Sig-
nal, Pierce). Alternatively, MT2 was detected using an Alexa
Fluor 680 goat anti-rabbit secondary antibody (1:10,000; Invit-
rogen) and visualized using an Odyssey Infrared Imaging Sys-
tem (Licor). In all the immunodetections, membranes were
always probed with one single antibody each time. Most of the
membranes were probed sequentially with multiple antibodies
without stripping to show the changes of different proteins in a
single image. We always probed the membrane with anti-MT2
antibody first to detect the potential cleavage products in the
cell lysates.

RESULTS

Neogenin Is Required for MT2 Cleavage of H'V—MT?2 sup-
presses hepcidin expression by cleaving the glycosylphosphati-
dylinositol-linked membrane HJV into an inactive 36-kDa frag-
ment that is released from hepatocytes (21, 39). Proteolytic
release of HJV from HepG2 cells that stably express transfected
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FIGURE 1. Neogenin is required for MT2 cleavage of HJV. A, diagram of the MT2 protein. MT-2 is a type Il transmembrane protein that has a short cytoplasmic
domain, a transmembrane domain, and a large extracellular domain. The extracellular domain contains a membrane-proximal SEA (sea urchin sperm protein,
enteropeptidase, agrin) domain, two CUB (complete protein subcomponents C1r/C1s motif, urchin embryonic growth factor,and BMP1) domains, three LDLRa
(low density lipoprotein receptor class A) domains, a predicted activation domain, and a C-terminal catalytic domain. B, diagram of different forms of neogenin
used in this study. Full-length neogenin (Neo) is a type | transmembrane protein with a large extracellular domain that contains four immunoglobulin-like
domains (Ig 1-4) and six fibronectin Ill domains (FNIII 1-6). NeoACD is a truncated form of neogenin lacking the cytoplasmic domain. Its cDNA construct was
generated by adding a stop codon immediately after glutamine 1135, the 9th amino acid after the predicted transmembrane domain of the neogenin
sequence. Neo/Ecto is a soluble form of neogenin that lacks both the cytoplasmic domain and transmembrane domains. FNIII 1-6 is a soluble form of neogenin
that contains FNIII 1-6 domains. FNIII 5-6 is a soluble form of neogenin that contains FNIII 5-6 domains. C, knockdown of endogenous neogenin blocks the
secretion of MT2-cleaved HJV in HepG2-HJV cells. HepG2-HJV cells (HJV) were transfected with a control (Ctrl) or neogenin siRNA twice on day 1 and day 3. At
72 h after the second transfection, neogenin (Neo), HJV, and B-actin in total cell lysate (L) and HJV in 15% CM were immunodetected using the corresponding
antibodies. HepG2-Ctrl cells (Ctrl) were included as a negative control for HJV. D, neogenin FNIII 5-6 blocks the release of MT2-cleaved HJV in HEK293 cells.
HEK293-HJV cells were transiently transfected with either MT2 cDNA (HJV/MT2) or pcDNA3 empty vector, followed by incubation in the absence or presence
of 40 nmFNIII 5-6 in DMEM, 5% FCS for about 16 h. MT2, HJV, and B-actin in total cell lysate (L) and HJV in 15% CM were immunodetected. HEK293-Ctrl cells (Ctrl)
are included as a control for HJV. All images are from a single gel. £, neogenin FNIII 1-6 blocks HJV release from HepG2 cells. HepG2-HJV cells were incubated
in the absence or presence of 0.25 or 0.5 um neogenin FNIII 1-6 in MEM, 5% FCS for about 16 h. HJV and B-actin in total cell lysate (L) and HJV in 15% CM were
immunodetected. F, Neo/Ecto blocks HJV release from HepG2 cells. The experiments were performed as described in E except that 0.5 um Neo/Ecto was added.
All experiments were repeated at least three times with consistent results.
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HJV (HepG2-HJV) constitutes the major pathway of HJV turn-
over (36). HepG2 cells endogenously express MT2, furin, and
neogenin (20). Down-regulation of endogenous neogenin using
siRNA in HepG2-H]JV cells blocks the secretion of two major
forms of soluble HJV that migrate at 36 kDa (MT2 cleavage
product) and 40 kDa (furin cleavage product) in SDS-PAGE,
respectively (Fig. 1C, CM). The relative amounts of HJV in the
conditioned medium represented the accumulation during
72 h of culture after the second siRNA knockdown. Because
HJV is overexpressed in these cells, the endogenous levels of
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MT2 and furin were not sufficient to substantially decrease cel-
lular levels of H]V (Fig. 1C). No cleavage product was detectable
in the cell extracts by Western blot indicating that cleavage
occurs either at the cell surface or that the release occurs shortly
after cleavage (data not shown). HepG2 cells that were stably
transfected with pcDNA3 empty vector (HepG2-Ctrl) were
included as a negative control for HJV. These results along with
the previous observations, which showed that furin cleavage of
HJV is not required for M2 cleavage (20), indicate that neogenin
is required for the cleavage of HJV by both MT2 and furin.
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FIGURE 2. Neogenin interacts with both HJV and MT2. A, MT2 interacts with neogenin in HEK293 cells. HEK293 cells expressing MT2 alone, HJV alone,
neogenin (Neo) alone, MT2/HJV, MT2/Neo, or MT2/NeoACD were metabolically labeled with 100 Ci of [**S]Met/Cys/ml for 3 h.Immunoprecipitations (IP) were
performed using rabbit anti-HJV antibody 18745 (H; generated against residues 1-401 of HJV), rabbit anti-neogenin 21567 antibody (N; generated using the
neogenin FNIIl 1-6 domains), or rabbit anti-MT2 antibody 23144 (M; generated against the stem region of MT2). Immunoprecipitated proteins were separated
by SDS-PAGE, followed by soaking of the gel in Amplify (GE Healthcare) and drying of the gels prior to exposure to x-ray film. The preimmune serum for HJV
(piH) and neogenin (piN) were included as negative controls. Allimages are from a single gel. B, MT2 interacts with neogenin in HepG2 cells. HepG2 cells stably
transfected with neogenin (Neo) were transiently transfected with either pcDNA3 or MT2 cDNA (MT2), followed by a metabolic labeling with 100 uCi of
[3*SIMet/Cys/ml, as described in A, and immunoprecipitation using anti-neogenin antibody. * indicates the MT2 band. C, HJV interacts with both neogenin and
MT2. HEK293 cells expressing HJV/MT2 or HJV/Neo/MT2 were metabolically labeled and immunoprecipitated as described in A using anti-HJV (H), neogenin
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(N), or MT2 (M) antibody. Images are from a single gel. All experiments were repeated at least three times with similar results.

