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Abstract
Transferrin receptor 2 (TfR2) is a homologue of transferrin receptor 1 (TfR1) but has distinct
functions from TfR1 in iron homeostasis. In keeping with its proposed role in iron sensing,
previous studies showed that TfR2 has a short half-life and that holo-Tf stabilizes TfR2 by
redirecting it from a degradative pathway to a recycling pathway. In this study, we characterized
how the endocytosis, recycling and degradation of TfR2 relates to its function and differs from
TfR1. TfR2 endocytosis was AP-2-dependent. Flow cytometry analysis showed that TfR1 and
TfR2 utilized the same endocytic pathway only in the presence of holo-Tf, indicating that holo-Tf
alters the interaction of TfR2 with the endocytic machinery. Unlike TfR1, PACS-1 binds to the
cytoplasmic domain of TfR2 and data suggest that PACS-1 is involved in the TfR2 recycling.
Depletion of TSG101 by siRNA or expression of a dominant negative Vps4 inhibited TfR2
degradation, indicating that TfR2 degradation occurs through a multivesicular body (MVB)
pathway. TfR2 degradation is not mediated through ubiquitination on the single lysine (K31) in
the cytoplasmic domain or on the amino terminal residue. No ubiquitination of TfR2 by HA-
ubiquitin was detected, indicating a lack direct TfR2 ubiquitination involvement in its degradation.
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Introduction
Transferrin receptor 2 (TfR2) plays an important role in iron homeostasis in the body. It is
predominantly expressed in hepatocytes in the liver. The liver is a key organ in the
regulation of iron levels. Disease-causing mutations in TfR2 or lack of TfR2 in humans and
mice result in a form of hereditary hemochromatosis (HH). In HH, too much iron is taken up
into the body resulting in cirrhosis of the liver, heart arrythmias, arthritis and diabetes due to
iron overloading of these organs. The details of how TfR2 functions to maintain iron
homeostasis are largely undefined. Recent evidence points to a role for TfR2 in sensing iron-
laden Tf (holo-Tf) in the blood and stimulating the transcription of hepcidin, a peptide
hormone secreted by hepatocytes (1). Hepcidin down-regulates the iron transporter,
ferroportin (2). In the intestine ferroportin is responsible for the efflux of iron out of the
intestinal epithelial cells into the rest of the body. TfR2 is postulated to maintain iron
homeostasis in the body by sensing the level of holo-Tf in the blood, and transmitting a
signal to positively regulate hepcidin expression. Thus high levels of holo-Tf stimulate
hepcidin expression which down-regulates ferroportin and limit further iron uptake into the
body.
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The level of TfR2 in the liver is regulated by an unusual post-translational mechanism,
involving the stabilization of receptor upon binding to its ligand, holo-Tf (3–5). In the
presence of high concentrations of holo-Tf in the blood, TfR2 is stabilized and presumably
is able to signal longer to increase hepcidin transcription. Conversely, when the body is
depleted of iron, serum levels of holo-Tf decline, TfR2 is rapidly degraded and no longer
induces hepcidin expression.

The mechanisms by which TfR2 traffics, is stabilized by Tf, and is degraded within cells are
less understood. Even though TfR2 is a homolog of the ubiquitous transferrin receptor 1
(TfR1) and the sequence of their ectodomains is 45% identical, the cytoplasmic domains
bear no sequence similarity except for a YxxΦ internalization motif. TfR2 traffics
differently than TfR1 in that a lysosomal process rapidly degrades TfR2 (6), whereas TfR1
continuously recycles to the cell surface and has a much longer half-life (7). The binding of
Tf to TfR2 redirects TfR2 to a recycling pathway, which increases its lifetime in cells (6).
Generation of TfR2/TfR1 chimeras indicates that the cytoplasmic domain of TfR2 is largely
responsible for its rapid degradation (5). The addition of holo-Tf to cells expressing the
TfR2/TfR1 chimera, containing only the cytoplasmic domain of TfR2, stabilizes the chimera
to a similar extent as the addition of holo-Tf to cells expressing wild-type TfR2. These
results demonstrate the importance of the TfR2 cytoplasmic domain in the Tf-dependent
trafficking of TfR2.

In this study, we investigated the endocytosis, recycling and degradation of TfR2. The
trafficking of TfR2 differs substantially than the trafficking of TfR1 in keeping with their
different functions: TfR2 in maintaining iron homeostasis in the body vs TfR1 in
maintaining cellular iron homostasis. Notably, we found that TfR2 and TfR1 did not
compete for endocytosis in the absence of holo-Tf but did compete in the presence of holo-
Tf, which implies that different mechanisms are involved in the internalization of unbound
versus holo-Tf bound TfR2. Like TfR1, the endocytosis of TfR2 is AP-2 dependent,
indicating that both receptors internalize by clathrin-mediated endocytosis. TfR2 but not
TfR1 interacts with the sorting molecule phosphofurin acidic cluster sorting protein 1
(PACS-1), and our data suggest that the interaction between TfR2 and PACS-1 mediates
recycling of TfR2 back to the cell surface. Finally, we established that the sorting of TfR2 to
lysosomes for degradation most likely goes through a TSG101- and Vps4-mediated MVB
pathway, and does not require direct ubiquitination of TfR2.

Results
TfR2 endocytosis is AP-2-dependent

The YxxΦ motif is important for the endocytosis of both TfR1 (8) and TfR2 (6). However,
TfR2 and TfR1 only partially co-localize in Hep3B/TfR2 and HepG2 cells (6). Their
common ligand, holo-Tf, traffics to late endosomal compartments in HeLa cells transfected
with TfR2 but not in untransfected cells expressing endogenous TfR1 alone (9), implying
that there are distinct roles for TfR2 and TfR1 in sequestration of Tf. In addition, holo-Tf
redirects the trafficking of TfR2 from a degradative pathway to a recycling pathway (6),
although it does not affect the trafficking of TfR1, which internalizes constitutively with or
without Tf (10) by an AP-2-dependent mechanism (11).

