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Background: Loss of function mutations in TfR2 cause iron overload in the body.
Results: CD81, a scaffold protein, controls the level of TfR2 and links TfR2 to E3 ligase, GRAIL.
Conclusion: CD81 down-regulates TfR2 and increases hepcidin levels in Hep3B cells.
Significance: The association of TfR2 with CD81 controls both TfR2 trafficking and hepcidin mRNA.

Mutations in transferrin receptor 2 (TfR2) cause a rare form
of the hereditary hemochromatosis, resulting in iron overload
predominantly in the liver. TfR2 is primarily expressed in hepa-
tocytes and is hypothesized to sense iron levels in the blood to
positively regulate the expression of hepcidin through activa-
tion of the BMP signaling pathway. Hepcidin is a peptide hor-
mone that negatively regulates iron egress from cells and thus
limits intestinal iron uptake. In this study, a yeast two-hybrid
approach using the cytoplasmic domain of TfR2 identified
CD81 as an interacting protein. CD81 is an abundant tetraspa-
nin in the liver. Co-precipitations of CD81 with different TfR2
constructs demonstrated that both the cytoplasmic and ecto-
transmembrane domains of TfR2 interact with CD81. Knock-
down of CD81 using siRNA significantly increased TfR2 levels
by increasing the half-life of TfR2, indicating that CD81 pro-
motes degradation of TfR2. Previous studies showed that CD81
is targeted for degradation by GRAIL, an ubiquitin E3 ligase.
Knockdown of GRAIL in Hep3B-TfR2 cells increased TfR2 lev-
els, consistent with inhibition of CD81 ubiquitination. These
results suggest that down-regulation of CD81 by GRAIL targets
TfR2 for degradation. Surprisingly, knockdown of CD81
decreased hepcidin expression, implying that the TfR2/CD81
complex is involved in the maintenance of hepcidin mRNA.
Moreover, knockdown of CD81 did not affect the stimulation of
hepcidin expression by BMP6 but increased both the expression
of ID1 and SMAD7, direct targets of BMP signaling pathway,
and the phosphorylation of ERK1/2, indicating that the CD81
regulates hepcidin expression differently from the BMP and
ERK1/2 signaling pathways.

Hereditary hemochromatosis is an autosomal recessive iron
overload disease caused by mutations in genes encoding the
first identified hereditary hemochromatosis protein, HFE (1),

hemojuvelin (2), hepcidin (3), transferrin receptor 2 (TfR2)2 (4),
and ferroportin (5, 6). Accumulation of excessive iron in the
liver, heart, pancreas, and pituitary gland results in hepatic cir-
rhosis, hepatocellular carcinoma, cardiomyopathy, arrhyth-
mias, diabetes, hypogonadotropic hypogonadism, and arthritis.
Disease-causing mutations in TfR2 result in type 3 hereditary
hemochromatosis. Type 3 hereditary hemochromatosis
patients and mouse models of this disease have lower levels of
hepcidin than in either humans or mice with the same degree of
iron loading (6 –10), suggesting that TfR2 is an upstream regu-
lator of hepcidin (HAMP1) expression. Hepcidin, a master reg-
ulator of iron homeostasis, is a peptide hormone predomi-
nantly produced by the liver. It modulates serum iron levels, by
binding to and causing the down-regulation of the only known
ferrous ion exporter, ferroportin (11). In murine studies, hep-
cidin (Hamp1) expression increases in response to iron loading,
thus preventing further iron uptake and decreases with iron
deficiency to promote increased iron absorption (12, 13).

In the liver, both HAMP1 and TfR2 are primarily expressed in
hepatocytes. TfR2 is proposed to sense iron levels in the blood
and positively regulate the expression of hepcidin. Our previous
studies using an adeno-associated virus vector (rAAV2/8) to
express Tfr2 in hepatocytes of Tfr2-deficient mice demon-
strated that Tfr2 expression increases hepcidin expression and
reduces hepatic iron overload in the Tfr2-deficient mice (14),
directly suggesting that TfR2 regulates hepcidin expression.
However, the mechanism and signaling pathway by which TfR2
regulates hepcidin expression remains to be determined.

The bone morphogenetic protein (BMP) signaling pathway
plays an important role in the regulation of hepcidin expression
(15, 16). Recent studies suggest that the BMP receptor/
SMAD1,5,8 (BMPR/SMAD) and ERK1/2 signaling pathways
are involved in the TfR2-mediated regulation of hepcidin
expression, but these results are somewhat controversial (16 –
18). In the present study we find that CD81, a tetraspanin
scaffold protein, serves to maintain TfR2-sensitive hepcidin
expression through BMPR/SMAD- and ERK1/2-independent
mechanisms.
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TfR2 has a short half-life of 2– 8 h that can be stabilized by
iron-loaded Tf (holo-Tf) (19 –22), supporting the hypothesis
that TfR2 could serve as an iron sensor to regulate iron ho-
meostasis by modulating hepcidin expression. It is targeted to
the lysosome for degradation through the multivesicular body
(MVB) pathway without detectable direct ubiquitination (23).
In the present study, a yeast two-hybrid assay using the cyto-
plasmic domain of TfR2 as the “bait” and a human liver library
as the “prey” was employed to identify proteins that are respon-
sible for its trafficking within the cell. CD81 scored as a binding
partner of TfR2.

CD81 is a broadly expressed protein and is associated with a
wide variety of different biological responses, including cell
adhesion, morphology, motility, metastasis, proliferation, dif-
ferentiation, cell activation, and signal transduction (24). It
does so by interacting with a variety of signaling molecules. We
were interested in CD81 because of its high level of expression in
the liver (25) and its regulation by the ubiquitin E3 ligase, GRAIL
(gene related to anergy in lymphocytes, Rnf128) (26). GRAIL
mRNA is also abundant in the liver (27). The evidence presented
here suggests that CD81 and GRAIL positively regulate TfR2 deg-
radation through GRAIL-mediated degradation of CD81.