Neogenin could have an indirect effect on the cleavage of
HJV. To further test whether disruption of the interaction
between neogenin and HJV inhibits HJV cleavage, we used sol-
uble fragments of neogenin to compete with the binding of HJV
to the endogenous neogenin (Fig. 1B). HJV binds to the FNIII
5-6 domains of neogenin (34). We examined three forms of
soluble neogenin, FNIII 5- 6 (~30 kDa), FNIII 1- 6 (~90 kDa),
and Neo/Ecto (~150 kDa), for their ability to interfere with the
neogenin-facilitated cleavage of HJV. They all bind HJV in vitro
with the binding affinity at about 0.22, 560, and 2,100 nm (34).
All three forms of soluble neogenin are expected to act as
decoys that compete with the binding of HJV to endogenously
expressed neogenin at the cell surface. HEK293-control cells
(transfected with an empty vector), HEK293-HJV cells (trans-
fected with HJV), and HEK293-HJV/MT2 cells (transfected
with HJV and MT2) were used. HEK293 cells endogenously
express both neogenin and furin. Addition of ENIII 5-6
domains of neogenin (40 nm) into the culture medium of
HEK293-H]JV cells reduced the cleavage of HJV by furin (Fig.
1D, lane 2 versus lane 3 in CM). When HEK293-HJV/MT?2 cells
were incubated with FNIII 5- 6 domains of neogenin, it abol-
ished the release of MT2-cleaved HJV (Fig. 1D, lane 4 versus
lane 5 in CM). Expression of MT?2 significantly reduces HJV
levels in the cells when compared with HEK293-HJV (Fig. 1D,
top panel, lanes 4 and 5 versus lanes 2 and 3), consistent with the
previous observations by Silvestri et al. (21).

Similarly, the release of cleaved HJV products by MT2 as well
as by furin in HepG2-HJV cells was also blocked by addition of
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ENIII 1- 6 domains and Neo/Ecto to the culture medium (Fig.
1, E and F). Interestingly, inhibition of HJV secretion by Neo/
Ecto, rather than FNIII 1-6, resulted in an increase in cellular
HJV (Fig. 1F). We do not have an obvious explanation for this
observation. Collectively, these observations suggest that HJV
cleavage by MT?2 as well as by furin requires the association of
HJV with full-length neogenin at the cell surface and that solu-
ble neogenin fragments compete with this process.

MT?2 Interacts with Neogenin—To determine how neogenin
facilitates the MT2 cleavage of HJV, we tested whether neoge-
nin directly interacts with MT2 and/or HJV to form a ternary
complex. HEK293 cells were used as a model for this analysis,
because they are easily transfected and thus are amenable to
study protein interactions. HEK293 cells expressing different
combinations of HJV, MT2, and neogenin were metabolically
labeled with [**S]Met/Cys for 3 h, followed by immunoprecipi-
tation with anti-HJV (against residues 1- 401 of H]V), anti-neo-
genin (generated against the neogenin ectodomain FNIII 1-6),
or anti-MT2 (generated against the stem region of MT2 ecto-
domain) antibody. Because all three proteins undergo a rapid
turnover within the cells with the half-life at about 1, 1.5, and
2.5 h for HJV, neogenin, and MT2, respectively (17, 36, 40), this
time point would allow detection of the interactions under
steady-state conditions. As expected, we first confirmed the
previous observation that HJV interacts with MT2 (Fig. 24,
lanes 4 and 7) (21). MT2 co-immunoprecipitated with either
full-length neogenin or a truncated neogenin lacking the cyto-
plasmic domain (NeoACD) (Fig. 24, lanes 6 and 8), indicating
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FIGURE 3. MT2 does not cleave neogenin. A, neogenin undergoes an active secretion from HEK293 cells. HEK293 cells stably transfected with pcDNA3 empty
vector (Ctrl), full-length neogenin cDNA (Neo), or NeoACD cDNA were incubated in DMEM, 1% FCS with or without 5 um FCl for 16 h. Neogenin (Neo) and B-actin
in total cell lysate (L) and neogenin in 15% of CM were immunodetected using the corresponding antibodies. B, MT2 does not cleave neogenin in HEK293 cells.
HEK293-Ctrl or-HJV/Neo cells were transiently transfected with MT2 cDNA or pcDNA3 empty vector. At 48 h post-transfection, medium was changed to DMEM,
1% FCS containing 5 um FCl or 100 um leupeptin. After 16 h of incubation, neogenin (Neo), MT2, HJV, and B-actin in total cell lysate (L) and neogenin and HJV
in 15% of CM were immunodetected using the corresponding antibodies. The top image was obtained by a sequential probing with anti-MT2, HJV, neogenin,
and B-actin antibodies. One antibody was applied each time. The membrane was not stripped before the following antibody was applied. C, TAPI-2 inhibits the
neogenin release in HEK293 cells. HEK293-HJV/Neo cells in 12-well plates were incubated in DMEM, 1% FCS with 0, 1, 5, 10, 25, 50, or 100 um TAPI-2 (TAPI) for
16 h. Neogenin, HJV, and B-actin in total cell lysate (L) and neogenin and HJV in 15% of CM were immunodetected using the corresponding antibodies.
D, TAPI-2 does not affect MT2 cleavage of HJV in HEK293 cells. HEK293-HJV/Neo cells were transiently transfected with MT2 cDNA. At 48 h post-transfection,
medium was changed to DMEM, 1% FCS with or without 25 um TAPI-2 (TAPI). After 16 h of incubation, neogenin, MT2, HJV, and B-actin in total cell lysate (L), and
HJV in 15% of CM were immunodetected using the corresponding antibodies. £, TAPI-2 does not affect HJV release from HepG2 cells. HepG2-HJV cells were
incubated in MEM, 1% FCS with 0, 25, or 50 um of TAPI-2 (TAPI). After 16 h of incubation, HJV and B-actin in total cell lysate (L) and HJV in 15% of CM were