Since TfR2 has an YxxΦ endocytic motif and mutation of Y23 to A in this motif inhibits its
endocytosis (6), we tested whether TfR2 internalization was mediated by AP-2. If this were
the case, then more TfR2 would be on the cell surface when clathrin-mediated endocytosis is
inhibited. Depletion of the μ2 subunit of AP-2 by siRNA reduces levels of other subunits by
decreasing the overall complex stability (11). HeLa/tTA-TfR2 cells, which express
endogenous TfR1 and exogenous TfR2 that can be repressed with addition of dox, were
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used in these experiments. The μ2 subunit of AP-2 was depleted with siRNA, and surface
levels of TfR2 were measured by flow cytometry. TfR1 was used as a positive control. We
observed that when the μ2 subunit of AP-2 was depleted by siRNA (Figure 1A), surface
TfR2 and TfR1 levels increased by 1.62 and 2.28 fold, respectively (Figure 1B). This result
suggested that depletion of AP-2 disrupted endocytosis of TfR2 as well as TfR1. Since
blocking internalization also blocks lysosomal degradation, a slight increase of total TfR2
and TfR1 levels was observed in AP-2 depleted cells (Figure 1A). To confirm the
dependence of TfR2 endocytosis on AP-2, the uptake of holo-bovine-Tf−488 (300 nM),
which binds to TfR2 but not to TfR1 (7), was examined by confocal microscopy. Holo-
bovine Tf−488 was internalized in the control siRNA-treated cells but remained on the cell
surface in the μ2 siRNA-treated cells (Figure 1C). The endocytosis of TfR1 was monitored
to ensure sufficient depletion of μ2 to block endocytosis. Consistent with previous results
that TfR1 endocytosis requires the μ2 subunit of AP-2 (11), the holo human-Tf594 (holo-
Tf594), which binds to TfR1, remained on cell surface in HeLa/tTA-TfR2 cells upon
depletion of the μ2 subunit of AP-2 and repression of TfR2 expression (Figure 1D). To
further confirm these results, we measured the uptake of 125I-holo-bovine Tf and 125I-holo-
Tf in AP-2-depleted cells. The internalized to surface ratio of 125I-holo-bovine Tf and 125I-
holo-Tf significantly decreased by 57.2% and 70.8% respectively in response to knockdown
of μ2 AP-2 (Figure 1E). These results indicated that TfR2-mediated endocytosis of holo
bovine-Tf and TfR1-mediated endocytosis of holo-Tf are both dependent on AP-2.
Consistent with these results, the ratio of internalized to surface 125I-holo-bovine Tf (1.23)
and 125I-holo-Tf (0.91) in control cells was similar to the ratio of intracellular to surface
levels of TfR2 and TfR1 (1.27 and 1.30) that were measured in steady state by flow
cytometry (Figure 1F). Taken together, these experiments demonstrated that TfR2
endocytosis, like TfR1 endocytosis, is dependent on AP-2.

TfR2 and TfR1 use similar mechanisms for endocytosis only in the presence of holo-Tf
Since both TfR2 and TfR1 have YxxΦ motif and their endocytosis is dependent on AP-2,
we tested whether they internalize by similar mechanisms using a competition assay that
was used by Marks and colleagues (12). In this approach, if the two receptors compete for
endocytosis, over-expression of one receptor will saturate its endocytic pathway, therefore
inhibit endocytosis of another receptor, which would cause this receptor redistributed to cell
surface (12–14). HeLa/tTA-TfR2 cells, in which TfR2 expression can be turned off by
adding 1 µg/ml of dox for 5 days (Figure 2A), were used to address this issue. Because TfR1
is negatively regulated by intracellular iron concentrations, over-expression of TfR2 would
bring more iron into the cells, which would lead to a decrease in the total amount of TfR1.
To eliminate this effect, an iron chelator, deferoxamine (150 µM), was added to cells for 1
day prior to the experiment to deplete iron, which would then up-regulate TfR1 expression
to a high and constant level shown in Figure 2A. A constant level of TfR1 is important for
detection of any change in distribution (surface to total (S/T) ratio) of TfR1. Flow cytometry
analysis showed that increased expression of TfR2 (Figure 2A) did not significantly alter S/
T ratio of TfR1 (Figure 2B), indicating that up-regulation of TfR2 did not inhibit TfR1
internalization.

The differences in endocytosis of TfR2 and TfR1 in the absence of holo-Tf were verified by
measuring the competition between the two Tf receptors and Lamp1, because of this unusual
finding. TfR1 competes with Lamp1 for endocytosis. Over-expression of TfR1 causes the
redistribution of Lamp1 to the cell surface, which indicates that they use the same connector
molecules for endocytosis (13). If TfR2 does not compete with TfR1 for endocytosis, then
TfR2 should not compete with Lamp1 either. HeLa/TfR1 20-2 cells in which TfR1 can be
over-expressed in the absence of dox, were used in this experiment (13). Surface TfR1 and
Lamp1 levels were analyzed in the absence of dox. In addition, surface TfR2 and Lamp1
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levels were analyzed in HeLa/TfR1 cells transiently transfected with TfR2 and grown in the
presence of dox, which was used to decrease TfR1 expression to endogenous levels. As
predicted, TfR1 and Lamp1 competed for endocytosis as determined by increased surface
Lamp1 levels with increased TfR1 expression (Figure 2C). However, the amount of Lamp1
on the cell surface did not increase with increasing amounts of TfR2 (Figure 2D), indicating
that TfR2 did not compete with Lamp1 for endocytosis.

These results indicate that TfR2 and TfR1 do not compete for endocytosis in the absence of
added holo-Tf, and suggest two possibilities: TfR1 and TfR2 could either interact with
different connector molecules for endocytosis or internalize through distinct AP-2 vesicles.

The ability of TfR2 and TfR1 to compete with each other for endocytosis in the presence of
saturating amounts of holo-Tf was tested in cells overexpressing TfR2. Hela/tTA-TfR2 cells
were treated with 25 µM human holo-Tf (holo-Tf) for 30 min at 37°C. Surface and total
levels of TfR2 and TfR1 were measured by flow cytometry. In the presence of holo-Tf, S/T
ratio of TfR1 significantly increased by 28% when TfR2 was expressed (Figure 2B),
suggesting that over-expression of TfR2 results in the redistribution of TfR1 to the cell
surface. Thus, TfR2 and TfR1 competed with each other for endocytosis in the presence of
holo-Tf. Because holo-Tf binds to both TfR1 and TfR2, we tested whether the competition
of endocytosis between TfR2 and TfR1 was caused by the binding of holo-Tf to TfR2 or
TfR1 or both. Cells were treated with holo-bovine Tf, which binds to TfR2 but not
detectably to TfR1 (7), and the surface and total levels of TfR1 were measured by flow
cytometry. Like treatment with human holo-Tf, the S/T ratio of TfR1 increased by 32%, in
response to holo-bovine Tf treatment (Figure 2B), suggesting that the binding of Tf to TfR2
is sufficient to redirect the endocytosis of TfR2 to the same pathway used by TfR1.