EXPERIMENTAL PROCEDURES

Plasmids—The pcDNA3/CD81 plasmid was kindly provided
by Dr. Vinicio Carloni (Department of Internal Medicine, Uni-
versity of Florence, Florence, Italy) and subcloned into
pcDNA3.1-Myc (Invitrogen). The pcDNA3-TfR2�CD encod-
ing TfR2 lacking its cytoplasmic domain was generated from
pcDNA3-TfR2 by PCR. The chimera, TfR2CD/TfR1-f, con-
taining the cytoplasmic domain of TfR2 and the transmem-
brane and ecto-domains of TfR1 followed by a Flag epitope was
described previously (21). GRAIL cDNA was amplified from
the RNA isolated from Hep3B cells, cloned into the pcDNA3
vector, and verified by sequencing.

Cell Culture, Transfection, and Generation of Stable Cell
Lines—Hep3B cells were maintained in Eagle’s minimum
essential medium (Life Technologies, Inc.) supplemented with
1.0 mM sodium pyruvate, 0.1 mM nonessential amino acids (Life
Technologies, Inc.), and 10% FBS. The generation of Hep3B
stable cell lines expressing TfR2 (Hep3B-TfR2), Hep3B-
TfR2CD/TfR1-f, or Hep3B-TfR2�CD cell lines were described
previously (21). The stable cell lines were maintained in the
minimum essential medium with addition of 400 �g/ml Gene-
ticin (G418; Calbiochem). HEK293 cells were maintained in
DMEM with addition of 10% fetal bovine serum. They were
transiently transfected with plasmids using Effectene trans-
fection reagent (Qiagen) according to the manufacturer’s
instructions.

RNA Interference—CD81 siRNA and control siRNA was
designed according to the manufacturer’s instructions and
synthesized by Dharmacon, Thermo Scientific. The CD81
siRNA target sequence was UGAUGUUCGUUGGCUUC-
CUUU. Human GRAIL (RNF128) siRNA was purchased
from Qiagen (Hs_RNF128_5 FlexiTube siRNA (NM_024539
and NM_194463)). All of the siRNAs were transfected into
cells using RNAiMax (Invitrogen) and the manufacturer’s
reverse transfection protocol as described previously (23).

Antibodies—The generation of rabbit anti-human TfR2
(anti-hTfR2, 16637) (19), mouse monoclonal anti-hTfR2 (9F8 –
1C11), and mouse anti-TfR1 (3B82A1) (28) antibodies were
described previously. M2 anti-Flag (Sigma-Aldrich), H68.4
anti-TfR1 (Zymed Laboratories Inc.), anti-actin (Sigma-Al-
drich), rabbit anti-Myc beads (Sigma-Aldrich), rabbit anti-
GRAIL (Santa Cruz), rabbit anti-Myc (Sigma-Aldrich), and
mouse anti-actin (Sigma-Aldrich) antibodies were purchased.
Secondary antibodies against rabbit and mouse IgG conjugated
to HRP were purchased from Chemicon. Fluorescence-conju-
gated Alexa Fluor 680 goat anti-rabbit IgG was purchased from
Molecular Probes. IRDye 800 donkey anti-mouse IgG second-
ary antibody was purchased from Rockland Immunochemicals.

Immunoprecipitation—Cells were lysed in IP lysis buffer (25
mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 4% CHAPS,
and 5% glycerol) containing 1� Complete mini protease inhib-
itor mixture (Roche Diagnostic). Cell lysates were cleared by
centrifugation at 15,000 � g for 10 min. Protein concentration
was measured using the BCA protein assay (Pierce). Lysates
(200 –500 �g of total proteins) were either precleared with Sep-
harose-4B/protein A beads for 60 min at 4 °C and then rotated
overnight at 4 °C with protein A-coated with antibody or incu-
bated with Myc-beads at 4 °C overnight. After centrifugation,
the beads were washed three times with IP lysis buffer, and the
proteins were eluted using Laemmli loading buffer (29) without
boiling at 95 °C. All samples were subjected to 7.5–12.5% gra-
dient SDS-PAGE, and proteins were transferred to nitrocellu-
lose and immunodetected with mouse monoclonal anti-TfR2
(1:10,000), anti-Myc (1:1,000), M2 anti-Flag (1:5,000), or mouse
anti-TfR1 (1:10,000) primary antibodies and fluorescence-con-
jugated secondary antibodies.

Immunoblots—Cells were lysed on ice in 1% NET-Triton
buffer (150 mM NaCl, 5 mM EDTA, 10 mM Tris, 1% Triton
X-100, pH 7.4) with Complete mini protease inhibitor mixture
(Roche Diagnostic) and cleared by centrifugation at 16,000 � g
for 30 min, and the supernatant was collected. Protein concen-
trations of the cell extracts were measured using the BCA pro-
tein assay (Pierce). Cell lysate (50 mg) were reduced and dena-
tured with Laemmli buffer and subjected to SDS-PAGE on 10%
or 7.5–12.5% gels. Proteins were transferred to nylon-sup-
ported nitrocellulose (Maine Manufacturing, Sanford, ME).
Immunoblot analysis was carried out using primary antibodies
followed by fluorescently labeled secondary antibodies and
quantified using a LI-COR infrared fluorescence detector as
described previously (21).