immunodetected using the corresponding antibodies. All experiments were repeated for at least three times with consistent results.

that the cytoplasmic domain of neogenin is not necessary for
their interaction. Co-immunoprecipitation of MT2 with neo-
genin (Fig. 24, lane 6 versus lane 5 and lane 8 versus lane 7)
indicates that MT2 interacts directly with neogenin, because
HEK?293 cells do not endogenously express HJV. No additional
bands distinct from the controls (Fig. 2A) were noticed in the
images after a longer exposure (data not shown) indicating that
MT?2, neogenin, and HJV were the major components of the
complex. Consistent with these results, we also detected a co-
immunoprecipitation of MT2 with neogenin in HepG2-Neo/
MT2 (transfected with both neogenin and MT2) when com-
pared with HepG2-Neo cells (transfected with neogenin alone)
(Fig. 2B).

HJV Co-precipitates Both Neogenin and MT2—Previous
studies demonstrated that neogenin interacts with HJV (7, 33,
34). We wanted to determine whether HJV, MT2, and neogenin
could form a ternary complex. HEK293 cells that stably express
exogenous HJV and neogenin (HEK293-HJV/Neo) were tran-
siently transfected with MT2, followed by a metabolic labeling
with [**S]Met/Cys. As shown in Fig. 2C, anti-HJV antibody was
able to pull down all three proteins (lane 2). Anti-MT2 antibody
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could bring down MT?2 itself, and was included as a control for
MT2 band (Fig. 2C, lane 4). Anti-neogenin antibody could pull
down both neogenin and MT2 but not HJV (Fig. 2C, lane 3).
The lack of detectable HJV in the immunoprecipitate might be
due to a competition between the anti-neogenin antibody with
HJV for binding to neogenin. The MT2 antibody made against
the stem region was unable to pull down either HJV or neogenin
(Fig. 2C, lane 4) consistent with the finding that MT?2 interacts
with HJV through its stem region (21). Our results indirectly
suggest that neogenin, HJV, and MT2 could form a complex in
the cells.

MT2 Does Not Cleave Neogenin—During the course of our
experiments, we found a cleaved form of neogenin in the con-
ditioned media of cells. The major M2-mediated cleavage site
of HJV has been mapped to arginine 288 (20), consistent with
its ability to cleave substrates immediately after an arginine
residue (16). Neogenin extracellular domain possesses mul-
tiple arginine residues. We tested whether the MT2-neoge-
nin interaction could lead to the cleavage of neogenin. First,
we ruled out the possibility that a subtilisin family of pro-
teases, like furin, could cleave neogenin by using FCI (Fig.
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3A). Because the size of NeoACD in the cell extract is close to
that of secreted neogenin, the cleavage site in neogenin is
predicted to be at a site of extracellular domain that is adja-
cent to the transmembrane domain.

Transient introduction of MT?2 into HEK293-HJV/Neo did
not alter the amount of neogenin shed into the medium but was
able to shift about half of the soluble HJV from 40 to 36 kDa (Fig.
3B, lanes 5 and 6 versus lanes 9 and 10), which is the product of
MT?2 cleavage (20). The lack of complete cleavage by MT2
might be due to only a portion of cells being transfected. Similar
to our previous observations (20), FCI could block the release of
40-kDa soluble HJV (Fig. 3B, lane 7 versus lanes 5 and 6), and
leupeptin blocked the release of MT2 cleavage of HJV (Fig. 3B,
lane 12 versus lanes 9 and 10). However, neither affected the
release of neogenin.

Okamura et al. (41) recently reported the cleavage of the
extracellular domain of neogenin by the tumor necrosis factor
a-converting enzyme in the transfected HEK293 cells. The
cleavage product migrates at ~150 kDa in SDS-PAGE. A simi-
lar size of soluble neogenin was readily detectable in the condi-
tioned medium of HEK293 cells transfected with either full-
length neogenin or truncated neogenin (NeoACD) cDNA (Fig.
3A). In addition, the secretion of neogenin from HEK293-HJV/
Neo cells was inhibited by TAPI-2, a specific tumor necrosis
factor a-converting enzyme inhibitor, in a dose-dependent
manner (Fig. 3C). This is in agreement with the observation by
Okamura et al. (41). Conversely, TAPI-2 exhibits no evident
inhibitory effect on HJV cleavage in both HEK293-HJV/Neo/
MT?2 cells (Fig. 3D) and HepG2-HJV cells (Fig. 3E). Interest-
ingly, TAPI-2 mildly increased the secretion of furin-cleaved
HJV in HEK293 cells (Fig. 3C, lower panel) and the MT2-
cleaved HJV (Fig. 3D, lower panel), consistent with the finding
that shed neogenin inhibits furin and M T2 cleavage of HJV (Fig.
1, D-F). Collectively, neither MT2 nor furin is able to cleave
neogenin in the cells. Thus despite the interaction of MT2 with
neogenin, it fails to cleave neogenin. These results indicate that
MT?2 is not promiscuous in its cleavage of neighboring proteins.