PACS-1 depletion alters the trafficking of TfR2 but not TfR1
The cytoplasmic domain of TfR2 is largely responsible for Tf-sensitive stabilization (5).
However, the motif responsible for the altered trafficking of TfR2 and the proteins that
mediate this pathway are still unknown. Sequence analysis of the cytoplasmic domain of all
mammalian TfR2 proteins revealed a highly conserved acidic cluster motif
(EEEEEDGEEGAE) (Figure 3A), which is a potential PACS-1 binding site. PACS-1 is a
cytosolic molecule that directs the sorting of membrane proteins containing an acidic
cluster-sorting motif in the trans-Golgi network (TGN) and the endosomal system (15,16).
Hep3B/TfR2 cells, which express both TfR1 and TfR2, were infected with PACS-1-HA
adenovirus, in order to test whether TfR2 interacts with PACS-1. Cell lysates were
immunoprecipitated with an anti-HA antibody. The immunoprecipitated proteins were
detected with rabbit anti-TfR2 and mouse anti-TfR1 antibodies. PACS-1-HA interacted with
TfR2 but not with TfR1 (Figure 3B), which contains a much shorter acid cluster motif
(DEEE) (Figure 3A). The interaction of TfR2 but not TfR1 with PACS-1-HA was also
detected in reciprocal immunoprecipitation with anti-TfR2 and anti-TfR1 antibodies,
respectively, followed by immunodetection with anti-HA antibody (data not shown).
Moreover, endogenous TfR2 interacted with endogenous PACS-1 in HepG2 cells, and the
presence of holo-Tf did not abrogate the interaction (Figure 3C). A mutant TfR2, ΔE-TfR2,
lacking the acidic cluster motif was constructed by site-directed mutagenesis and then
transfected into Hep3B cells to generate a stable cell line, Hep3B/ΔE-TfR2 to test if the
acidic cluster motif is necessary for the interaction between TfR2 and PACS-1. In contrast to
wt-TfR2, ΔE-TfR2 did not interact with PACS-1 by immunoprecipitation with rabbit anti-
TfR2 antibody (Figure 3D). This result indicated that the acidic cluster motif is essential for
the binding of TfR2 to PACS-1.

We wanted to determine the function of PACS-1 in the regulation and trafficking of TfR2,
since PACS-1 interacted with TfR2 but not with TfR1. Hep3B/TfR2 cells were transfected
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with PACS-1 specific or control siRNA for 32 hr, and then treated with holo-Tf for 24 hr.
Cell lysates were analyzed by immunoblot. Knockdown of PACS-1 had no effect on the
total levels of TfR2 and TfR1 or on the stabilization of TfR2 by holo-Tf (Figure 3E). Thus
PACS-1 is not involved in the Tf-sensitive rerouting of TfR2 from a degradative pathway to
a recycling pathway.

To examine whether PACS-1 alters the distribution of TfR2, surface and total levels of TfR2
and TfR1 were measured by flow cytometry. Knockdown of PACS-1 decreased TfR2
surface levels (Figure 3F) and S/T ratio (Figure 3G) by 35% and 48%, respectively.
Consistent with the immunoblot results (Figure 3E), total TfR2 and TfR1 levels did not
change significantly after depletion of PACS-1 (Figure 3F). The S/T ratio of TfR1 did not
change significantly (Figure 3G) because TfR1 did not interact with PACS-1 (Figure 3B).

The decrease of TfR2 S/T ratio in PACS-1-depleted cells suggests that PACS-1 functions
either in decreasing TfR2 internalization or increasing TfR2 recycling. To distinguish
between these possibilities, internalization of TfR2 was measured by biotinylation. Cells
were cooled on ice and cell surface proteins were biotinylated with sulfo-NHS-SS-biotin for
20 mins. Biotinylated cells were then warmed to 37°C for 0–10 min. At the indicated time,
they were again cooled on ice and any remaining biotin on the cell surface was removed
with MesNa, an impermeable reducing agent. Internalized biotinylated proteins were
isolated with streptavidin-coupled beads and TfR2 was quantified by immunoblot analysis.
TfR2 was internalized at a similar rate in the control and PACS-1-depleted cells (Figure 3J,
K). In addition, the degradation rate of TfR2 was not affected by the depletion of PACS-1
(Figure 3H, I). Although we could not directly measure recycling rate of TfR2, our findings
that depletion of PACS-1 decreased cell surface TfR2 levels but did not change total TfR2
levels or alter the internalization and degradation rate of TfR2, suggest that repression of
PACS-1 slows down TfR2 recycling rather than increases its endocytosis.

Depletion of PACS-1 resulted in less TfR2 on the cell surface and therefore a greater
amount of intracellular TfR2. To identify the intracellular compartment(s) that contain TfR2,
co-localization of TfR2 with TfR1 (early/recycling endosome marker), EEA1 (early
endosome marker) and AP-1 (endosome and Golgi marker) was measured by quantitative
co-localization analysis as described previously (6). The fraction of TfR2 that co-localized
with EEA1 and TfR1 increased by 32.2% and 35.0%, respectively, in PACS-1-depleted
cells, but the small fraction of TfR2 that co-localized with AP-1 was not significantly
affected (Figure 3L). Taken together, these data suggest that PACS-1 promotes the recycling
of TfR2 from early endosome and recycling endosome compartments to the cell surface.

TfR2 is degraded in the lysosome most likely through the MVB pathway
TfR2 is degraded in the lysosome (6); however, the exact pathway of TfR2 targeting to the
lysosome remains unclear. A key step in late endosomal sorting is the formation of the
multivesicular body (MVB), in which the endosomal membrane invaginates to form
intralumenal vesicle (ILV). Many membrane proteins destined for lysosome degradation are
sorted to these vesicles prior to degradation, most of which is mediated by their
ubiquitination (17,18). Specifically, the membrane proteins are ubiquitinated, recruited by
Hrs, concentrated in clathrin-coated membranes of sorting endosome, and incorporated into
an inwardly budding vesicle in the presence of TSG101, a homologue of Vps23 and a core
component of endosomal sorting complex required for transport (ESCRT)-I. ESCRT-I
activates ESCRT-II, which then recruits ESCRT-III at the endosome. Finally, Vps4, an
ATPase of the AAA protein family, dissociates ESCRT complex and releases cargo
proteins, and fission occurs to produce MVBs. Fusion of MVBs with lysosomes results in
degradation of the proteins within the MVB (19,20).
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Two approaches were used to test whether TfR2 trafficked through this pathway. First
TSG101, which binds ubiquitinated membrane cargos and plays an essential role in their
lysosomal/vacuolar sorting and MVB formation (21), was suppressed by siRNA in Hep3B/
TfR2 cells. The cells endogenously express EGF receptor (EGFR). EGFR traffics through
the MVB pathway for degradation and its degradation is blocked by knockdown of TSG101
(22), therefore EFGR was used as a positive control for TSG101 depletion. After
transfection with TSG101 siRNA for 40 hr, cells were split to four wells and treated with or
without 25 µM holo-Tf for 24 hr followed by serum starvation overnight to induce EGFR
expression. One set of cells was then treated with 25 ng/ml EGF for 3 hr to induce EGFR
degradation. EGF-stimulated EGFR degradation was quantitated to determine the extent to
which the knockdown of TSG101 stabilizes EGFR. EGFR degradation was reduced but not
eliminated by TSG101 siRNA (Figure 4A), perhaps because TSG101 was not totally
depleted in our system. Similar to what was seen for EGFR, TfR2 levels increased by about
2.5 fold in TSG101-repressed cells when compared with the corresponding lanes in control
siRNA treated cells, and this increase was holo-Tf independent; moreover, in response to
holo-Tf treatment, TfR2 increased by 2–4.5 fold regardless of TSG101 repression (Figure
4A). If TSG101 were efficiently depleted, we would expect to see complete block of TfR2
degradation and no further response of TfR2 to holo-Tf.