qRT-PCR—Total RNA was isolated from Hep3B cells using
the RNAeasy RNA isolation kit (Qiagen) and treated with
DNase (Roche Applied Science) to remove any contaminating
genomic DNA as previously described (14). Oligo(dT) primers
and Superscript II reverse transcriptase were used to synthesize
cDNA according to the manufacturer’s instructions. Hepcidin,
CD81, GRAIL, ID1, SMAD7, and GAPDH mRNA were mea-
sured using the primers listed below. The mRNA levels of hep-
cidin, CD81, and GRAIL were normalized to GAPDH. The
results were expressed as the level relative to control
siRNA-treated cells. All primers were verified for linearity of
amplification (Table 1).
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Half-life Determination—Hep3B-TfR2 cells in a 100-mm plate
were transfected with control siRNA (lane C and column C) or
CD81 siRNA for 32 h and then split into 35-mm plates for 16 h.
Cycloheximide was added into the medium to a final concentra-
tion of 150 �g/ml for 0, 2, 4, 8, and 16 h. Cells were solubilized, and
the lysates were subjected to SDS-10% PAGE. The TfR2 and actin
were detected on immunoblots. The integrated intensity of TfR2
was normalized to that of actin, which did not change detectably
over the time course of the experiment. The normalized intensity
was expressed as a percentage of the intensity at time 0. Half-life
was determined by single exponential decay (Prism, GraphPad, La
Jolla, CA). The graph shows the mean of 10 experiments; error
bars indicate standard deviation.

Cell Surface Biotinylation—Cells seeded in 35-mm dish for
16 h were transfected with siRNA. After 2 days, they were
washed three times with ice-cold PBS� buffer (PBS with 0.5
mM CaCl2 and 1 mM MgCl2) and incubated with 0.25 mg/ml
EZ-Link Sulfo-NHS-SS-Biotin (Pierce) in PBS� buffer for 30
min on ice. The reaction was quenched by washing the cells
five-times with ice-cold PBS buffer containing 0.1% glycine (pH
7.6). Cells were solubilized, and cell lysate was cleared by cen-
trifugation at 16,000 � g for 5 min. Biotinylated proteins were
isolated with streptavidin-agarose and subjected to SDS-10%
PAGE followed by immunodetection with anti-TfR2, anti-
TfR1, anti-actin, and anti-Flag antibodies.

Statistical Analysis—The difference between groups was
analyzed by the paired two-tailed Student’s t test using Prism
(Prism; GraphPad).

RESULTS

TfR2 Interacts with CD81—We wanted to determine the pro-
teins that interacted with the cytoplasmic domain of TfR2
because this domain often plays roles both in the trafficking of
membrane proteins and in signaling. To identify the interacting
partners of TfR2, a yeast two-hybrid screen using the cytoplas-
mic domain of TfR2 as the “bait” and a human liver library as
the “prey” was used. CD81 was identified to interact with TfR2.
To confirm the physical interaction between TfR2 and CD81,
CD81-Myc and full-length TfR2 or pcDNA3 empty vector were
transiently co-transfected into HEK293 cells, an easy to trans-
fect human cell line often used to detect protein-protein inter-
actions. CD81-Myc was immunoprecipitated with anti-Myc anti-
body. Immunoblot analysis of the immunoprecipitate showed that
TfR2 co-precipitated with CD81 (Fig. 1A, left panel). No TfR2 was
detected in immunoprecipitates of the mock-transfected samples,
indicating that TfR2 does not interact with the Myc antibody. To
further confirm the interaction between TfR2 and CD81, a recip-

rocal immunoprecipitation with anti-TfR2 antibody was per-
formed. CD81 could be detected in TfR2 isolates (Fig. 1A, right
panel). Unlike TfR2, TfR1 did not interact detectably with CD81
(Fig. 1B), further suggesting that the interaction between CD81
and TfR2 was specific.

The interaction between TfR2 and CD81 was tested further.
Because TfR1 does not interact with CD81, a chimera contain-
ing the cytoplasmic domain of TfR2 (TfR2CD) and the trans-
membrane and ecto-domains of TfR1 with a Flag epitope at the
C-terminal (TfR2CD/TfR1-f) was used to confirm the interaction.
TfR2CD/TfR1-f and CD81-Myc or empty vector were transiently
transfected into HEK293 cells. As predicted from the yeast two-
hybrid screen, CD81-Myc interacted with TfR2CD/TfR1-f (Fig.
1C). To determine whether the transmembrane and ecto-domains
of TfR2 also interact with CD81, a truncated TfR2 lacking the
cytoplasmic domain (TfR2�CD) and CD81-Myc were transiently
transfected into HEK293 cells. TfR2�CD co-precipitated with
CD81-Myc (Fig. 1D). Therefore, both the cytoplasmic domain of
TfR2 and the transmembrane/ecto-portion of TfR2 interact with
CD81.

Increased Expression of CD81 Decreases the Levels of TfR2,
TfR2CD/TfR1-f, and TfR2�CD—We noticed that increased
expression of CD81 resulted in decreased TfR2 in HEK293 cells
(Fig. 1, A and D) and suspected that CD81 could be playing a
role in the degradation of TfR2. TfR2 is degraded in lysosomes
without detectable ubiquitination (23), but those results did not
rule out the possibility that a binding partner of TfR2 could be
ubiquitinated. CD81 is ubiquitinated by GRAIL (26). To test
whether the interaction between CD81 and TfR2 contributed
to the down-regulation of TfR2, Hep3B cells were stably trans-
fected with TfR2, TfR2CD/TfR1-f, or TfR2�CD. This hepa-
toma cell line was chosen because it does not express detectable
TfR2 but does endogenously express CD81. To test whether
CD81 decreased the steady-state level of TfR2, Hep3B-TfR2
cells were transiently transfected with CD81-Myc for 48 h.
TfR2 decreased modestly, whereas TfR1 remained the same
(Fig. 2A), implying that CD81 was not producing a generalized
down-regulation of plasma membrane proteins. Similarly,
increased expression of CD81-Myc decreased the levels of
TfR2CD/TfR1-f (Fig. 2B) and of TfR2�CD (Fig. 2C). Similar to
cells expressing TfR2, the level of TfR1 did not change in TfR�CD-
expressing cells. TfR1 level showed a tendency to decline in the
TfR2CD/TfR1-f cells, most likely because of the formation of
heterodimers between TfR1 and TfR2CD/TfR1-f (Fig. 2B). The
ectodomain of TfR1 contains the dimerization motif (30).
Together, the results in Figs. 1 and 2 indicate that the level of TfR2
is inversely associated with the expression of CD81.