Lack of Neogenin Involvement in the Trafficking of MT?2 to the
Cell Surface—MT?2 is predicted to cleave HJV at the cell surface
(19, 21). We previously showed that neogenin is not required
for HJV expression on the plasma membrane by flow cytometry
(28). Because neogenin binds to MT?2, it might act as a chaper-
one to facilitate the trafficking of MT2 from the ER to the
plasma membrane. If this were the case, depletion of neogenin
in the cells would decrease the amount of MT2 on the plasma
membrane, thereby decreasing the cleavage of HJV. To test this
possibility, endogenous neogenin in HepG2 cells stably
expressing the transfected MT2 (HepG2-MT2) was depleted
using specific siRNA. Cell surface proteins were biotinylated at
4°C, and the biotinylated proteins were pulled down using
streptavidin beads, followed by immunodetection of MT2 in
the eluates. Down-regulation of endogenous neogenin resulted
in the accumulation of cell surface MT2 by about 3-fold (Fig. 4,
A and B). Similarly, approximately a 2-fold increase in MT2 was
also detected in whole cell extracts. As a negative control, no
significant change in transferrin receptor 1 (TfR1) was detected
either at the cell surface or in cell lysates upon neogenin knock-
down (Fig. 4A). These results indicate that MT2 trafficking to
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the plasma membrane is independent of neogenin. Rather, neo-
genin may facilitate MT2 turnover.

To gain more insight into the role of neogenin in MT2 turn-
over in vivo, we immunodetected the MT2 levels in the liver
membrane preparations of neogenin mutant mice. This strain
of mice was generated by insertion of a secretory gene-trap
vector into intron 7 of the neogenin gene (42, 43). Homozygous
mutant mice (Neo ’~) have an approximate 90% reduction in
neogenin protein in the liver and exhibit iron overload, low
levels of hepcidin, and reduced BMP signaling (44). Consistent
with the results for HepG2-MT2 cells, decreased neogenin
correlates with a mild increase in MT2 in both heterozygous
and homozygous mutant mice (Fig. 4C). Liver tissue from
Tmprss6 '~ mice was included as a negative control to show
the specificity of anti-MT2 antibody. We also examined the
effects of increased MT2 expression on the levels of endoge-
nously expressed neogenin in HepG2-MT2 cells. A mild
decrease was detected (Fig. 4D). Collectively, these results along
with the observations that neogenin acts after HJV traffics to
the plasma membrane in our previous studies (29) and that
neogenin is necessary for MT2-induced cleavage in this study
suggest that, in the absence of neogenin, expression of both HJV
and MT?2 at the cell surface is not enough to elicit the MT2
cleavage of HJV.

Neogenin Facilitates MT2 Protein Degradation—Cellular
MT?2 accumulation upon neogenin depletion could result from
an increase in TMPRSS6 gene expression, a decrease in MT2
degradation, or both. Analysis of Tmprss6 mRNA by qRT-PCR
revealed no significant change either in the liver of neogenin
mutant mice compared with wild type counterparts (Fig. 4E) or
in HepG2 cells and HepG2-MT2 cells after depletion of neoge-
nin (data not shown). The transcription of transfected
TMPRSS6 cDNA in HepG2-MT?2 cells is under the control of a
CMV promoter. These results suggest that the increased M T2
levels detected in neogenin mutant mice, as well as in HepG2-
MT?2 cells with neogenin knockdown, did not result from the
increased transcription of Tmprss6 gene or the increased sta-
bility of Tmprss6 mRNA.

The effects of neogenin knockdown on MT2 degradation
were tested. Cycloheximide at 100 ug/ml was added into the
culture medium of HepG2-MT2 cells to block protein synthe-
sis. Depletion of endogenous neogenin was able to significantly
prevent the rapid decrease in MT2 (Fig. 5, A and B). These
results indicate that the accumulation of MT2 upon neogenin
knockdown results from the reduced MT2 degradation and
indirectly imply that neogenin facilitates MT2 degradation.

To determine whether neogenin enhances MT2 degradation
by mediating its internalization, we tested the effects of dyna-
sore, a cell-permeable inhibitor specific for the dynamin
GTPase (45), on cellular MT2 levels. A recent study indicates
that cell surface MT2 undergoes internalization via a
dynamin-dependent pathway and that the internalized MT2
is targeted to lysosomes for degradation (46). Incubation of
HepG2-MT2 cells in the presence of 160 um dynasore
resulted in an accumulation of MT2 (Fig. 5C). The concen-
tration of dynasore used was based on a previous study using
HepG2 cells (29). This result implies that neogenin is
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FIGURE 4. Depletion of neogenin results in the accumulation of both cellular and cell surface MT2. A, knockdown of endogenous neogenin increases the
MT2 levels both in the cell extracts and on the plasma membrane. HepG2 cells stably expressing MT2 or HJV were transfected with a control or neogenin siRNA
twice on day 1 and day 3. At about 72 h after the second transfection, cell surface proteins were biotinylated at 4 °C. The biotinylated proteins in the cell lysate
were isolated using streptavidin-agarose beads. Neogenin, MT2, TfR1, HJV, and B-actin in about 10% of total cell lysate prior to pulldown (lysate input) and in
the total eluates from streptavidin-agarose beads (biotinylation eluate) were immunoblotted (/B) using the corresponding antibodies. Two individual HepG2-
MT2 clones were used for the analysis. Image in the 3rd panel was obtained by a sequential probing with anti-HJV and B-actin antibodies. One antibody was
applied each time. The membrane was not stripped before the following antibody was applied. The experiments were repeated four times with consistent
results. B, quantification of the immunodetection for MT2 in A. MT2 bands as showed in A were quantified using an Alexa Fluor 680 goat anti-rabbit secondary
antibody and an Odyssey Infrared Imaging System (Licor). The intensities of MT2 bands in cell lysate were normalized to that of the corresponding B-actin. The
relative levels of MT2 in control (Ctrl) siRNA-transfected cells were counted as 1. Pair and two-tailed t test was used to calculate the difference of relative MT2
levels between control and neogenin siRNA transfection. Results are from four individual experiments. C, neogenin mutant mice have an increased MT2 level.
About 250 pg of liver membrane proteins from age- and gender-matched wild type (+/+), heterozygous (+/—), or homozygous (—/—) neogenin mutant mice
was subjected to SDS-PAGE and immunodetection of neogenin (Neo), MT2, and B-actin. Liver membrane extracts from a pair of age- and gender-matched wild
type (+/+) and Tmprss6-null (—/—) mice and cell lysates from HepG2-Ctrl and MT2 (M2) lysates were included as controls. * indicates the neogenin band. The
results were repeated twice in two different sets of neogenin mutant mice with consistent results. D, Western blot analysis of neogenin and MT2 in HepG2-Ctrl
(Ctrlyand HepG2-MT2 cells (MT2). Two MT2 images (short exposure and longer exposure) were illustrated to show the lack of detectable autocleavage products
of MT2. The experiments were repeated four times with consistent results. n.s. denotes the nonspecific band. E, quantitative RT-PCR analysis of Tmprss6 mRNA
expression in age and gender-matched wild type (Neo */*), heterozygous (Neo*/~), or homozygous (Neo ™’ ~) neogenin mutant mice. There are five animals per
group. The results are expressed as the amount of mRNA relative to B-actin in each sample. No significant difference was detected between groups.
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required for the rapid turnover of MT2 through facilitating
its internalization.