Since repression of TSG101 increased the steady-state level of TfR2, we tested whether it
blocked degradation of surface TfR2. The degradation rate of surface TfR2, which was
labeled with biotin (Figure S1), was very similar to that of total TfR2 measured by
cycloheximide (chx) treatment (Figure 3J). Therefore, control and TSG101-depleted cells
were treated with chx to inhibit protein synthesis for 0–12 hr (Figure 4B). TfR2 degradation
was significantly inhibited upon knockdown of TSG101, and TfR2 was further stabilized by
holo-Tf in TSG101-depleted cells (Figure 4B), which is consistent with the steady state
regulation of TfR2 by TSG101 (Figure 4A). In line with Figure 4A and previous finding that
TfR2 is stabilized by holo-Tf (3, 4), TfR2 is more stable when the cells were treated with
holo-Tf. The half-life of TfR2 in TSG101-depleted cells was 14 hr, which was 2.5 times
longer than that in the control siRNA-treated cells (5.6 hr) and similar to that measured in
the control cells treated with holo-Tf (12.7 hr), but shorter than that in TSG101-depleted
cells upon treatment with holo-Tf, in which no significant decay of TfR2 was observed
(Figure 4C). These results are presumably due to incomplete knockdown of TSG101 (Figure
4A). Taken together, knockdown of TSG101 inhibits TfR2 degradation, which is similar to
what was observed for EGFR. Thus, like EGFR, TfR2 likely traffics through the MVB to
the lysosome for degradation.

We then tested whether TfR2 accumulated in early endosomes upon TSG101 depletion, as
does EGFR (22–25). The fraction of TfR2 co-localizing with the early endosome marker
EEA1 and the recycling/early endosome marker TfR1 in the control and TSG101-depleted
cells was quantified. The amount of TfR2 that co-localized with EEA1 increased by 20% in
TSG101-depleted cells, but no significant change in the fraction of TfR2 that co-localized
with TfR1 was observed (Figure 4D). Some tubular cluster structures in early endosomes
were observed in TSG101-depleted cells but not in control cells (Figure 4E). This finding is
similar to the observation that depletion of TSG101 leads early endosome to form enlarged
tubular clusters in A431 cells (25). Depleting cells of TSG101 can have pleotropic effects
such as blocking bulk flow to lysosomes and blocking recycling.

Secondly, to further test whether TfR2 is degraded through a MVB pathway, a later step in
MVB formation was blocked. A dominant negative mutant of Vps4, GFP-Vps4R228Q, which
blocks ATP hydrolysis, and wild-type GFP-Vps4 as a control, were transiently transfected
into Hep3B/TfR2 cells for 15 hr followed by treatment with holo-Tf. Similar to the depletion
of TSG101, TfR2 levels increased by about 3.5 fold after transfection of GFP-Vps4R228Q,
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and only increased by 1.4 fold after transfection with wild-type GFP-Vps4 (Figure 4F,
Figure S2). The wild-type Vps4 was used because over expression of Vps4 can inhibit the
formation of MVBs, but to a much lower extent than the dominant negative constructs (26).
All forms of GFP-VPS4 were expressed at similar levels (Figure S2). These results indicated
that a dominant negative mutant of Vps4, which inhibits intralumenal vesicle formation,
inhibited TfR2 degradation. The results that depletion of TSG101 and expression of
dominant negative Vps4 both inhibited degradation of TfR2 indicate that TfR2 is targeted to
MVB prior to degradation.

Lack of detectable TfR2 ubiquitination along the degradative pathway
Ubiquitin modification is a major signal for cargo membrane proteins that traffic to the
lysosome for degradation through MVB pathway. To determine whether TfR2 entry into
MVB pathway requires ubiquitination, we mutated the only lysine (K) in its cytoplasmic
domain, K31, to an alanine (A). If ubiquitination of K31 is involved in TfR2 degradation,
the K31A mutant TfR2 would not be ubiquitinated and therefore would be more stable than
wild type TfR2 and not respond to knockdown of TSG101. To test if this was the case,
TSG101 was repressed by specific siRNA in Hep3B/K31A-TfR2 cells. Like wild type TfR2
(Figure 4A), K31A-TfR2 levels increased by 2.7 fold and still responded to holo-Tf
treatment upon depletion of TSG101 (Figure 5A). Consistent with the lack of involvement
of K31 in the degradation of TfR2, the half-life of K31A-TfR2 was similar to wild type
TfR2 and increased by 1.8 fold when the cells were treated with holo-Tf (Supplemental
Table 1). These results suggested that TfR2 is targeted to the MVB independently of
possible ubiquitin modification of K31.

TfR2 is a type II membrane protein with its N-terminus facing the cytoplasm, presenting the
possibility that TfR2 could be ubiquitinated on the α-NH2 of N-terminal residue. A number
of proteins such as MyoD, E7, LMP1, LMP2A, Id2 and p21 are modified in this way (27).
GFP, fused to the N-terminus of proteins, has been used to block amino-terminal
ubiquitination in several studies (27–30). Therefore, a GFP tag was fused to the N-terminus
of TfR2 (GFP-TfR2) to test for this possibility. GFP-TfR2 was expressed in TRVb cells,
which do not express endogenous TfR1 and therefore Tf only binds to TfR2. Holo-Tf594

uptake was performed to determine whether GFP-TfR2 is internalized. Holo-Tf594 was
internalized as well as untagged TfR2 (Figure 1C) after incubation for 20 min at 37°C, and
the internalized holo-Tf594 was largely co-localized with GFP (Figure 5B). GFP-TfR2 was
also internalized in Hep3B/GFP-TfR2 cells in an anti-TfR2 monoclonal antibody uptake
assay (Figure S3). Immunoblots (Figure 5C) showed that, similar to wild type TfR2, the
level of GFP-TfR2 increased by about 3-fold with depletion of TSG101 in the presence or
absence of holo-Tf. Interestingly, unlike wild type TfR2, GFP-TfR2 did not increase when
the cells were treated with holo-Tf, irrespective of TSG101 knockdown. To confirm these
results, the intensities of GFP-TfR2 were measured by flow cytometry after TSG101
depletion. Consistent with immunoblot results (Figure 5C), GFP-TfR2 increased by 2.6 fold
in response to knockdown of TSG101, and was not further stabilized by holo-Tf (Figure
5D). Thus, TfR2 degradation was not mediated by the ubiquitination of the N-terminal
methionine.

