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ABSTRACT

epcidin regulates iron homeostasis by controlling the level of fer-

roportin, the only membrane channel that facilitates export of

iron from within cells. Binding of hepcidin to ferroportin induces
the ubiquitination of ferroportin at multiple lysine residues and subse-
quently causes the internalization and degradation of the ligand-channel
complex within lysosomes. The objective of this study was to identify
components of the ubiquitin system that are involved in ferroportin
degradation. A HepG2 cell line, which inducibly expresses ferroportin-
green fluorescent protein (FPN-GFP), was established to test the ability
of small interfering (siRNA) directed against components of the ubiquitin
system to prevent BMP6- and exogenous hepcidin-induced ferroportin
degradation. Of the 88 siRNA directed against components of the ubiq-
uitin pathway that were tested, siRNA-mediated depletion of the alter-
native E1 enzyme UBAG as well as the adaptor protein NDFIP1 prevent-
ed BMP6- and hepcidin-induced degradation of ferroportin in vitro. A
third component of the ubiquitin pathway, ARIH1, indirectly inhibited
ferroportin degradation by impairing BMP6-mediated induction of hep-
cidin. In mice, the AAV-mediated silencing of Ndfip1 in the murine liver
increased the level of hepatic ferroportin and increased circulating iron.
The results suggest that the E1 enzyme UBA6 and the adaptor protein
NDFIP1 are involved in iron homeostasis by regulating the degradation
of ferroportin. These specific components of the ubiquitin system may
be promising targets for the treatment of iron-related diseases, including
iron overload and anemia of inflammation.

Introduction

Iron is an essential element that is required for a spectrum of cellular and biological
processes including oxygen transport, DNA synthesis and the production of energy.
High levels of iron, in the presence of oxygen, may catalyze the production of reac-
tive oxygen species, which are free radicals that may damage cellular proteins and
membranes. The level of iron in the body must be tightly regulated to provide suffi-
cient levels to permit fundamental biological processes while preventing the damag-
ing effects of excess iron."”

The hepatic hormone hepcidin is a critical regulator of systemic iron homeosta-
sis.>® Hepcidin expression is controlled by at least three stimuli: i) increased serum
and liver iron, which induce hepcidin via the bone morphogenetic protein (BMP) sig-
naling pathway; ii) increased mediators of inflammation (IL-1f and IL-6), which
increase hepcidin via the Jak/Stat pathway; and iii) the hormone erythroferrone,
which inhibits BMP signaling by sequestering BMP6 in response to increased ery-
thropoietic demand.”” Hepcidin regulates iron homeostasis by controlling the cell
surface level of ferroportin, which is the only known membrane channel that facili-
tates export of iron from within cells.”’ Ferroportin is a member of the superfamily
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of transporters of small molecules, which includes more
than 300 membrane-bound proteins.'*? Ferroportin is pre-
dominantly expressed in tissues associated with iron trans-
port including enterocytes, hepatocytes, macrophages and
erythrocytes.”*!""® The protein has 12 membrane-spanning
domains, which create a channel through which iron is
transported. Binding of hepcidin to the main extracellular
cavity of ferroportin causes ligation of ubiquitin molecules
to multiple intracellular lysine residues."* Polyubiquitination
of ferroportin induces the internalization of the hepcidin-
ferroportin complex followed by degradation within lyso-
somes.'***"® Degradation of ferroportin results in decreased
serum iron, because enterocytes, hepatocytes and
macrophages are no longer able to transfer intracellular iron
to the circulation.'® In addition to the ability of hepcidin to
induce degradation of ferroportin, the hormone is also able
to inhibit iron export by directly occluding the iron
channel.” Occlusion of the channel may be especially
important for cells, such as mature red blood cells, which
lack the endocytic machinery required to degrade ferro-
portin.”

Ubiquitin is a 76 amino acid polypeptide that can be
attached to lysine residues in proteins. The attachment of
ubiquitin to a protein re%ulates the protein’s localization,
stability and/or activity.”® The process of ubiquitination
involves the activation and transient conjugation of ubiqui-
tin to a carrier protein, with subsequent final ligation of the
ubiquitin molecule to a substrate. In general, ubiquitination
requires three different kinds of enzymes: a ubiquitin acti-
vating enzyme (E1), a ubiquitin conjugating enzyme (E2),
and a ubiquitin ligase (E3). The human ubiquitin system
encodes two different E1 enzymes (UBA1 and UBAG),
approximately 50 different E2 enzymes, and more than 600
E3 enzymes.” ' The ubiquitin E3 ligases are important for
substrate recognition and are divided into three different
classes.”” Depending on the class of ligase, the E3 enzyme
either directly transfers ubiquitin to a substrate (“‘HECT”
and “RBR” ligases) or acts as an adaptor to facilitate the
transfer of ubiquitin from an E2 enzyme directly to the sub-
strate (“RING” E3 ligases).”** Binding of the E3 enzyme to
the substrate may also require an adaptor protein that acts
as a scaffold between the E3 enzyme and the target protein.