Similarly, incubation with the full-length soluble neogenin
ectodomain led to an increase in MT2 (Fig. 5D). The soluble
neogenin FNIII 5-6 domains but not the FNIII 1- 6 domains
also led to a barely detectable increase in MT2 (Fig. 5D). We
speculate that soluble neogenin FNIII 1- 6 domain may not be
able to disrupt the neogenin-MT2 interactions. The relatively
mild accumulation of MT2 in the presence of soluble neogenin
ectodomain might result from the incomplete disruption of
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neogenin/MT2. The binding affinity between neogenin and
MT?2 has not been defined. Together, our observations suggest
that neogenin enhances MT2 degradation by facilitating cell
surface MT?2 internalization in a dynamin-dependent manner.

We also explored the potential mechanism for the increase in
cell surface HJV upon neogenin knockdown (Fig. 44). Our previ-
ous studies imply that HJV is internalized in a dynamin-indepen-
dent but cholesterol-dependent manner (29). Consistently, sup-
pression of dynamin GTPase activity by dynasore only resulted in
amild accumulation of cellular HJV in HepG2-H]JV cells (data not
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FIGURE 5. Disruption of neogenin-MT2 interaction slows down MT2 degradation. A, depletion of endogenous neogenin reduces MT2 degradation.
HepG2-MT2 cells were transfected with a control (Ctrl) or neogenin siRNA twice on day 1 and day 3. At about 66 h after the second transfection, cells were
incubated with 100 ng/ml cycloheximide (CHX) in complete medium for 0, 3, and 6 h. Cell lysates were then prepared and analyzed by immunoblotting using
anti-neogenin (Neo), MT2, and B-actin (Actin) antibodies. HepG2 cells stably transfected with a pcDNA3.1 empty vector (Ctrl) were included as a negative
control for MT2. n.s. denotes nonspecific band. B, quantification of the immunodetection for MT2 in A. MT2 bands as shown in A were quantified using an Alexa
Fluor 680 goat anti-rabbit secondary antibody and an Odyssey Infrared Imaging System (Licor). The intensities of MT2 bands in cell lysate were normalized to
that of the corresponding B-actin. The relative levels of MT2 at 3 and 6 h were then expressed as the percentage relative to 0 h for each group. Pair and
two-tailed t tests were used to calculate the difference of relative MT2 levels between control and neogenin siRNA transfection. Error bars represent the
standard deviation. Results are from four individual experiments. C, incubation with dynasore results in an accumulation of MT2 in HepG2-MT2 cells. HepG2-
MT2 cells were incubated in complete medium with 160 um dynasore (Sigma) in DMSO or an equal volume of DMSO (—) for 18 h. Cell lysates were prepared for
immunodetection of MT2 and B-actin. The experiments were repeated three times with consistent results. D, incubation with soluble neogenin ectodomain
results in a mild accumulation of MT2 in HepG2-MT2 cells. HepG2-MT2 cells were incubated with 40 nm neogenin FNIII 5-6 from two different preparations
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shown). Similar to MT?2, incubation of HepG2-H]JV cells with sol-
uble neogenin ectodomain (~150 kDa) led to an evident accumu-
lation of cellular HJV (Fig. 1F). These results suggest that neogenin
also facilitates the internalization of cell surface HJV.