Knockdown of CD81 Increases the Levels of TfR2, TfR2CD/
TfR1-f and TfR2�CD—Because increased expression of CD81
decreases the steady-state levels of TfR2, knockdown of CD81
could be expected to increase TfR2 levels. Hep3B-TfR2 cells
were transfected with CD81 siRNA to down-regulate endoge-
nous CD81, and TfR2 was detected by immunoblot to test this
possibility. TfR2 increased 2.3-fold, whereas TfR1 remained
unchanged when CD81 mRNA was decreased by approxi-
mately a factor of 2 (Fig. 3A). Similarly, knockdown of CD81
increased TfR2CD/TfR1-f and �CDTfR2 (Fig. 3, B and C) when
CD81 mRNA decreased by approximately a factor of 2 after

TABLE 1
Primers used

Primers Sequence

CD81 forward 5�-GTG ATC CTG GGT GCC CT-3�
CD81 reverse 5�-CAT CAT CCA CCA CGG CCT GC-3�
GAPDH forward 5�-ACC CAC TCC TCC ACC TTT GA-3�
GAPDH reverse 5�-CTG TTG CTG TAG CCA AAT TCG-3�
Hepcidin forward 5�-GGC TCT GTT TTC CCA CAA CAG-3�
Hepcidin reverse 5�-TCC TTC GCC TCT GGA ACA TG-3�
ID1 forward 5�-ACG ATC GCA TCT TGT GTC GCT-3�
ID1 reverse 5�-AGA CCC ACA GAG CAC GAA TT-3�
SMAD7 forward 5�-CAA TGA CCA CGA GTT TAT GCA-3�
SMAD7 reverse 5�-GTT GAA GAT GAC CTC TAG CCA-3�
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treating with CD81 siRNA. A control siRNA (lane C and col-
umn C) was used to test for nonspecific siRNA effects in all
experiments. Again, the level of TfR1 was higher in the cells
expressing TfR2CD/TfR1-f when cells were treated with CD81
siRNA, presumably because of heterodimerization of TfR1 with
TfR2CD/TfR1-f. The higher level of TfR2 when CD81 was
decreased supports a role for CD81 maintenance of the steady-
state level of TfR2.

Knockdown of CD81 Stabilizes TfR2 by Increasing Its
Half-life—An increase in the steady-state levels of TfR2 could
be caused by a decrease of TfR2 degradation. To test whether
this were the case, Hep3B-TfR2 cells were treated with CD81

siRNA or control siRNA. Protein synthesis was inhibited with
cycloheximide, and the decay of TfR2 was quantified. The half-
life of TfR2 increased from �5 h to �16 h when CD81 mRNA
was decreased by �60% (Fig. 4). These results indicate that
knockdown of CD81 stabilizes TfR2 by increasing its half-life
and that CD81 promotes the degradation of TfR2.

Knockdown of CD81 Decreases the Ratio of Cell Surface to
Internal TfR2—The stabilization of TfR2 when CD81 is
depleted could result from a number of different mechanisms.
CD81 could facilitate the endocytosis of TfR2 from the plasma
membrane. Transfection of cells with CD81 siRNA would then
increase the ratio of cell surface to total TfR2. Alternately, if

FIGURE 1. TfR2 interacts with CD81. HEK293 cells were transiently transfected with TfR2 constructs and either CD81-Myc or empty vector (EV). Cells were lysed
in IP lysis buffer 48 h post-transfection, 10% of the lysate was reserved (input), and the remaining 90% was subjected to IP with rabbit anti-Myc coupled to beads
or anti-TfR2 antibody and protein A-agarose beads. Co-immunoprecipitated proteins were detected with mouse anti-TfR2 and anti-Myc antibodies. A, full-
length TfR2 interacts with CD81. TfR2 only co-immunoprecipitates with anti-Myc in the presence of CD81-Myc and the reverse. B, endogenous TfR1 fails to
interact with CD81. HEK293 cells were transiently transfected with CD81-Myc. Untransfected HEK293 cells were used as control (lane C). CD81 was immuno-
precipitated with anti-Myc beads. Co-immunoprecipitated proteins were detected by Western blot with mouse anti-TfR1 and anti-Myc antibodies. C, the
cytoplasmic domain of TfR2 interacts with CD81. TfR2-cyto/TfR1-tm-ecto-Flag (TfR2CD/TfR1-f) or pcDNA3 empty vector and CD81 were transiently co-trans-
fected into HEK293 cells. TfR2CD/TfR1-f was immunoprecipitated with mouse anti-Flag antibody. Co-immunoprecipitated proteins were analyzed by immu-
noblot with mouse anti-Flag and mouse anti-TfR2 antibodies. D, the truncated TfR2 lacking the cytoplasmic-domain of TfR2 (TfR2�CD) interacts with CD81.
TfR2�CD and CD81-Myc or empty vector were transiently co-transfected into HEK293 cells. CD81 was immunoprecipitated with mouse anti-Myc antibody.
Co-immunoprecipitated proteins were analyzed by immunoblot with mouse anti-Myc and mouse monoclonal anti-TfR2 antibodies. All of the immunopre-
cipitations were repeated at least twice with the same results.