In this study, an i vitro small interfering RNA (siRNA)
screen was performed to determine which proteins in the
ubiquitin pathway are involved in ferroportin degradation.
A previous study used a modified HEK293 cell line, in
which expression of ferroportin was induced by the addi-
tion of ponasterone.’® Exogenous hepcidin and putative
inhibitors of ferroportin degradation were added to this cell
line and the level of ferroportin was then measured. To per-
mit screening for specific enzymes involved in ferroportin
ubiquitination without using exogenous hepcidin, we
established a HepG2 cell line that expresses the ferroportin-
green fluorescent protein (FPN-GFP) fusion protein in
response to doxycycline. In this cell line, BMP6 can be used
to gradually induce the expression of endogenous hepcidin.
The HepG2-FPN-GFP cell line was used to show that the
alternative E1 enzyme UBAG as well as the NEDD4 family
binding protein NDFIP1 are able regulate the degradation of
ferroportin in response to BMP6, as well as exogenous hep-
cidin. Depletion of the E3 ligase ARIH1 indirectly inhibited
ferroportin degradation by impairing BMP6-mediated hep-
cidin induction. In vivo, depletion of Ndfipl in the murine
liver increased the level of hepatic ferroportin and increased
circulating iron.
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Methods

HepG2-FPN-GFP cell line

A plasmid encoding human ferroportin (NM_016917) fused to
GFP was a gift from Tomas Ganz (David Geffen School of
Medicine, UCLA)." DNA encoding the fusion protein was ligated
into the Nhel and Noil sites of plasmid pTRE2hyg (Clontech
cat#631014). The plasmid was transfected into the HepG2 “tet-on
advanced” cell line (Clonetech cat#630932) using Effectene trans-
fection reagents (Qiagen, Germantown, MD, USA) according to
the manufacturer’s instructions and successfully transfected cells
were selected using hygromycin (0.4 mg/mL). Individual cell lines
were established and were confirmed to express FPN-GFP in the
presence of doxycycline (2 pg/mL). One colony, which expressed
a high level of FPN-GFP after treatment with doxycycline, was
selected for further experiments. HepG2-FPN-GFP cells were
maintained in Eagle Minimum Essential Medium, 10% FBS, L-glu-
tamine (2 mM), G418 (100 ng/mL), hygromycin (0.4 mg/mL),
penicillin (100 units/mL), and streptomycin (100 pg) at 37°C in 5%
CO, and 95% humidity.

Adeno-associated virus administration

All experiments using mice were approved by the Partners
Subcommittee on Research Animal Care at Massachusetts
General Hospital, Boston, MA, USA (Protocol # 2007N000052).
Wild-type mice on a C57BL/6] background were purchased from
Jackson Laboratories (Bar Harbor, ME, USA). Animals were fed a
standard diet (380 ppm iron). Adeno-associated virus (AAV) short
hairpin  RNA  (shRNA) AAV2/8-GFP-Ué6-m-Ndfip1-shRNA
(AAV2/8-shNdfip1) and AAV2/8-GEP-U6-scrmb-shRNA (AAV2/8-
shControl) were obtained from Vector BioLabs (Malvern, PA, USA).
Eight-week-old male mice were injected intravenously with
1x10" particles of AAV2/8-shNdfip1 or AAV2/8-shControl via the
tail vein. Six weeks later, mice were anesthetized with 4% isoflu-
rane and whole blood was collected by cardiac puncture. Liver and
spleen were harvested for further analysis.

Statistical analysis

All statistical analyses were performed using GraphPad Prism
8.3.0 (GraphPad Software, San Diego, CA, USA). Data are
expressed as mean =+ standard deviation (SD). The Shapiro-Wilk
test was performed to test for normality. Correlation analysis were
performed using Pearson correlation. Comparison of two groups
was performed using the Student’s -test for parametric data and
the Mann-Whitney-U test for non-parametric data. Comparison
of more than two groups was performed using one-way ANOVA
with Tukey post hoc test (for parametric data) or the Kruskal-Wallis
test with Dunn’s post hoc test (for non-parametric data). After
adjusting for multiple comparisons, a P value <0.05 was consid-
ered statistically significant.

A detailed description of other methods can be found in the
Online Supplementary Appendix.