MT?2 Traffics to the Plasma Membrane via the Traditional
Biosynthetic Pathway—To explore the mechanism by which
neogenin is involved in MT2 cleavage of HJV, we investigated
the route of MT?2 trafficking by analyzing the maturation of
Asn-linked oligosaccharides on MT2, using Endo-H, which
cleaves high mannose oligosaccharides added co-translation-
ally in the ER, and PNGase F, which cleaves both high mannose
and Golgi-modified (complex) oligosaccharides. MT2, neoge-
nin, and HJV contain Asn-linked oligosaccharides (21, 31, 36).
Our previous studies indicate that neogenin and HJV traffic
from the ER to the plasma membrane possibly via different
routes (36). Although neogenin follows the traditional biosyn-
thetic pathway, the oligosaccharides on HJV avoid obtaining
Golgi-specific modifications until HJV undergoes retrograde
trafficking from the cell surface (36). The MT2 sequence pos-
sesses seven potential Asn-linked glycosylation sites (21). In
this set of studies, biotinylated cell surface proteins after
streptavidin bead pulldown were digested with either Endo-H
or PNGase F. A decrease in the molecular weight of MT2, as
detected by Western blot analysis, indicates the removal of
oligosaccharides. Most of the cell surface MT2 was sensitive to
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PNGase F but not to Endo-H (Fig. 64, lane 2 versus lanes 3 and
4). This indicates that MT2 obtained complex oligosaccharides
during its transit through the Golgi. Consistent with our previ-
ous studies (36), the majority of endogenously expressed cell
surface neogenin was Endo-H-resistant (Fig. 6A4). As expected,
Na™/K*-ATPase a1, a plasma membrane protein that pos-
sesses no potential Asn-linked glycosylation site in its
sequence, remains unaffected by Endo-H or PNGase F diges-
tion (Fig. 6A). Together, these results suggest that MT?2 traf-
fics through the traditional biosynthetic pathway, which is
similar to neogenin but distinct from HJV. These observa-
tions imply that HJV is not accessible to MT2 for cleavage on
the biosynthetic pathway.

MT?2 Cleaves H]V after It Reaches the Cell Surface—W'e pre-
viously showed that both intracellular and cell surface HJV are
sensitive to Endo-H digestion, but the secreted HJV is Endo-H-
resistant (36). To determine the potential site where MT2
cleavage of HJV occurs, the secreted HJV in the media from
HEK293-HJV/MT?2 cells was subjected to Endo-H and PNGase
F digestion, followed by detection of HJV by Western blot. Con-
sistent with the observations by Silvestri et al. (21), expression
of MT?2 resulted in a decrease in cellular HJV (Fig. 6B, upper
panel, lane 2 versus 5). Interestingly, the secreted HJV by both
MT?2 cleavage (Fig. 6B, lanes 12-14) and furin cleavage (Fig. 65,
lanes 9—11) was resistant to Endo-H but sensitive to PNGase F,
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FIGURE 6. MT2 and HJV traffic to the plasma membrane through distinct
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lated at 4 °C. The biotinylated proteins in the cell lysate were isolated using
streptavidin-agarose beads. Bound proteins were eluted with NET-Triton, 1%
B-mercaptoethanol, 0.5% SDS. The eluates were subjected to digestion with
mock, Endo-H, or PNGase F, followed by immunodetection of neogenin (Neo),
Na*/K"-ATPase a1 (a specific plasma membrane marker), MT2, and B-actin.
Allimages are from a single gel. The experiment was repeated four times with
consistent results. Ctrl, control. B, MT2-cleaved soluble HJV is resistant to
Endo-H digestion in HEK293 cells. HEK293-HJV cells in a 12-well plate were
transiently transfected with either pcDNA3 empty vector (HJV) or MT2 cDNA
(HJV/MT2). At 48 h post-transfection, culture medium was changed to DMEM,
1% FCS. After 16 h of incubation, CM was collected, and cell lysate was pre-
pared. One-third of cell lysate and ~15% of CM were subjected to mock,
Endo-H, and PNGase F digestion, followed by SDS-PAGE separation and
immunodetection of MT2, HJV, and B-actin. The image is a representative of
four independent experiments with consistent results. C, cell surface HJV has
high mannose oligosaccharides, whereas MT2-cleaved cell surface HJV has
complex oligosaccharides in HepG2 cells. Cell surface HJV in HepG2-HJV cells
was biotinylated at 4 °C, followed by incubation at 37 °C for 4 h in complete
medium. The total biotinylated HJV in cell lysate (Lysate/Pulldown) and the
biotinylated HJV released into the medium (CM/Pulldown) were isolated
using streptavidin-agarose beads. The eluates were digested with Endo-H
and PNGase F. Endo-H and PNGase F digestion of one-third of input cell
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indicating that they acquired complex oligosaccharides before
release.

Our previous studies suggest that cleavage of HJV takes place
after it traffics to the plasma membrane (29). To gain more
insight into the cleavage of HJV by MT2, we followed the tran-
sition of Asn-linked oligosaccharides of HJV labeled at the cell
surface from high mannose to complex forms. HepG2 cells
were used because they express a low level of TMPRSS6 (20),
which cleaves HJV (Fig. 1, C and E). The secretion of biotiny-
lated cell surface HJV was measured 4 h after warming the cells
to 37 °C. Both the total biotinylated cell surface HJV and the
secreted HJV were isolated using streptavidin beads. As pre-
dicted, two major secreted forms of soluble HJV were detected
that migrate at 36 kDa (MT2 cleavage product) and 40 kDa
(furin cleavage product) in SDS-PAGE, respectively (Fig. 6C,
lane 11). Both cleaved forms of H]V in the conditioned medium
were sensitive to PNGase but not Endo-H indicating that HJV
had undergone a conversion from a high-mannose to a complex
oligosaccharide form prior to release into the medium. Inter-
estingly, the secretion of cell surface HJV was correlated with a
transition from Endo-H-sensitive to Endo-H-resistant (Fig. 6C,
lane 6 versus 12), which is consistent with the observations in
HEK293 cells (Fig. 6B) and our previous studies (36). These
results suggest that both MT2- and furin-mediated release of
HJV from HepG2 cells involves a retrograde trafficking of cell
surface HJV possessing high mannose oligosaccharides to the
TGN and Golgi, where its oligosaccharides are processed to a
complex form. However, these observations are unable to dis-
tinguish whether cleavage occurs at the cell surface prior to
endocytosis, processing, and release or in endocytic or recy-
cling vesicles.

DISCUSSION

MT?2 regulates iron homeostasis by cleaving membrane-
bound HJV in hepatocytes (20, 21, 23, 24). In this study we
showed that neogenin forms a complex with both MT2 and
HJV. Disruption of neogenin-HJV interaction at the cell surface
abolishes MT2 cleavage of HJV. MT2 traffics to the plasma
membrane through the traditional biosynthetic pathway inde-
pendently of neogenin. HJV cleavage by MT2 takes place after it
reaches the plasma membrane, and the cleaved HJV products
undergo a post-translational modification in the TGN/Golgi
compartments before being secreted from the cells.