Some proteins like HLA-B7 and Bid can be ubiquitinated on amino acids other than the α-
NH2 of the N-terminus or lysine residues (31,32). To test for this possibility, HA-ubiquitin
was co-transiently transfected with TfR2 at a ratio of 10:1 into Hep3B cells, and the
possibility of TfR2 ubiquitination was determined by immunoprecipitation with anti-TfR2
antibody followed by immunoblot with anti-TfR2 and anti-HA antibodies to detect
ubiquitinated species. As a positive control, GFPu, an enhanced GFP (EGFP) with 16-amino
acid CL1 degron at its carboxy terminus to target it for polyubquitination (33), was used.
HA-ubiquitin and GFPu were transiently co-transfected into Hep3B cells at a ratio of 10:1,
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and GFPu was immunoprecipitated with rabbit anti-GFP antibody. No ubiquitinated forms
of TfR2 were detected, although, polyubiquitinated species of GFPu were observed when
HA-ubiquitin was expressed in the cells (Figure S4). These results suggested that unlike
GFPu, TfR2 is not ubiquitinated by HA-ubiquitin. Taken together, these results indicate that
TfR2 targeting to the MVB for degradation does not require direct ubiquitination.

Discussion
TfR2 differs from TfR1 in both its function and trafficking. TfR1 brings iron into cells by
binding holo-Tf and internalizing via clathrin-coated vesicles and participates in the release
of iron from Tf in acidic vesicles (34,35). In keeping with its function, TfR1 is expressed in
most proliferating cells and is stable with a half-life of ~19–24 hr (36,37), and cycling many
times before being degraded. TfR1 is negatively regulated by intracellular iron
concentrations at the level of mRNA stability, which is consistent with its function in
supplying cells with iron and regulating intracellular iron homeostasis. In contrast, TfR2 is
involved in signaling as well as iron uptake (1). It is mainly expressed in hepatocytes where
it participates in communicating holo-Tf levels in the blood to induce hepcidin synthesis.
Increases in holo-Tf levels result in increased hepcidin transcription, which serves as a
negative feedback mechanism to limit further uptake of iron by the body. The much shorter
half-life of TfR2 and its regulation by holo-Tf reflects its function in maintaining iron
homeostasis in the body. The half-life of TfR2 is about 4 hr in the absence of holo-Tf (3).
Addition of holo-Tf over a physiological range levels increases the stability of TfR2 by 2~3
fold (3{Robb, 2004 #4944). We hypothesize that increasing the half-life of TfR2 with holo-
Tf would allow the upregulation of hepcidin expression. Hepcidin negatively regulates iron
uptake into the body. Therefore, iron homeostasis could be maintained through this feedback
mechanism. Our previous studies indicated that both holo-Tf binding and the TfR2
cytoplasmic domain are critical for TfR2 stability and trafficking (5). Mutations in the
ectodomain of TfR2 that abrogate Tf binding result in the rapid turnover of TfR2, lowering
TfR2 levels and thus reducing its ability to signal (6). Substitution of TfR2 with the
cytoplasmic domain of TfR1 results in a chimera that is not regulated by the addition of Tf
(5). These results led us to examine the basis for the difference in the trafficking between
TfR2 and TfR1.

In this study, we showed that, like TfR1, TfR2 endocytosis is AP-2-dependent. AP-2 is
required for clathrin-mediated endocytosis (11,38). Depletion of the μ2 subunit of AP-2
resulted in the redistribution of TfR2 to cell surface and blocked TfR2-mediated holo-bovine
Tf uptake. Thus the different functions of TfR1 and TfR2 are not due to the differences
between clathrin and non-clathrin pathways of endocytosis. These results are in contrast to a
previous report that TfR2 internalizes in a caveolin dependent manner (39). The basis for
these differences is not entirely clear, but may be related to the antibodies used to detect
TfR2. The monoclonal and polyclonal antibodies that we used were generated using a
purified ectodomain of human TfR2. The molecular weight of the protein that is detected by
Calzolari and colleagues differs from the molecular weight of TfR2 reported by us and other
groups (40,41).

TfR1 and TfR2 do not compete for endocytosis in the absence of holo-Tf in HeLa cells,
suggesting that although both receptors internalize by an AP-2-dependent pathway, they
may interact with different accessory proteins that are involved in receptor-mediated
endocytosis. TfR1 has been reported to interact with AP-2 directly (7,8) or be connected to
AP-2 indirectly by TTP (42). Whether TfR2 directly interacts with AP-2 or through any
other interacting partners is presently unknown. Since our results were obtained in a non-
hepatic cell line, our data indicate that the difference in the endocytosis of TfR1 and TfR2 is
not unique to hepatocytes. Interestingly, in the presence of holo-Tf or holo-bovine Tf, TfR2
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and TfR1 compete with each other for endocytosis, suggesting that, unlike unbound TfR2,
holo-Tf bound TfR2 is directed to use the same endocytic elements as TfR1. These results
are consistent with our previous finding that holo-Tf redirects TfR2 from a degradative
pathway to a recycling pathway (6), that is similar to constitutive recycling of TfR1 back to
cell surface.

The fact that TfR2 uses two different pathways for endocytosis could be physiologically
important. Other receptors are redirected to change the mode of endocytosis upon ligand
binding. Nerve growth factor redirects p75NTR, the p75 neurotrophin receptor, from a rapid
dynamin-dependent and clathrin-independent recycling process into clathrin-mediated
endocytosis (43). BMP receptor type 2 (BRII) is internalized through both clathrin- and
caveolae-mediated endocytic pathways; however, BMP receptor type 1(BRI) is only
internalized through a clathrin-dependent pathway (44). Clathrin-mediated endocytosis of
BMP receptors upon BMP-2 binding initiates Smad-dependent signaling, whereas caveolin-
mediated internalization of BRII results in Smad-independent signaling (44). The
mechanism by which the different internalization pathway of TfR2 initiated by holo-Tf
affects hepcidin regulation remains to be determined.

Our data suggest that PACS-1 is involved in the trafficking of TfR2. PACS-1 is required for
TGN localization of several membrane proteins containing an acid cluster motif, such as
furin, CI-MPR, PC6B, VMAT-2 and HIV-1 viral protein, nef (15). It associates with the
adaptor protein complex-1 (AP-1) and forms a ternary complex between furin and AP-1
(45,46). PACS-1 can also be involved in cycling furin to a plasma membrane-endosomal
pathway. When furin is phosphorylated by casein kinase 2 (CKII), it is directed toward a cell
surface-endosomal recycling pathway by virtue of its selective interaction with PACS-1
(47). In the case of TfR2, depletion of PACS-1 leads to less TfR2 on the cell surface and
more TfR2 accumulation in intracellular compartments including early endosome (EEA1)
and recycling endosome (TfR1), but it does not affect total levels of TfR2 or the rates of
TfR2 internalization and degradation. These results suggest that PACS-1 functions mainly in
the recycling of TfR2 back to the cell surface.