Results

Preparation and characterization of the HepG2-FPN-
GFP cell line

Binding of hepcidin to ferroportin induces the polyubig-
uitination, internalization and lysosomal degradation of the
ligand-channel complex."’ To identify the specific enzymes
that mediate ubiquitination of ferroportin, we established a
stable HepG2 cell line that inducibly expresses FPN-GEFP
(HepG2-FPN-GFP) in the presence of doxycycline.
Treatment of HepG2-FPN-GEP cells with 2 pg/mL of doxy-
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cycline for 18 hours (h) induced expression of the fusion
protein, which was detected at the cell surface (Figure 1A).
The FPN-GFP fusion protein was able to export iron, as
indirectly indicated by decreased levels of intracellular FTL
and FTH1 after FPN-GFP induction (Figure 1B; Online
Supplementary Figure S1A). Treatment with hepcidin (50
ng/mlL) for 90 minutes (min) caused FPN-GFP to localize to
punctate structures in the cytoplasm (Figure 1A), and treat-
ment with hepcidin for 18 h caused degradation of the
fusion protein (Figure 1C). Because BMP6 induces HepG2
cells to express hepcidin® (Figure 1D), we were able to
investigate the effect of gradual induction of endogenous
hepcidin on ferroportin degradation. Treatment with BMP6
(10 ng/mL) for 18 h caused degradation of the FPN-GFP
fusion protein as detected by indirect fluorescence and
immunoblotting (Figure 1A and C). Pretreatment with
chloroquine (100 pM for 2 h), an inhibitor of lysosomal
degradation, prevented BMP6-mediated FPN-GFP degrada-
tion and caused FPN-GFP to localize to lysosomes in the
cytoplasm (Online Supplementary Figure S1B).

BMP6 induces expression of hepcidin through the BMP
receptor-SMAD 1/5/8 pathway. After binding to the BMP
receptor complex, activated BMP type I receptors phospho-
rylate SMAD 1/5/8 proteins, which translocate together
with SMAD4 to the nucleus, and induce hepcidin expres-
sion.” The siRNA-mediated inhibition of SAMAD4 in
HepG2-FPN-GEP cells prevented BMP6-mediated degrada-
tion of FPN-GFP (Figure 1E). Taken together, these results
show that the HepG2-FPN-GFP cell line expresses
inducible, functional FPN-GFP. Both BMP6-induced
endogenous hepcidin and exogenous hepcidin cause inter-
nalization and degradation of the FPN-GFP fusion protein.

E1 enzyme UBAG is required for ubiquitination
of ferroportin

The human ubiquitin system encodes two E1 enzymes:
UBA1 (also known as in UBE1) and UBAG. To identify the
El enzyme that is involved in ferroportin degradation,
HepG2-FPN-GFP cells were transfected with siRNA that
targeted each of the E1 enzymes or with a control siRNA
(siControl). Twenty-four hours after transfection with
siRNA, cells were treated overnight with doxycycline to
induce the expression of FPN-GFP and were then incubated
with BMP6 for 18 h. Cells that were treated with siControl
and BMP6 had decreased cell surface expression of FPN-
GFP (Figure 2A). Depletion of UBA1 did not prevent the
BMP6-induced localization of FPN-GFP to lysosomes and
subsequent degradation. However, depletion of UBA6 pre-
vented BMP6-mediated degradation of ferroportin, as indi-
cated by the persistence of the FPN-GFP fusion protein at
the cell surface (Figure 2A). Immunoblotting confirmed that
depletion of UBA6, but not UBA1, impaired degradation of
FPN-GFP (Figure 2B; Ounline Supplementary Figure 2A). The
successful depletion of each of the E1 enzymes by the
appropriate siRNA was confirmed by quantitative poly-
merase chain reaction (qPCR) (Figure 2C). Successful deple-
tion of UBAG6 by siUBAG was not affected by the addition
of BMP6 (Online Supplementary Figure S2B).

Depletion of UBA6 might block degradation of FPN-GFP
or prevent BMP6-induced expression of hepcidin. To con-
sider this latter possibility, the ability of UBA6 depletion to
inhibit the BMP signal transduction pathway was investi-
gated. Depletion of UBA6 had no effect on BMP6-mediated
phosphorylation of SMAD1/5/8 (Figure 2B). In addition,
siRNA directed against UBA6 did not prevent expression of

endogenous hepcidin in HepG2-FPN-GFP cells (Figure 2D).
In contrast, siRNA directed against SMAD4 blunted BMP6-
induced expression of hepcidin.