FIGURE 2. Overexpression of CD81 decreases the levels of TfR2. A, overexpression of CD81 decreases the levels of TfR2 but not TfR1. Hep3B-TfR2 cells were
transfected with pcDNA3 empty vector (EV) or pcDNA3-CD81-Myc (CD81) for 48 h. Blots of cell lysates were probed with anti-TfR2, anti-TfR1, and anti-actin
antibodies. The levels of TfR2 and TfR1 were normalized to that of actin. The change of TfR2 and TfR1 relative levels and CD81 in response to overexpression of
CD81 was normalized to the mock-transfected cells. The graph shows the average results of 16 independent experiments. B, overexpression of CD81 decreases
the levels of TfR2CD/TfR1-f. Hep3B-TfR2CD/TfR1-f cells were transfected with empty vector pcDNA3 (empty vector) or pcDNA3-CD81-Myc (CD81) for 48 h. The
immunoblot was probed with rabbit-anti-Flag, anti-actin, and H68.4, an antibody to the cytoplasmic domain of TfR1. The changes of TfR2CD/TfR1-f and TfR1
levels were analyzed as described in A. The graphs show the average data from nine experiments. C, overexpression of CD81-Myc decreases the levels of
TfR2�CD. Hep3B-TfR2�CD cells were transfected with control pcDNA3 or pcDNA3-CD81-Myc (CD81) for 48 h. The levels of TfR2�CD and TfR1 were immuno-
detected and analyzed as described in A. The graph in C shows the average data from three experiments.
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CD81 facilitates the trafficking of TfR2 to lysosomes, then its
depletion would result in a lower TfR2 cell surface to total ratio.
To distinguish between these possibilities, cells were biotiny-
lated at 4 °C, and cell surface proteins in the solubilized lysates
were isolated with streptavidin beads. The amount of biotiny-
lated to total TfR2 was quantified on immunoblots (Fig. 5). A
decrease of 32% in cell surface TfR2 was seen in cells transfected
with CD81 siRNA. No significant change in the amount of TfR1
or its distribution was detected, demonstrating specificity. No
biotinylated actin was detected, indicating that the cell
remained intact during the labeling procedure. The increase in
the total amount of TfR2, as well as the decreased ratio of cell
surface to internal TfR2 upon knockdown of CD81, favors the
hypothesis that CD81 facilitates the trafficking of TfR2 to lyso-
somes rather than acting at the plasma membrane to facilitate
endocytosis.

Steady-state Levels of TfR2 Are Increased by Knockdown of the
E3 Ligase, GRAIL—Earlier studies indicated TfR2 is degraded in
lysosomes through the MVB pathway without detectable ubiq-
uitination (23). Because CD81 promotes TfR2 degradation and
CD81 has been shown to be ubiquitinated by a number of E3
ligases including GRAIL (gene related to anergy in lympho-
cytes) (26), the association of CD81 with TfR2 could be respon-
sible for the degradation of TfR2. GRAIL is expressed in the
liver (31) along with CD81 and TfR2. Therefore, we examined
whether GRAIL contributes to the degradation of TfR2

through its interaction with CD81. To test this possibility,
siRNA was used to down-regulate endogenous GRAIL in
Hep3B-TfR2 cells, and the TfR2 levels were analyzed. TfR2 was

FIGURE 3. Knockdown of CD81 increases the levels of TfR2, TfR2CD/TfR1-f, and TfR2�CD. A, knockdown of CD81 increases the levels of TfR2 but not TfR1.
Hep3B-TfR2 cells were transfected with control siRNA (lane C and column C) or siRNA against CD81 (siRNA CD81) for 48 h. The blot was probed with anti-TfR2,
anti-TfR1, and anti-actin antibodies. The protein levels of TfR2 and TfR1 were normalized to that of actin. CD81 mRNA was normalized to GAPDH mRNA. The
changes in TfR2 and TfR1 and CD81/GAPDH mRNA in response to knockdown of CD81 were normalized to control siRNA-treated cells. The graphs represent the
average data of 20 experiments. B, knockdown of CD81 increases the protein level of the TfR2CD/TfR1-f chimera. Hep3B-TfR2CD/TfR1-f cells were transfected
as described in A. The blot of the cell lysates was probed with anti-Flag and anti-actin antibodies. The levels of TfR2CD/TfR1-f and CD81 mRNA were analyzed
as described in A. The graphs show the average data from nine experiments. C, knockdown of CD81 increases the levels of TfR2�CD but not TfR1. Hep3B-
TfR2�CD cells were treated and analyzed as described in A. The graphs show the average data from seven experiments.

FIGURE 4. Knockdown of CD81 stabilizes TfR2 by increasing its half-life.
The half-life of TfR2 was calculated as described under “Experimental Proce-
dures.” The p value using Student’s t test (two-tailed) comparing the two sets
of data at each time point is 0.023.
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significantly increased (Fig. 6A) when GRAIL mRNA was
decreased by �90% (Fig. 6B), suggesting that knockdown of
GRAIL decreases degradation of CD81, thereby increasing
TfR2. Consistent with this idea, overexpression of GRAIL in
Hep3B-TfR2 cells down-regulated CD81 and did not apprecia-
bly down-regulate TfR2 levels (Fig. 6, C and D). These results
suggest that in the absence of CD81, TfR2 is not directed to the
MVB for degradation.