TSG101 and Vps4 are two critical proteins for early and late steps of MVB sorting pathway,
respectively (21,48,49). Depletion of TSG101 or over-expression of a dominant negative
VPS4 inhibited TfR2 degradation and suggests that TfR2 is likely degraded through MVB
pathway. Tf endocytosed by TfR2 has been shown to localize in MVB by immunoelectron
microscopy (9), which is consistent with our results that TfR2 is sorted to the lysosome for
degradation by MVB pathway. Many membrane proteins require covalent modification by
ubiquitin for entrance into the MVB pathway. Mutation of the only lysine in the cytoplasmic
domain did not alter the inhibitory effect of TSG101 depletion on degradation of TfR2,
demonstrating that TfR2 degradation does not occur via traditional lysine-mediated
ubiquitination. Degradation of some proteins can also be mediated by the addition of
ubiquitin to a nontraditional, non-lysine target residue. Degradation of the latent membrane
protein 1 (LMP1) of the Epstein-Barr virus in immune-suppressed patients and the E7
human papillomavirus oncoprotein is dependent on ubiquitin and the proteasome but not on
lysine residues, which indirectly indicates that a ubiquitin chain could be added to the N-
terminal methionine residue (50–52). Bloom and colleagues showed direct proof that both
wild type cyclin-dependent kinase inhibitor p21, and p21 (K0) mutant with all of its six
lysines mutated to arginines are ubiquitinated at the N-terminus in vivo (28). However, this
is not the case for TfR2, because disruption of the N-terminal α-NH2 group by fusion of
GFP does not affect the TSG101-mediated degradation of TfR2. Thus, direct ubiquitination
of TfR2 is not required for its degradation.
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Other proteins that undergo lysosomal degradation are independent of ubiquitination. The
delta opioid receptor (DOR), a G protein-coupled receptor, undergoes agonist-induced
ubiquitination-independent lysosomal degradation (53). The lysosomal trafficking of DOR
is dependent on Hrs and Vps4/Skd1, which mediate very early and late steps, respectively,
in lysosomal sorting of ubiquitinated cargo, but is not dependent on TSG101. Similar to
DOR, TfR2 degradation does not need direct ubiquitination and require proper function of
Vps4; in contrast, TfR2 degradation is also dependent on TSG101, whether it is laos
dependent on Hrs remains to be determined. The melanosomal protein Pmel17 is targeted to
ILVs of MVB for degradation, which is independent of ubiquitination, Hrs, TSG101 and
Vps4 but requires sorting signal on its luminal domain (26). This case is not applicable for
TfR2 since the cytoplasmic domain of TfR2 is largely responsible for its stabilization and
TfR2 degradation requires TSG101 and Vps4. The sorting of Sna3p into the MVB pathway
does not require ubiquitination, but it does require an N-terminal tyrosine (Y) containing
sequence and a PPAY motif within its C-terminal cytosolic tail (29,30,54). TfR2 does not
contain a PPAY motif but has a tyrosine (Y23) in its cytoplasmic domain. Since Y23 is
required for endocytosis and mutation of the TfR2 Y23 to alanine blocks its internalization
(6), we were not able to determine if it affects the sorting of TfR2 to MVBs.

Lack of detectable TfR2 ubiquitinatination by HA-ubiquitin indicates that TfR2 trafficking
to the lysosome for degradation does not involve direct ubiquitination of TfR2. However, we
cannot exclude that TfR2 may associate with a ubiquitinated protein, which would then
direct TfR2 to the MVB. Tf binding may block this interaction, which would explain the Tf-
mediated stabilization of TfR2. The protein (s) that direct TfR2 to the MVB pathway for
degradation in the lysosome remains to be determined.

Materials and methods
Plasmid construction

The plasmids of pcDNA3/K31A-TfR2 and pcDNA3/ΔE-TfR2 (deletion of EEEEEDGEE)
were generated by QuikChange XL site-directed mutagenesis (Strategene, La Jolla, CA)
using pcDNA3/TfR2 (6) as template. The pcDNA3/GFP-TfR2 was generated by insertion of
a GFP fragment to the N-terminus of TfR2. The pMT123/HA-ubiquitin and pEGFP-C1-
GFPu plasmids were kindly provided by Dr. Linda Musil (Oregon Health & Science
University (OHSU), Portland, Oregon). The plasmids of pEGFP-wt-VPS4 and pEGFP-
R228Q-VPS4 were kindly provided by Dr. Wes Sundquist (University of Utah).

Antibodies
Rabbit anti-hTfR2 (16637) (3), mouse monoclonal anti-hTfR2 (9F8-1C11) (55) and mouse
anti-TfR1 (3B82A1) (55) antibodies were described previously. Mouse anti-HA and anti-
actin were purchased from Covance (California, CA) and Chemicon (Temecula, CA),
respectively. Mouse anti-early endosome antigen 1 (EEA1), mouse anti-γ-adaptin (AP-1),
anti-μ2-AP-2 (AP.50), and anti-α-AP-2 (AP.6) antibodies were purchased from Abcam
(Cambridge, United Kingdom), Sigma-Aldrich (St. Louis, MO), BD Bioscience Pharmingen
(San Diego, CA) and Calbiochem (La Jolla, CA), respectively. Mouse anti-TSG101
antibody (GeneTex, San Antonio, TX, USA) was kindly provided by Dr. Jerry Kaplan (The
University of Utah, Salt Lake City, Utah). Rabbit anti-GFP (ab6556-25) was purchased from
Abcam (Cambridge, MA). Rabbit anti-PACS-1 703 antibody (56) was kindly provided by
Dr. Gary Thomas (OHSU). Mouse anti-GFP antibody (632381) from Clontech (Palo Alto,
CA) was kindly provided by Dr. Linda Musil. Secondary antibodies against rabbit and
mouse IgG conjugated to horseradish peroxidase (HRP) were purchased from Chemicon.
Fluorescence-labeled Alexa 680 goat anti-rabbit IgG and Alexa 546 rabbit anti-mouse IgG
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were purchased from Molecular Probes (Eugene, OR). IRDye 800 donkey anti-mouse IgG
secondary antibody was purchased from Rockland Immunochemicals (Gilbertsville, PA).

Cell culture, transfection and generation of stable cell lines
Hep3B and HepG2 cells were maintained in Minimum Essential Medium Eagle (MEM)
(Life Technologies, Bethesda, MD) supplemented with 1.0 mM sodium pyruvate, 0.1 mM
nonessential amino acids (Life Technologies), and 10% fetal bovine serum (FBS). Hep3B
cells were transfected with the pcDNA3/ΔE-TfR2, pcDNA3/K31A-TfR2 or pcDNA3-GFP-
TfR2 plasmid (6) using Lipofectamine (Invitrogen, Carlsbad, CA) and selected with 400 µg/
ml G418 as described previously (5) to generate Hep3B/ΔE-TfR2, and Hep3B/K31A-TfR2,
and Hep3B/GFP-TfR2 cell lines, which were maintained in the above medium with addition
of 400 µg/ml G418. The plasmids of pEGFP-wt-VPS4 and pEGFP-R228Q-VPS4 were
transfected into Hep3B/TfR2 cells in 35-mm plates using 1 µg plasmid/5 µl Fugene HD
(Roche Diagnostic, Indianapolis, IN).