To further demonstrate that depletion of UBA6 blocks
degradation of ferroportin, independent of an effect on
BMP-induced expression of hepcidin, the effect of exoge-
nous hepcidin on the cellular localization of FPN-GFP in
HepG2 cells was investigated. To determine the amount of
hepcidin produced by HepG2 cells after treatment with
BMP6, HepG?2 cells were incubated with BMP6 (10 ng/mL)
for 18 h and the amount of hepcidin in the tissue culture
medium was measured by enzyme-linked immunosorbant
assay (ELISA). Under these conditions, BMP6 induced 3.9
ng/mL (+ 0.4 ng/mL) of hepcidin, and this concentration of
hepcidin (rather than the much higher dose of 30-50 ng/mL
used in other studies'®?*) was used to treat cells in subse-
quent experiments. Cells were transfected with siControl,
siUBA1, or siUBAG and treated overnight with hepcidin (4
ng/mL). In the presence of this low concentration of hep-
cidin, FPN-GFP expression at the cell surface persisted in
UBAG6-depleted cells but not in siControl-treated- or
siUBA1-treated cells (Figure 2E). The inability of hepcidin to
degrade the FPN-GFP fusion protein in siUBAG treated cells
was confirmed by immunoblot (Online Supplementary Figure
S2C). Taken together, these results show that UBA6 is
required for hepcidin induced internalization and degrada-
tion of FPN-GFP.

The adaptor protein NDFIP1 regulates ferroportin
degradation

To identify additional components of the ubiquitin path-
way that might be involved in ferroportin degradation,
siRNA directed against different E2 and E3 enzymes, as
well as other known components of the ubiquitin pathway,
were tested for the ability to inhibit BMP6-mediated degra-
dation of FPN-GEFP (Online Supplementary Table S1, n=77). A
commercially available library (Dharmacon, Lafayette, CO,
USA), which contains siRNA that were previously verified
to silence the corresponding targets and to minimize off-tar-
get effects, was used in these studies. HepG2 cells transfect-
ed with siRNA directed against SMAD4 were used as pos-
itive controls for inhibition of BMP6-mediated degradation
of FPN-GFP; siControl was used as a negative control.
Eighteen hours after treatment with BMP6, the localization
of FPN-GFP was determined by immunofluorescence. In
the first screen, we identified 23 siRNA directed against dif-
ferent E2 and E3 enzymes that appeared to block FPN-GFP
relocalization to the lysosome based on FPN-GFP persist-
ence at the cell surface after BMP6 treatment. In second and
tertiary screens, all positive candidates were re-evaluated to
exclude false positives.

Depletion of each of three E2 enzymes, UBE2R2, UBE2E2
and UBE2J2 partially blocked the internalization of FPN-
GFEP (Online Supplementary Figure S3A and B), while deple-
tion of other, individual E2 enzymes did not impair BMP6-
mediated FPN-GFP degradation (data not shown).
Treatment with pairwise combinations of UBE2R2,
UBE2E2 and UBE2J2 or all three of the E2 enzymes did not
further prevent the degradation of ferroportin (data not
shown), suggesting that additional E2 enzymes participate
in FPN ubiquitination.

In an initial screen, depletion the NEDD family interact-
ing protein NDFIP1 and the E3 enzyme ARIH1 impaired
BMP6-induced FPN-GFP localization to lysosomes and sub-
sequent degradation of the fusion protein (Figure 3A).
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Figure 1. Characterization of the HepG2-FPN-GFP cell line. (A) Images of untreated HepG2 cells, and cells treated with doxycycline (Dox; 2 pg/mL) alone, with Dox
followed by hepcidin (50 ng/mL) for 90 minutes (min), with Dox followed by BMP6 (10 ng/mL) for 18 hours (h) are shown. (B) Treatment with Dox induced the expres-
sion of the ferroportin-green fluorescent protein (FPN-GFP) fusion protein. Dox-treated cells had reduced levels of intracellular ferritin light-chain (FTL), consistent with
increased iron export in cells expressing FPN-GFP. GAPDH was used as a loading control. (C) In the absence of Dox, the fusion FPN-GFP protein was not detected by
immunoblot (lanes 1 to 3). In the presence of Dox, FPN-GFP was expressed (lane 4). Treatment with hepcidin (50 ng/mL; lane 5), or BMP6 (10 ng/mL; lane 6), for
18 h caused degradation of the FPN-GFP fusion protein. (D) BMP6 stimulation (10 ng/mL) for 18 h induced hepcidin mRNA expression in HepG2-FPN-GFP cells, as
determined by quantitative polymerase chain reaction (QPCR) (mRNA expression relative to control; **P<0.01; Mann-Whitney-U test). (E) Images of siSMAD4 trans-
fected cells treated with Dox (left panel), siSMAD4 transfected cells treated with Dox followed by BMP6 (10 ng/mL; middle panel) and siControl transfected cells treat-
ed with Dox followed by BMP6 (right panel) are shown. Small interfering RNA (siRNA)-mediated inhibition of SMAD4 prevented BMP6-mediated degradation of the
FPN-GFP fusion protein. The location of nuclei in (A) and (E) are indicated by staining with DAPI (blue). White bar indicates 100 ym.
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* siNDFIP1 successtully depleted NDFIP1 mRNA in both the ed cells were treated with exogenous hepcidin (4 ng/mL).