GRAIL could regulate TfR2 degradation independently of
CD81. CD81 was depleted using siRNA to test for this possibil-
ity. Knockdown of CD81 or GRAIL increased TfR2 by �1.8-
fold. Knockdown of both CD81 and GRAIL had no additional
effect on TfR2 compared with single knockdown of either
CD81 or GRAIL (Fig. 6, E and F). These results indicated that
GRAIL fails to regulate TfR2 independently of CD81. To fur-
ther confirm these results, Hep3B-TfR2 cells were transiently
transfected with CD81 siRNA for 1 day and then split into two
wells followed by transfection with the GRAIL plasmid or
empty vector. When CD81 was suppressed by �60%, TfR2
increased by �2.2-fold whether or not GRAIL was overex-
pressed (Fig. 6, G and H), suggesting that overexpression of
GRAIL has no effect on the TfR2 levels independently of CD81.

Tf also regulates the stability of TfR2 in hepatoma cells and in
the liver (19, 22). Down-regulation of GRAIL did not abolish the
increase in stability of TfR2 in the presence of Tf.3 Previous

studies indicate that Tf increases the recycling of TfR2 from
endosomal compartments back to the plasma membrane (21,
23, 32). These results suggest that recycling occurs from an
earlier compartment than the CD81/GRAIL-mediated degra-
dation signal occurs.

CD81 Increases Hepcidin Expression in Hep3B Cells in the
Presence of TfR2—TfR2 plays an important role in the regula-
tion of hepcidin expression. Lack of functional TfR2 results in
low hepcidin levels leading to iron overload. To determine
whether the TfR2/CD81 complex regulates hepcidin expres-
sion, hepcidin mRNA levels were measured from the cells
described in Fig. 3. In Hep3B-TfR2 cells, when CD81 mRNA
was suppressed �2-fold (Fig. 3B), hepcidin mRNA levels
decreased �2-fold (Fig. 7A), indicating that CD81 participates
in the regulation of hepcidin mRNA in Hep3B cells expressing
TfR2. Similar results were obtained in the Hep3B-TfR2CD/
TfR1-f and Hep3B-TfR2�CD cells (Fig. 7A). These results sug-
gest that both the cytoplasmic domain and transmembrane/
ecto-portion of TfR2 interact with CD81 and together with
CD81 modulate hepcidin expression.

We tested whether overexpression of CD81 increases hepci-
din expression, because the suppression of CD81 decreased
hepcidin expression. Overexpression of CD81 did not repro-
ducibly increase hepcidin expression (data not shown), which
indicates that the endogenous level of CD81 is enough to main-
tain hepcidin levels in Hep3B-TfR2 cells, and CD81 is not a
limiting factor in the regulation of hepcidin expression in this
cell line. To determine whether CD81 regulates hepcidin
expression independently of TfR2, Hep3B cells were used. This
cell does not express detectable levels of TfR2. When endoge-
nous CD81 mRNA levels were decreased by 71% using CD81
siRNA, hepcidin mRNA levels were not significantly changed
(Fig. 7B), indicating that TfR2 is required for the regulation of
hepcidin by CD81.

The BMPR/SMAD signaling pathway plays an important
role in the regulation of hepcidin expression (15, 16). Several
studies show that a lack of TfR2 results in lower hepcidin and
phosphorylated SMAD1,5,8 (pSMAD), which implies that
TfR2 may directly regulate the BMPR/SMAD signaling path-
way (16, 17). BMP6 is a potent activator of this signaling path-
way. BMP6 treatment of cells increased the mRNA levels of
hepcidin, to the same extent in control siRNA-treated cells and
CD81 siRNA-treated cells (Fig. 7C). If CD81 was directly
suppressing hepcidin mRNA through suppressing BMPR/
SMAD1,5,8 signaling, then it should suppress the induction of
ID1 and SMAD7, two other downstream targets of the BMPR/
SMAD signaling pathway. To test whether CD81 increased, the
BMP-BMPR pathway cells were treated CD81 siRNA. Knock-
down of CD81 increased rather than decreased ID1 and
SMAD7 mRNA levels (Fig. 7C). These results suggest that the
decrease in hepcidin expression seen in cells depleted of CD81
is not due to a decrease in BMPR/SMAD signaling.

The roles that CD81 and TfR2 play in the control of hepcidin
mRNA through the ERK/MAPK signaling pathway was next
examined. CD81 sustains T-cell activation through the ERK/
MAPK kinase signaling pathway (33, 34). This signaling path-
way is reported to be involved in the regulation of hepcidin
expression, although the results are somewhat controversial3 J. Chen and C. A. Enns, unpublished results.