Immunoprecipitation
Hep3B/TfR2 cells grown to 80% confluence were infected with adenovirus expressing
PACS-1 (m.o.i.10) and trans adenovirus (m.o.i. 5) for 40 hr. Cells were lysed on ice in NET/
T buffer (150 mM NaCl, 5 mM EDTA, 10 mM Tris, pH 7.4, 1% Triton X-100) containing
1× Complete Mini Protease Inhibitor Cocktail (Roche Diagnostic, Indianapolis, IN). Cell
lysates were cleared by centrifugation at 15,000 × g for 10 min. Hep3B or Hep3B/TfR2 cells
grown to 70% confluence were transfected with plasmid as described in the figure legends
for 48 hr, and cells were lysed as described above. Protein concentration was measured
using the BCA Protein Assay (Pierce, Rockford, IL). Lysates (50–200 µg total proteins)
were pre-cleared with either Sepharose-4B/Protein A (Zymed, San Francisco, CA) or
immobilized Protein G (Pierce), Rockford, IL) beads for 60 min at 4°C. The pre-cleared
lysates were rotated overnight at 4°C with antibodies, and incubated with either
Sepharose-4B/Protein A or immobilized Protein G for 2 hr. After centrifugation, the beads
were washed three times with NET/T buffer, and the proteins were eluted with 2 × Laemmli
buffer (57) and denatured by heating at 95 °C for 5 mins before loading on SDS
polyacrylamide gel electrophoresis (SDS-PAGE) gel. All samples were subjected to 8%,
10% or 12% SDS-PAGE, followed by transfer to nitrocellulose, and immuno-detection with
mouse monoclonal anti-hTfR2 (1:10,000), rabbit anti-TfR2 (1:10,000), anti-HA (1:2,500),
H68.4 anti-TfR1 (1:5,000), sheep anti-hTfR1 (1:10,000), rabbit anti-PACS-1 (1:2,000),
mouse anti-TSG101 (1:1,000), mouse anti-actin (1:10,000), mouse anti-GFP (1:2,000),
rabbit anti-EGFR (1:2000), and mouse anti-μ2-AP2 (mouse mAb anti-AP50, 1:500) primary
antibodies, and either HRP-conjugated or fluorescence-conjugated secondary antibodies.

RNA interference
The siRNA target sequence for PACS-1 was AACTTCAGGGCTCAAAACGT. The siRNA
target sequence for TSG101 was described previously (58). The siRNA target sequence for
μ2 subunit of AP-2 was AAGUGGAUGCCUUUCGGGUCA (11). All siRNAs were
synthesized in Dharmacon, Inc. The siRNAs against PACS-1 or TSG101 were transfected
into Hep3B/TfR2 cells using RNAiMax (Invitrogen, Carlsbad, CA) according to the reverse
transfection protocol described in the manufacturer’s instructions (Invitrogen, Carlsbad,
CA). Briefly, 2.5 µl of 20 µM siRNA were mixed gently with 500 µl of OPTI-MEM
(Invitrogen, Carlsbad, CA) in a 35-mm plate, 5 µl of RNAiMax reagent was added to the
plates, mixed gently and let stand for 20 min, then 3×105 cells were seeded to the plates. The
μ2 AP-2 was knocked down twice using RNAiMax as described above on day 1 and day 3
in HeLa/tTA-TfR2 cells.
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Immunofluorescence and confocal microscopy
Cells growing on coverslips were washed twice in phosphate balanced salt solution (PBS),
fixed for 15 min with 4% (vol/vol) paraformaldehyde in PBS, permeabilized for 10 min with
PBS/0.5% Triton-X 100, and blocked with PBS/5%FBS for 60 min at room temperature.
Cells were incubated in primary antibodies diluted into PBS/5%FBS for 30 min, washed
three times for 5 min with PBS, incubated with secondary antibodies diluted in PBS for 30
min, washed five times for 5 min with PBS, and rinsed twice with distilled deionized water.
Coverslips were mounted in ProLong Gold anti-fade reagent (Invitrogen, Carlsbad, CA).
Images were acquired, and colocalization was quantified as described previously (6).

TfR2 was detected using the purified IgG fraction of the 16637 rabbit anti-TfR2 polyclonal
anti-serum (8 µg/ml). AP-2 was detected with anti-α-AP-2 (AP.6, 1:600). Established
markers of intracellular compartments were detected with various mouse monoclonal
antibodies as follows: TfR1 (3B82A1 at 1.5 µg/ml), EEA1 (1:100), adaptor protein (AP)-1
(1:100). Rabbit polyclonal antibodies were detected with goat anti-rabbit Alexa Fluor 488
(1:500). Mouse monoclonal antibodies were detected with goat anti-mouse Alexa Fluor 546
(1:500).

Holo bovine Tf 488 and holo human Tf 594 (holo-Tf 594) internalization
Labeling of holo-bovine Tf (Sigma-Aldrich, St. Louis, MO) with Alexa Fluor 488 was
performed using Zelon Alexa Fluor 488 mouse IgG labeling kit (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. Unless specified, holo human Tf (holo-Tf) was
used in experiments. HeLa/tTA-TfR2 cells transfected with scramble siRNA or μ2 AP-2
siRNA were washed twice with PBS and incubated with DMEM without FBS for 30 min at
37°C to deplete the supply of bovine-Tf available to the cells. Cells were then incubated
with 300 nM holo-bovine Tf 488 or 20 nM holo-Tf 594 (Molecular Probes, Eugene, OR) at
37 °C for 20 min, washed twice with PBS, fixed, permeabilized, and stained with mouse
anti-α-AP-2 antibody (1:600) and a corresponding secondary antibody as described above.
TRVb cells transfected with pcDNA3-GFP-TfR2 for 48 hr were incubated with 20 nM holo-
Tf 594 at 37°C for 20 min, washed twice with PBS, fixed and mounted with ProLong Gold
anti-fade reagent.

Flow cytometry analysis
HeLa/tTA-TfR2 cells grown in the presence or absence of doxycycline (dox) (Fisher
Scientific, Pittsburgh, PA) for 3 days were seeded at 5×104 cells/cm2 for 24 hr., and treated
with 125 µM deferoxamine for 24 hr followed by addition of 25 µM holo-Tf or holo-bovine
Tf. Cells were washed twice with ice-cold PBS and detached from 10-cm dishes using cell
dissociation buffer (Invitrogen, Carlsbad, CA) for 10 min at 37°C. Cells from each group
were collected and aliquoted (5×105 cells per tube) and pelleted by centrifugation at 500 g
for 5 min. For the determination of surface levels of TfR2 and TfR1, cells were incubated on
ice for 90 min with a mix of either primary antibodies (25 µg/ml purified rabbit anti-TfR2
and 10 µg/ml purified mouse anti-TfR1) or IgG controls (25 µg/ml purified rabbit anti-IgG
and 10 µg/ml purified mouse anti-IgG) diluted in ice-cold fluorescence-activated cell sorting
staining buffer (FSB) (6,11). The cells were then washed by underlaying the cells with calf
serum followed by centrifugation. For the total levels of TfR2 and TfR1, cells were fixed in
fresh-diluted 4% paraformaldehyde–PBS for 15 min at room temperature, washed with cold
FSB, permeabilized with NET-0.5% Triton X-100 for 10 min at 4°C, washed twice with
cold FSB, incubated with primary antibodies or IgG controls described above for 30 min at
37°C, and then washed with calf serum. After incubation with the primary antibodies, cells
analyzed for both surface and total TfR2/TfR1 were incubated with secondary antibodies
including Alexa Fluor 488 goat anti-rabbit antibody (1:600) and goat anti-mouse R-
phycoerythrin (Invitrogen, Carisbad, CA, 1:100) for 30 min on ice followed by washing