absence (Figure 3B) and the presence (Online Supplementary  Compared to cells that were transfected with siControl,
Figure S3C) of exogenous BMP6. siRNA directed against depletion of NDFIP1 inhibited hepcidin-mediated degrada-
NDFIP1 had no effect on the ability of BMP6 to induce hep-  tion of the FPN-GFP fusion protein (Figure 3D; Omnline
cidin expression, demonstrating that the BMP signaling  Supplementary Figure S2C).

pathway was intact (Figure 3C). To confirm that depletion To investigate the possibility that NDFIP1 interacts with
of NDFIP1 blocks degradation of FPN-GFE, NDFIP1 deplet-  ferroportin, HepG2 cells were incubated in the presence or
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Figure 2. UBAG is required for hepcidin-mediated degradation of the ferroportin-green fluorescent protein fusion protein. (A) Cells were transfected with siControl,
siUBA1 or siUBAG, and treated with doxycycline (Dox) or Dox followed by BMP6 (10 ng/mL) for 18 hours (h), as indicated. Dox-induced expression of ferroportin-green
fluorescent protein (FPN-GFP); depletion of UBAG, but not UBA1, prevented BMP6-mediated FPN degradation. (B) The levels of FPN-GFP and phosphorylated SMAD
1/5/8 in siControl-, siUBA1- and siUBA6-transfected HepG2-FPN-GFP cells in the presence (+) or absence (-) of BMP6 (10 ng/mL for 18 h) are shown. In the absence
of Dox, control cells did not express the FPN-GFP fusion protein. Treatment with BMP6 increased the level of pPSMAD 1/5/8. UBAG depletion prevented BMP6-medi-
ated degradation of FPN-GFP. GAPDH was used as a loading control. The immunoblot is representative of 3 separate experiments. (C) UBA1 and UBAG were success-
fully depleted using the appropriate small interfering RNA (siRNA), as determined by quantitative polymerase chain reaction (qPCR) (mMRNA expression relative to con-
trol; *P<0.05; **P<0.01; Mann-Whitney-U test). (D) Treatment with BMP6 (10 ng/mL for 18 h) induced the expression of hepcidin in siControl-transfected cells.
Depletion of SMAD4, but not depletion of UBAB, blunted the BMP6-mediated induction of hepcidin in HepG2-FPN-GFP cells (mRNA expression relative to control;
**P<0.01; Kruskal-Wallis test). (E) Images of cells transfected with siControl, siUBA1 and siUBAG are shown. Cells were treated with Dox or Dox followed by hepcidin
(4 ng/mL for 18 h), as indicated. Treatment with Dox induced expression of FPN-GFP in siControl treated cells, while incubation with hepcidin caused the degradation
of the fusion protein. Depletion of UBAG, but not UBA1, prevented hepcidin-mediated degradation of the FPN-GFP fusion protein. The location of nuclei in (A) and (E)
are indicated by staining with DAPI (blue). White bar indicates 100 pm.
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absence of exogenous hepcidin for 20 min, and protein
lysates were immunoprecipitated with an antibody direct-
ed against NDFIP1. In the absence of hepcidin, a small
amount of FPN-GFP was detected in the immunoprecipitat-
ed protein lysate. Treatment with hepcidin caused an
increase in the amount of FPN-GFP that co-immunoprecip-
itated with NDFIP1 (Figure 3E). Taken together, the results
suggest that NDFIP1 interacts with FPN and is involved in
hepcidin-induced FPN internalization and degradation.

A second adaptor protein (NDFIP2), which like NDFIP1
facilitates ubiquitination by HECT E3 enzymes, shares
79% similarity with NDFIP1”. To investigate the potential
role of NDFIP2 in the regulation of FPN, the effect of
NDFIP2 depletion on BMP6-induced FPN-GFP degradation
was assessed. While siNDFIP1 treatment prevented degra-
dation of FPN-GFE, depletion of NDFIP2 had no effect on
BMP6-mediated degradation of the FPN-GFP (Figure 3F;
Online Supplementary Figure S3D).

NDEFIP1 recruits members of the NEDD4 family of E3 lig-
ases to target proteins.”® To investigate whether NEDD4
family members (NEDD4, NEDDA4L, ITCH, WWP1,
WWP2, SMURF1, SMURF2, HECW1, HECW2?¥) regulate
FPN levels, the localization of FPN-GFP in cells treated with
siRNA directed against each of these enzymes was exam-
ined. None of the siRNA directed against members of the
NEDDA4 family, either alone or in pair-wise combinations,
prevented BMP6 mediated FPN-GFP degradation (Online
Supplementary Figure S4A and B). These results indicate that
either more than two of these enzymes are involved in
BMP6-induced FPN degradation or additional, as yet
unidentified, enzymes are able to interact with NDFIP1 and
mediate FPN degradation.