FIGURE 5. Knockdown of CD81 decreases the surface/total ratio of TfR2.
Knockdown of CD81 decreases the surface/total ratio (S/T) of TfR2 but not
TfR1. Hep3B-TfR2 cells were transfected with control siRNA (lane C and col-
umn C) or CD81 siRNA for 48 h. The cell surface proteins were biotinylated for
30 min on ice. The biotinylated proteins in 90% of the cell lysate were pulled
down using streptavidin-agarose beads. 10% lysate was used as input. The
samples were subjected to SDS-10% PAGE. The blot was probed with anti-
TfR2, anti-TfR1, and anti-actin antibodies. The surface/total ratio of TfR2 and
TfR1 was calculated. The fold change of the surface/total ratio of TfR2 and
TfR1 in response to knockdown of CD81 was normalized to control
siRNA-treated cells. The experiment was repeated four times with similar
results.
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(16, 18, 35). If the CD81/TfR2 complex up-regulates hepcidin
expression through the ERK1/2 pathway, then the knockdown
of CD81 should decrease the phosphorylation of ERK1/2
(pERK1/2). To determine whether this were the case, Hep3B-
TfR2 cells were transfected with control siRNA or CD81
siRNA. p-ERK1/2 was determined by immunoblot. U0126, a
specific MAPK/ERK kinase inhibitor, was used as a control
for the down-regulation of p-ERK1/2. U0126 decreased the
p-ERK1/2 levels in both control siRNA and CD81
siRNA-treated cells (Fig. 7D). Depletion of CD81 expression
decreased hepcidin expression as expected (Fig. 7E) but
increased the levels of p-ERK1/2 (Fig. 7D). In addition, U0126
increased hepcidin mRNA levels in both control siRNA and
CD81 siRNA-treated Hep3B-TfR2 cells (Fig. 7E). To determine
whether the increase of hepcidin expression by U0126 is
dependent on TfR2, both Hep3B-TfR2 and Hep3B cells were
treated with or without U0126 for 4 h. U0126 increased hepci-
din mRNA levels to the same extent in both Hep3B-TfR2 and
Hep3B cells (Fig. 7F), suggesting that the up-regulation of hep-
cidin by U0126 is independent of TfR2. Taken together, CD81/
TfR2 complex regulates hepcidin expression differently from
the predicted BMP/SMAD and ERK1/2 signaling pathways.

DISSCUSSION

In this study, we identified an interaction between CD81 and
TfR2 that promoted the CD81-dependent degradation of TfR2
by the E3-ligase, GRAIL. Previous results show that TfR2 is
degraded in the lysosome through the MVB pathway without
detectable ubiquitination, indicating that TfR2 is degraded
either by ubiquitination-independent mechanism or by binding
to a ubiquitinated protein. Knockdown of GRAIL expression
increased TfR2 levels, suggesting that the silencing of GRAIL
blocks TfR2 degradation by blocking CD81 degradation.

CD81 is a scaffold protein involved in signaling and mem-
brane remodeling events (reviewed in Ref. 36). It has been
mainly studied for its role in adaptive immunity in B- and T-cell
function (reviewed in Ref. 37). In the liver, CD81 is known as the
receptor for hepatitis C virus (38). We showed an additional
function for CD81 in the liver. Not only did CD81 promote the
degradation of TfR2, but it participated in the maintenance of
hepcidin mRNA. Signal transduction molecules affect mem-
brane trafficking, and in turn, membrane trafficking also regu-
lates signal transduction events (39). Trafficking of cell surface
receptors to the lysosome provide a mechanism for down-reg-
ulation of receptor signaling (40). For example, the binding of
the EGF to EGF receptor (EGFR) both induces signaling as well
as the lysosomal degradation of EGFR through MVB pathway
(41– 46). In addition, endocytosis of signaling receptors can
increase signaling. Endocytic trafficking of EGFR is necessary
for full Tyr phosphorylation and activation of MAP kinase of

FIGURE 6. Knockdown of GRAIL increases TfR2 in a CD81-dependent man-
ner. A and B, knockdown of GRAIL increases TfR2. Hep3B-TfR2 cells were
treated with control (lane C and column C) or GRAIL siRNA for 48 h. Cell lysates
were subjected to 10% SDS-PAGE. The blot was probed with anti-TfR2 and
anti-actin antibodies. The levels of TfR2 were normalized to those of actin. The
mRNA levels of GRAIL were quantified by qRT-PCR and normalized to GAPDH.
The fold change of TfR2 protein levels and GRAIL/GAPDH mRNA levels in
response to knockdown of GRAIL was normalized to control siRNA-treated
cells. C, overexpression of GRAIL down-regulates CD81 levels in Hep3B-TfR2
cells. Hep3B-TfR2 cells were transient transfected with CD81-Myc and empty
vector (EV) or GRAIL for 48 h. Blots of cell lysates were probed with anti-TfR2,
anti-actin, and anti-Myc antibodies. Hep3B cells (Hep3B-C) were used to dem-
onstrate the specificity of the Myc and TfR2 antibodies. The mRNA levels of
GRAIL were measured by qRT-PCR and analyzed as described in B. E and F,
GRAIL does not regulate TfR2 independently of CD81. Hep3B-TfR2 cells were

transfected with control siRNA, CD81siRNA, GRAIL siRNA, or both CD81siRNA
and GRAIL siRNA for 48 h. TfR2 protein (E) and CD81 and GRAIL (F) mRNA were
analyzed as described above. G and H, overexpression of GRAIL does not
affect the up-regulation of TfR2 when CD81 is depleted. Hep3B-TfR2 cells
were transfected with control siRNA or CD81siRNA for 48 h and then trans-
fected with empty vector or pcDNA-GRAIL. TfR2 protein (G) and CD81 and
GRAIL (H) mRNA were analyzed as described above. All of the experiments
were repeated twice with similar results. Con, control.
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the EGFR (39). Similarly, Hrs (hepatocyte growth factor-regu-
lated tyrosine kinase substrate) promotes degradation of tyro-
sine kinase receptor through trafficking of the receptor to
MVBs to attenuate tyrosine kinase receptor signaling (47).
�-Arrestin mediates internalization and degradation of pro-
tease-activated receptor 2 and to turn off protease-activated
receptor 2 signaling (48). It also facilitates activation of ERK1/2
kinase and acts a as scaffold to bring ERK1/2 and JunK3
together to promote signaling from endocytic vesicles (49).
Thus endosomal vesicles, MVB, and lysosome may serve as pri-
mary compartments to stimulate and later attenuate signaling.
We propose that CD81 acts both to increase TfR2 signaling and
degradation.