Hepatocyte HJV acts as a co-receptor for BMP ligands to
induce hepcidin expression via the BMP/Smad signaling path-
way (11). Lack of functional HJV in humans (5) or loss of Hjv
specifically in murine hepatocytes (14, 15) markedly reduces
hepatic hepcidin expression and results in severe iron overload.
HJV is regulated at the protein level by MT2 and possibly furin.
MT?2 is a serine protease that is co-expressed with HJV in hepa-
tocytes (16 —18). It binds to and cleaves membrane-bound HJV
into the inactive form (20, 21), which leads to the decrease in

lysates (Lysate/Input) and one-third of cell lysate after streptavidin pulldown
(Lysate/Post) are also included. Lysate from HepG2-Ctrl cells (Lysate/Input/Ctrl)
or pulldown from the medium of HepG2-HJV cells without biotinylation (CM/
Pulldown/HJV**) were used as negative controls. * indicates the MT2-cleaved
HJV products in the CM. Experiments were repeated four times with consis-
tent results.
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the level of cellular HJV (21) as well as the reduction of HJV-
induced hepcidin expression (18, 21). Consistently, the lack of
functional MT?2 in humans and mice results in increased hep-
cidin expression and iron deficiency (6, 18, 22). Interestingly,
the function of MT2 could not be compensated for by the ubiq-
uitously expressed furin (27), which also cleaves HJV but at a
distinct site from MT2 (20). Thus, MT2 is the key suppressor of
hepcidin expression.

HJV binds neogenin (7, 33), a ubiquitously expressed multi-
functional transmembrane protein. It is also a receptor for
RGMa, netrins, and possibly BMP ligands (32, 48 —50). This
study demonstrated that neogenin-HJV interaction is the pre-
requisite for HJV cleavage by both MT2 and furin. These are
consistent with our previous observations in HepG2 and
C2C12 cells (28, 29). Our previous studies suggest that MT2
cleaves HJV independently of furin (20). Neogenin could be
required for the cleavage of HJV by MT2 and/or the subsequent
secretion of cleaved product. Because no accumulation of
cleaved HJV was detected within the cell extracts upon neoge-
nin knockdown, neogenin appears to facilitate MT2 cleavage of
HJV, in addition to furin.

Neogenin binds to HJV through its FNIII 5— 6 domains (34).
We examined the effects of three soluble forms of neogenin
(FNIII 5—6, FNIII 1-6, and Neo/Ecto) that could bind HJV in
vitro, on MT2 cleavage of HJV. These are predicted to compet-
itively disrupt the interaction of HJV with the endogenous full-
length neogenin at the plasma membrane. All three forms of
neogenin blocked MT2 cleavage of HJV, implying that MT2
could only cleave the HJV that is associated with the full-length
neogenin. Because neogenin FNIII 5-6 domains are located
immediately adjacent to the transmembrane (Fig. 1B), associa-
tion of HJV with neogenin at the plasma membrane may result
in a pronounced conformational change of HJV. We hypothe-
size that this change would lead to the exposure of the MT2
cleavage site in HJV.

MT2 binds HJV through its stem region (21). Here, we
showed that MT2 also interacts with neogenin and that HJV
could form a complex with both MT2 and neogenin, but MT2
does not cleave neogenin. MT2 is predicted to cleave substrate
at arginine residues (16). These observations support the idea
that HJV is a specific substrate of MT2. Hepatocytes are the
only known cell type where MT2, HJV, and neogenin are co-ex-
pressed (17, 35). This would allow neogenin to facilitate MT2
cleavage of HJV.

MT?2 cleaves HJV by its C-terminal catalytic domain. Lack of
this domain in mask mice or disruption of both Tmprssé6 alleles
in mice results in a marked increase in hepatic hepcidin expres-
sion as well as microcytic anemia (16, 22, 24). However, the
precise active form of MT2 is still debatable. One study suggests
that the full-length MT2 is catalytically inactive zymogen (21).
Activation of MT2 requires the cleavage of the catalytic domain
at the predicted autocleavage site at the plasma membrane, and
the cleaved catalytic domain forms a heterodimer with the stem
region of MT2 through disulfide bonds (21). Other groups
report that only the shed MT2 catalytic domain from the cells is
enzymatically active because it cleaves the synthetic peptide
(51). Our results favor the former. In HEK293 cells that were
transiently expressing MT2 with a myc tag at the end of cata-
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lytic domain, we detected the shed MT?2 catalytic domain in the
conditioned medium (data not shown). Addition of a myc tag
does not affect the catalytic activity of MT2 (18), but co-culture
studies suggest that only the cell-associated MT2 is able to
cleave HJV (18). In this study, no cleaved form of MT2 was
detected in HepG2-MT?2 cells by immunoprecipitation using
an antibody against the stem region of MT2 or by Western blot
analysis of biotinylated cell surface MT2. Yet these observa-
tions do not exclude the possibilities that only a small propor-
tion of MT2 exists as an active form at the cell surface. Its level
may fall below the limit of detection. For example, HepG2 cells
express an undetectable amount of MT2 by Western blot anal-
ysis, but the endogenous M T2 is sufficient to cleave HJV.

The finding that down-regulation of neogenin increases
(rather than decreases) MT2 on the cell surface is an unex-
pected observation. Studies by Beliveau et al. (46) indicate that
cell surface MT2 is internalized via a dynamin-dependent path-
way and that the internalized MT?2 is targeted to lysosomes for
degradation. In line with this previous finding, we provide evi-
dence showing that depletion of neogenin reduces the rate of
MT?2 degradation and that inhibition of endocytosis results in
an accumulation of MT2 in the cells. On the basis of these
results, we predict that neogenin facilitates MT2 internaliza-
tion to mediate its rapid degradation.