ARIH1 indirectly regulates ferroportin by inhibiting
BMP6-mediated induction of hepcidin

ARIH1 is a member of the Ariadne family of RBR E3 lig-
ases. Treatment of HepG2-FPN-GFP cells with siRNA
directed against ARIH1 inhibited BMP6-mediated degrada-
tion of FPN-GFP (Figure 3A). ARIH1 was successfully
depleted by transfection of siARIH1 in both the absence
(Figure 4A) and the presence of BMP6 (Online Supplementary
Figure S4C), as determined by qPCR. The addition of low
dose exogenous hepcidin to HepG2-FPN-GFP cells, howev-
er, reduced the level of FPN-GFP on the surface of ARIH1-
depleted cells (Figure 4B). The ability of exogenous hepcidin
to degrade FPN-GFP in siARIH1 treated cells was confirmed
by immunoblot (Online Supplementary Figure S2C). We con-
sidered the possibility that depletion of ARIH1 inhibits FPN
degradation by interfering with the ability of BMP signaling
to induce hepcidin gene expression. In the absence of
BMP6, the depletion of ARIH1 reduced basal hepcidin
mRNA levels (Figure 4C). Depletion of siARIH1 impaired
BMP6-stimulated induction of hepcidin mRNA by 80%
(Figure 4D). ARIH1 depletion also inhibited BMP6-mediat-
ed induction of ID1, another target of the BMP signaling
pathway (Figure 4E). Interestingly, BMP6-induced phos-
phorylation of SMAD1/5/8 proteins was not affected by
ARIH1 depletion (Figure 4F). These results suggest that
ARIH1 has an indirect effect on the stability of FPN by alter-
ing BMP6- mediated hepcidin induction through a non-
canonical pathway.

The Ariadne RBR ES ligase ARIH2 (also known as
TRIAD1) is the closest relative to ARIH1 with 54% similar-
ity.** To consider the possibility that this second member of
the Ariadne family is involved in the indirect regulation of
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FPN, the effect of ARIH2 depletion on BMP6-induced FPN-
GFP degradation was assessed. In contrast to ARIH1, deple-
tion of ARIH2 had no effect on BMP6-mediated degrada-
tion of the FPN-GFP protein expression (Figure 4F; Online
Supplementary Figure S4D).

Silencing of Ndfip1 stabilizes hepatic ferroportin
in vivo

The adaptor protein NDFIP1 was identified as a protein
that is involved in FPN degradation in vitro. To address
whether NDFIP1 is important for FPN degradation i vivo,
mice were injected with an AAV2/8 encoding a shRNA
directed against Ndfip4, under the control of a U6 promoter.
The AAV serotype 8 was used in these studies because it
has a high efficiency of transduction in hepatocytes.®" In
both AAV2/8-shNdfip1 and AAV2/8-shControl injected ani-
mals, GFP expression was detected in the liver, indicating
successful systemic administration of the virus (Figure 5A).
In animals injected with AAV2/8-shNdfip1, hepatic Ndfip1
mRNA levels were significantly reduced compared to con-
trol animals (Figure 5B). Mice injected with AAV2/8-
shNdfip1 had a 3-fold increase in FPN protein level in the
liver compared to control mice (Figure 5C and D). Hamp
mRNA and serum hepcidin levels were similar in both
groups, suggesting that higher FPN levels were not caused
by induction of hepcidin (Figure 5E and F). Increased hepat-
ic FPN was associated with a 28% increase in serum iron
levels in AAV2/8-shNdfip1, compared to AAV2/8-shControl,
mice (Figure 5G) and there was a correlation between
serum iron and FPN levels (Online Supplementary Figure
S5A). Hepatic FTL levels were increased and TfR1 mRNA
was decreased in AAV2/8-shNdfip1-treated mice (Online
Supplementary Figure S5B and D). As expected because of the
targeting of AAV8 to the liver,* splenic Ndfip1 mRNA levels
were not decreased in AAV2/8-shNdfip1 mice (Online
Supplementary Figure S5E). The results show that the
AAV2/8-mediated depletion of Ndfip1 increases the level of
hepatic FPN and that Ndfip1 is required for FPN degrada-
tion in the liver.