Interestingly, we found that knockdown of CD81 signifi-
cantly decreased hepcidin expression in Hep3B-TfR2 but not in

Hep3B cells without detectable TfR2 protein, indicating that
CD81 and TfR2 are both required for the regulation of hepcidin
expression. The BMPR/SMAD1,5,8 signaling pathway plays a
central role in the regulation of hepcidin expression (50, 51).
BMP binds to BMP receptors, BMP receptor I phosphorylates
BMP receptor II, which then phosphorylates SMAD1,5,8. The
phospho-SMAD1/5/8 associates with SMAD4. This complex
translocates to the nucleus to activate SMAD binding elements
of the hepcidin promoter, thereby activating hepcidin expres-
sion (37, 52, 53). Tfr2-deficient mice have lower levels of phos-
phorylated SMAD1,5,8 relative to liver iron status, indicating
that TfR2 could regulate hepcidin expression through BMPR/
SMAD signaling pathway (17, 54). Reduction of CD81 by
siRNA decreased hepcidin expression by �50% but increased
mRNA levels of ID1 and SMAD7 by �3-fold. In addition, CD81

FIGURE 7. CD81 and TfR2 are both required for the regulation of hepcidin. A, knockdown of CD81 decreases hepcidin expression in Hep3B-TfR2, Hep3B-
TfR2CD/TfR1-f, and Hep3B-�CDTfR2 cells. The mRNA levels of hepcidin in the cells transfected with control siRNA (lane C and column C) or CD81 siRNA for 48 h
in Fig. 2 were measured by qRT-PCR and normalized to GAPDH. Hepcidin mRNA in response to knockdown of CD81 was normalized to that of control
siRNA-treated cells. The experiments were repeated at least four times with similar results. B, knockdown of CD81 does not affect hepcidin expression in Hep3B
cells. Hep3B cells were transfected with control siRNA (lane C and column C) or CD81 siRNA for 48 h. The mRNA levels of CD81/GAPDH and hepcidin/GAPDH
were analyzed as described in A. The experiments were repeated twice with similar results. C, CD81 does not regulate hepcidin expression through BMP/SMAD
signaling pathway. Hep3B-TfR2 cells (100 mm dish) were transfected with control siRNA or CD81 siRNA for 24 h and then split into a 6-well plate and grown
overnight. The cells were then treated with or without 10 ng/ml BMP6 for 6 h. The mRNA levels of CD81, hepcidin, ID1, and SMAD7 were measured by qRT-PCR,
normalized to GAPDH, and then expressed as the ratio of that of control siRNA-transfected cells (lane C and column C) in the absence of BMP6. The graph shows
the average data from four independent experiments. D, knockdown of CD81 increased the levels of phospho-ERK1/2. Hep3B-TfR2 cells transfected control
siRNA or CD81 siRNA for 32 h were treated with DMSO or 10 �M U0126 overnight. p-ERK, total ERK1/2, TfR2, and actin were detected by immunoblot analysis.
E, U0126 increased hepcidin expression independent of CD81. CD81/GAPDH and hepcidin/GAPDH mRNA levels were normalized to control
siRNA-DMSO-treated cells. The experiments in D and E were done in duplicate and repeated twice with similar results. F, U0126 increased hepcidin expression
independent of TfR2. Hep3B and Hep3B-TfR2 cells were treated with DMSO (lane C and column C) or 10 �M U0126 for 4 h. The hepcidin/GAPDH mRNA levels
were normalized to DMSO-treated cells. F, U0126 increased hepcidin expression independent of TfR2. Hep3B and Hep3B-TfR2 cells were treated with DMSO as
a control (lane C and column C) or 10 �M U0126 for 4 h. The hepcidin/GAPDH mRNA levels were normalized to DMSO-treated cells.
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does not affect the stimulation of hepcidin, ID1, and SMAD7 by
BMP6. These results suggest that the regulation of CD81 on
hepcidin expression is independent of BMPR/SMAD signaling
pathway.

Stimulation of ERK1/2 is another possible pathway that
could lead to the control of hepcidin expression. Poli et al. (16)
found that both p-Smad and p-ERK1/2 were decreased in Tfr2
null mice and that TfR2 and HFE increased holo-Tf-mediated
induction of p-ERK1/2 in HepG2 cells. Ramey et al. (18)
showed that iron-loaded transferrin (holo-Tf) activates ERK1/2
kinase and increases the levels of p-ERK1/2, p-Smad, and hep-
cidin in mouse primary hepatocytes, indicating that holo-Tf
mediates cross-talk between ERK1/2 and BMP signaling path-
way to regulate hepcidin expression. These findings suggest
that TfR2 might regulate hepcidin expression through BMP/
SMAD and/or ERK1/2 signaling pathway. Calzolari et al. (35)
showed that holo-Tf and anti-TfR2 antibody stimulates
ERK1/2 kinase in K562 cells but not in a TfR2-negative sub-
clone of K562 cells, indicating that holo-Tf and anti-TfR2 anti-
body activates ERK1/2 signaling through binding to TfR2.
However, our results did not show the involvement of TfR2 in
ERK1/2 signaling.

A previous study reported that TfR2 binds CD81 and is inter-
nalized in a caveolin-dependent manner (35), which is in con-
trast to another study showing that TfR2 is internalized
through AP-2-dependent clathrin-mediated pathway (23). The
basis for these differences is not totally clear.

In conclusion, we have shown that CD81 interacts with TfR2,
and CD81 promotes hepcidin expression and TfR2 degradation
via a GRAIL-mediated pathway. The increase in hepcidin
expression involves neither the BMPR/SMAD nor the ERK1/2
signaling pathway. How TfR2 regulates hepcidin expression
will be the subject of future study.
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