This and our previous studies (28) indicate that HJV traffics
to the cell surface independently of neogenin. When endoge-
nous neogenin is depleted, increases of both MT2 and HJV at
the cell surface are unable to trigger MT?2 cleavage of HJV. We
speculate that the functional form of MT2 exists at least as a
hetero-oligomer with neogenin. MT2 may act like the y-secre-
tase, a heterotetramer that contains at least presenilin 1, nicas-
trin, Aph-1, and Pen2. In this complex, presenilinl is the only
component that cleaves the amyloid precursor protein (51).
Alternatively, interaction with neogenin may elicit the auto-
cleavage of MT2 catalytic domain that leads to the activation of
MT?2, and the cleaved products are rapidly degraded.

HJV is predicted to traffic to the plasma membrane avoiding
the Golgi processing either by being masked by binding to
another protein or by bypassing the Golgi (36). Both neogenin
and M T2 appear to traffic to the plasma membrane through the
traditional biosynthetic pathway in HepG2 cells as measured by
the gain of complex oligosaccharides. These observations have
two important implications. First, distinct trafficking pathways
of HJV, neogenin, and MT2 would prevent the exposure of HJV
to MT2 on the biosynthetic pathway. Importantly, this would
allow the specific regulation of HJV levels by MT2 at the plasma
membrane through the body iron sensory machinery. Although
HJV mRNA expression is not regulated by iron, the MT2 pro-
tein seems to be stabilized in rats with an acute iron deficiency
(17), and MT2 mRNA expression is induced via BMP signaling
through a feedback mechanism (38). Second, neogenin and
MT?2 trafficking through the same pathways would allow neo-
genin to facilitate the function of MT2 presumably by forming a
heterodimer. The findings that only a very small proportion of
MT2 was detected at the plasma membrane in this study might
be due to the fact that an overexpression system was used for
the analysis. Transfected MT2 undergoes a rapid turnover (17).
Our previous studies showed that the transfected MT2 in
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FIGURE 7. Models of HJV, MT2, and neogenin trafficking in hepatocytes.
A, model of MT2 cleavage of HJV at the plasma membrane after retrograde
transport. Nascent HJV traffics from ER to plasma membrane bypassing the
Golgi compartment (7), and MT2 and neogenin follow the traditional biosyn-
thetic pathway and undergo post-translational modifications in the TGN/
Golgi compartment (2). Upon reaching the plasma membrane, HJV forms a
complex with MT2 and neogenin, which triggers the internalization and ret-
rograde trafficking of the complex into the TGN/Golgi compartment for post-
translational modifications of HJV (3). Then the complex traffics back to the
plasma membrane (4) to allow MT2 cleavage of HJV. The cleaved HJV is
released from the cells (5). B, model of MT2 cleavage of HJV during retrograde
transport. Nascent HJV, MT2, and neogenin traffic from ER to plasma mem-
brane as described in A (7 and 2). Upon reaching the plasma membrane, HJV
forms a complex with MT2 and neogenin, which triggers the internalization
and retrograde trafficking of the complex into the TGN/Golgi compartment
for cleavage (3). The cleaved HJV by MT2 in this compartment is rapidly
secreted from the cells (4).

HepG2 cells is able to cleave HJV, and therefore it is functional
(20). To the best of our knowledge, the relative ratios of cell
surface to intracellular MT2 (or HJV) in vivo have not been
reported. Immunofluorescent studies did show a significant
amount of HJV localized within HepG2-HJV cells (data not
shown).

Studies by others assume that MT2 cleaves HJV at the plasma
membrane (21, 39). Consistently, we found that MT2 does not
cleave HJV in the biosynthetic pathway. We also provide evi-
dence showing that both MT2 and furin-mediated HJV cleav-
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age are coupled to a transition of Asn-linked oligosaccharides
from high mannose to complex oligosaccharides in HJV.
Although cell surface HJV possesses high mannose oligosac-
charides, the secreted HJV products gain complex oligosaccha-
rides. Glycoproteins are processed to the complex oligosaccha-
rides only in the TGN and Golgi (52). However, our results do
not exclude the possibility that MT2 cleaves HJV at the plasma
membrane. Dissociation from neogenin might require a retro-
grade trafficking though an acidic compartment.

On the basis of the published data and the results in this
study, we propose two models for MT2 trafficking and cleavage
of HJV in hepatocytes (Fig. 7, A and B). Nascent MT?2 traffics
from the ER to the plasma membrane via the Golgi/TGN in a
manner similar to neogenin. Upon reaching the cell surface,
HJV forms a ternary complex with both neogenin and MT2,
which undergoes endocytosis and retrograde trafficking to the
Golgi/TGN compartments for further modification before
recycling to the plasma membrane where it is cleaved by MT2
and then released (Fig. 7A). Alternatively cleavage occurs in
endocytic compartments (Fig. 7B).

Neogenin mutant mice have multiple defects, in addition to
defects of iron metabolism (44, 53). This might be due to the
fact that neogenin is also a receptor for several other ligands (32,
47, 50). The severe iron overload and marked decrease in
hepatic hepcidin expression detected in the homozygous
mutant mice are similar to the phenotype of Hjv-null mice (44).
This is consistent with our findings showing that neogenin is
essential for BMP4-induced and HJV-mediated hepcidin
expression in HepGz2 cells (35). Based on these previous obser-
vations and findings in this study, we hypothesize that neogenin
modulates the function of HJV through at least the following
two pathways to foster the HJV-induced BMP signaling and to
mediate the MT?2 cleavage of HJV. The defects of iron homeo-
stasis in neogenin mutant mice appear to result from the
blunted BMP signaling. How neogenin coordinately mediates
these two processes iz vivo is the subject of our future studies.
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