Discussion

This study identified components of the ubiquitin system
that are important for FPN degradation. A HepG2 cell line
that inducibly expresses functional FPN-GFP fusion protein
was established. BMP6-induced expression of hepcidin,
which caused the internalization and degradation of the
fusion protein and permitted analysis of FPN degradation
under conditions in which the level of hepcidin increases
gradually. In vitro, the alternative E1 enzyme UBAG, as well
as the adaptor protein NDFIP1, were critical for hepcidin-
induced FPN degradation. Depletion of either UBA6 or
NDFIP1 inhibited hepcidin-induced internalization and
degradation of FPN-GFP. The E3 ligase ARIH1 indirectly
regulated FPN stability by altering BMP6-mediated hep-
cidin induction through a non-canonical pathway. In vivo,
the depletion of Ndfipl in the murine liver increased the
level of hepatic FPN and increased circulating iron.

In 2007, UBAG was identified as a second ubiquitin acti-
vating E1 enzyme. UBA1 and UBA6 have non-redundant
functions and each enzyme is essential for biological
processes.** UBAG6 is widely expressed in different tissues
but contributes to only approximately 1% of overall cellular
ubiquitination.®* In addition to activating ubiquitin for
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subsequent transfer to the E2 enzyme, UBAG also activates
the ubiquitin-like protein FAT10, which plays a role in the
immune response, obesity and aging. However, Far10-defi-
cient mice do not develop iron overload,**” suggesting that
FAT10 does not play a direct role in iron homeostasis. In the

- L. Traeger et al.

present study UBA6 was found to be the El enzyme
involved in FPN regulation iu vitro; depletion of UBA6, but
not UBA1, prevented hepcidin-induced FPN degradation in
HepG2 cells. In contrast to UBA1, which is known to
charge multiple E2 enzymes with ubiquitin, UBAG transfers
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doxycycline (Dox) (left panel) or Dox followed by BMP6 (10 ng/mL for 18 hours [h]), as indicated. Small interfering RNA (siRNA) directed against NDFIP1 or ARIH1
prevented BMP6- mediated ferroportin-green fluorescent protein (FPN-GFP) degradation. White bar indicates 100 ym. (B) Transfection with siNDFIP1 successfully
depleted Ndfip1, as determined by quantitative polymerase chain reaction (qPCR) (mRNA expression relative to control; **P<0.01; Student’s t-test). (C) BMP6 (10
ng/mL for 18 h) induced hepcidin expression in siControl transfected cells. Depletion of NDFIP1 did not impair the ability of BMP6 to induce the expression of hep-
cidin mRNA, as determined by gPCR (mRNA expression relative to control; **P<0.01; One-way ANOVA and Student’s t-test). (D) Cells were transfected with siControl
or siNDFIP1 and treated with Dox or Dox followed by hepcidin (4 ng/mL for 18 h) as indicated. In the presence of Dox, the expression of the FPN-GFP fusion protein
was induced. Treatment with hepcidin caused FPN-GFP internalization and its subsequent degradation in siControl-treated cells, but not in siNDFIP1-treated cells.
White bar indicates 100 um. (E) A low level of FPN-GFP co-immunoprecipitated with NDFIP1 in Dox-treated HepG2-FPN-GFP cells that were not treated with hepcidin.
The level of FPN co-immunoprecipitating with NDFIP1 increased after treatment with hepcidin (50 ng/mL) for 20 minutes (min). Inmunoprecipitation was performed
using rabbit anti-NDFIP1 antibody. FPN-GFP was detected using a mouse anti-GFP antibody. The immunoblot is representative of 3 separate experiments. (F) HepG2-
FPN-GFP cells were transfected with siControl-, siNDFIP1- or siNDFIP2 and incubated in the presence (+) or absence (-) of BMP6 (10 ng/mL for 18h). In the absence
of Dox, control cells did not express the FPN-GFP fusion protein. (siRNA) directed against NDFIP1, but not NDFIP2, prevented BMP6-induced degradation of the FPN-
GFP fusion protein, as determined by immunoblot. GAPDH was used as a loading control. The immunoblot is representative of 4 separate experiments.
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of BMP6 (10 ng/mL for 18 h). The level of pPSMAD 1/5/8 was increased in all BMP6-treated cells. siRNA directed against ARIH1, but not ARIH2, prevented BMP6-
induced degradation of the FPN-GFP fusion protein. GAPDH was used as a loading control. The immunoblot is representative of 4 separate experiments.
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Figure 5. Ndfip1 regulates ferroportin in vivo. (A) Green fluorescent protein (GFP) was detected in the liver of AAV2/8-shControl- and AAV2/8-shNdfip1-injected mice.
GAPDH was used as a loading control. (B) AAV2/8-shNdfip1 reduced the level of Ndfip1 mRNA in the liver, as determined by quantitative polymerase chain reaction
(qPCR) (mRNA expression relative to control; **P<0.01; Student’s t-test). (C) The level of ferroportin (FPN) in the liver of AAV2/8-shNdfip1-treated mice was increased
compared to AAV2/8-shControl-treated mice, as determined by immunoblot. GAPDH was used as a loading control. (D) Densitometric analysis of immunoblot in (C)
(***P<0.001; Student’s t-test). (E) HAMP mRNA expression was similar in the liver of AAV2/8-shNdfip1-treated mice compared to AAV2/8-shControl-treated mice as
determined by gPCR (mRNA expression relative to control). (F) Serum hepcidin levels were similar in AAV2/8-shNdfip1- and AAV2/8-shControl-treated mice as deter-
mined by enzyme-linked immunosorbant assay. (G) Serum iron levels were increased in mice treated with AAV2/8-shNdfip1 (*P<0.05; Student’s t-test).
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ubiquitin to a small number of E2 enzymes.* Although
some E2 enzymes interact with both UBA1 and UBAG, one
E2 enzyme (USE1, also known as UBE2Z) is exclusively
charged by UBA6**. In this study, we found that inhibi-
tion of USE1 did not interfere with hepcidin-induced FPN
degradation (data not shown), indicating that an E2 enzyme
other than (or in addition to) USE1 is involved in FPN regu-
lation. In UBAG6-depleted cells, UBA1 failed to induce hep-
cidin-mediated FPN degradation, indicating non-redundant
functions of UBA1 and UBAG in FPN regulation. The results
suggest that an as yet unidentified E2 enzyme, exclusively
charged by UBAG, plays a role in FPN degradation.

Members of the NEDD4 family of HECT-type E3 ligases
contain a “WW” domain that interacts with a proline rich
PPXY (PY) motif in the target protein. However, some target
proteins lack a PY domain and ubiquitination of these pro-
teins requires the presence of adaptor proteins NDFIP1 or
NDEFIP2 to act as a scaffold between the two proteins.
NDEFIP proteins contain three transmembrane domains as
well as two PY motifs, which interact with the WW domain
of several members of the NEDD4 family of E3 ligases.” In
this study, NDFIP1 was shown to interact with FPN in
HepG2 cells in vitro and regulates the level of FPN in the liver
in vivo. None of the WW domain-containing NEDD4 family
members that were tested individually or in pairwise com-
bination prevented BMP6-induced FPN degradation. The
results suggest that several NEDD4 family members may
have a redundant role in FPN degradation. Another possibil-
ity is that an as yet unknown E3 ligase interacts with the
adaptor protein NDFIP1 to ubiquitinate FPN.

ARTH1 is a member of the Ariadne family of E3 RBR lig-
ase. ARIH1 is highly expressed in the nucleus, where it
interacts with Cajal and PML nuclear bodies.* ARIH1
associates with neddylated Cullin-RING E3 ligases (CRL)
and monoubiquitinates CRL targets.” In this study,
ARIH1 was shown to indirectly regulate FPN stability by
altering BMP6-mediated hepcidin induction through a
non-canonical pathway. Depletion of ARIH1 blunted
basal, as well as BMP6-mediated, hepcidin and ID1
mRNA expression without altering the phosphorylation
of SMAD 1/5/8 proteins in response to BMP6. Further
studies are needed to elucidate the mechanism as to how
ARIH1 regulates hepcidin expression in response to
BMP6.

NDEFIP1 was previously shown to have a role in iron

homeostasis.”* NDFIP1 binds to divalent metal trans-
porter 1 (DMTT1), the major iron transporter for non-heme
iron import.* NDFIP1 recruits the NEDD4 family member
WWP?2 to ubiquitinate DMT1*. I vivo, Ndfip1 is involved
in the regulation of DMTT1 in enterocytes.” The expres-
sion of Dmtl in enterocytes of Ndfip1 deficient mice is
increased under normal iron conditions as well as during
iron deficiency. The increased level of Dmtl leads to
increased iron absorption, and under normal dietary iron
conditions Ndfip1-deficient mice develop a phenotype
resembling classic hereditary hemochromatosis, with
increased hepatic, duodenal and serum iron levels.”** In
this study we show that depletion of Ndfip1 in the liver
increased the level of FPN. Ndfip1 appears to regulate two
steps in iron metabolism: iron import by DMTT1 in entero-
cytes and iron export by FPN in the liver. Ndfip1-deficient
mice were not used in this study, because Ndfip1 deficien-
cy results in a severe inflammatory phenotype caused by
hyperactivation of T cells.**

In summary, this study demonstrated that the E1
enzyme UBAG and the adaptor protein NDFIP1 are impor-
tant for iron homeostasis, regulating the degradation of
hepatic FPN. In the future, it may be possible to target spe-
cific components of the ubiquitin pathway with small
molecules;” the results of this study may offer novel
approaches to treating disorders of iron metabolism.
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