Chen et al. Page 12

Traffic. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with cold calf serum. To set compensation for the TfR2 and TfR1 signals, parallel
experiments were conducted. In these, the same cells as described above were incubated
only with either rabbit anti-TfR2 followed by Alexa Fluor 488 goat anti-rabbit antibody or
mouse anti-TfR1 followed by goat anti-mouse R-phycoerythrin incubation. The amount of
surface and total TfR2/TfR1 levels were measured by fluorescence flow cytometry using a
BD Biosciences FACS Calibur flow cytometer. Profiles were gated on intact single cells,
based on morphology, and arithmetic mean fluorescent intensity. Unstained control and IgG
controls were subtracted from all surface and total TfR2/TfR1 values for individual samples.

125I-Tf uptake
Holo-Tf and holo-bovine Tf were iodinated with Na125I (NEN Life Science Products) using
lactoperoxidase as described previously (14). The rate of 125I-holo-Tf uptake was
determined as described previously (59) with the following modifications. Uptake
experiments were performed on subconfluent HeLa/tTA-TfR2 cell cultures washed twice
with 2 ml of MEM/20 mM HEPES, pH 7.4 and pre-treated in the same medium for 15 min
in a 37 °C incubator with 5% CO2. One milliliter of specific (MEM/20 mM HEPES, 2 mg/
ml ovalbumin, and 10 nM 125I-holo-Tf or 300 nM 125I-holo-bovine Tf or nonspecific
(specific medium with 1.25 µM holo-Tf or 3 µM holo-bovine Tf) medium was added to the
appropriate cells to incubate at 37 °C with 5% CO2 for 1 hr. After washing with PBS four
times, externally bound Tf was stripped with an acidic buffer (0.5 N acetic acid, 0.5 M
NaCl) for 5 min at 4 °C. Then, the cells were washed four times with 2 ml of cold final wash
buffer (150 mM NaCl, 20 mM HEPES, 1 mM CaCl2, 5 mM KCl, 1 mM MgCl2, pH 7.4)
before addition of solubilization detergent (0.1% Triton X-100, 0.1% NaOH) and counting
in a gamma counter (Packard, CobraII Auto-Gamma). Surface TfR1 or TfR2 numbers were
determined by counting the amount of 125I-holo-Tf or 125I-holo-bovine Tf bound after
incubation with 10 nM 125I-holo-Tf or 300 nM 125I-holo-bovine Tf for 90 min on ice at 4°C.
Following the 90-min incubation, the medium was removed, and cells were washed four
times with 2 ml of cold final wash buffer before solubilization and counting.

Cell surface biotinylation and internalization assay
Cells transfected with siRNA for 2 days were seeded in 35-mm dish for 16 hr. Cells 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 sulfosuccinimidyl-2-(biotinamido) ethyl-1,3-
dithiopropionate (EZ-Link Sulfo-NHS-SS-Biotin) (Pierce, Rockford, IL) in ice-cold PBS+
for 20 min on ice. The reaction was quenched by washing the cells five times with ice-cold
PBS+ buffer plus 0.1% glycine (pH 7.6). Cells were then warmed to 37°C in medium
containing FBS for the desired time periods to allow internalization of the biotinylated
surface components, after which they were returned to 4°C. After one rinse with NT buffer
(20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, and 0.2% BSA), biotin remaining at
the cell surface was stripped by three 20-min incubations with ice-cold 100 mM sodium 2-
mercaptoethanesulfonic acid (MesNa) (Sigma-Aldrich, St. Louis, MO) in NT. The cells
were then quickly rinsed twice with NT buffer, and the residual MesNa was quenched by a
10-min incubation with ice-cold 120 mM iodoacetamide (Sigma-Aldrich, St. Louis, MO) in
NT. After two additional rinses with ice-cold PBS, cells were solubilized, and cell lysate
was cleared by centrifugation at 16,000 g for 5 min. Supernatants containing the internalized
biotinylated proteins were pulled down with streptavidin agarose and subjected to 8% SDS-
PAGE followed by immunodetection with anti-TfR2 antibody.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

TfR2 transferrin receptor 2

TfR1 transferrin receptor 1

MVB multivesicular body

Tf transferrin

holo-Tf iron bound human-Tf

HeLa/tTA HeLa cells in which expression of the transfected plasmid is controlled by
the tetracycline-repressible promoter

DMEM Dulbecco’s modified Eagle’s medium

MEM Minimum Essential Medium Eagle

NET/T NET buffer supplemented with 1% Triton X-100 and protease inhibitors

SDS-PAGE SDS polyacrylamide gel electrophoresis

dox doxycycline

S/T ratio surface to total ratio

FSB fluorescence-activated cell sorting staining buffer

PACS-1 phosphofurin acidic cluster sorting protein 1

chx cycloheximide

EEA1 early endosome antigen 1

K lysine

Y tyrosine

GFP-TfR2 TfR2 with GFP fused to its N-terminus

ILV intralumenal vesicles

DOR delta opioid receptor.
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Figure 1.
TfR2 endocytosis requires AP-2. A) Total TfR2 and TfR1 levels in response to knockdown
of μ2 AP-2. HeLa/tTA-TfR2 cells were knocked-down twice with control siRNA or μ2
AP-2 specific siRNA (once on day 1 and once on day 3). On day 5, cells were lysed and
subjected to 10% SDS-PAGE. Proteins of interest were immuno-detected with anti-TfR2,
anti-TfR1, anti-μ2 AP-2, and anti-actin antibodies, or subjected to the analysis described in
panels B, C, D, and E. B) Surface levels of TfR2 and TfR1 increase in AP-2-depleted cells.
Control and AP-2-depleted HeLa/tTA-TfR2 cells were incubated with rabbit anti-TfR2 and
mouse anti-TfR1 for 90 min at 4°C, and then incubated with corresponding secondary
antibodies followed by flow cytometry analysis as described in Materials and Methods. C)
Depletion of AP-2 blocks uptake of bovine-Tf488. Control and AP-2-depleted HeLa/tTA-
TfR2 cells were incubated with DMEM without serum for 15 min prior to incubation with
bovine-Tf488 for 30 min. The cells were fixed, permeabilized and incubated with anti-α
AP-2 antibody followed by incubation with rabbit anti-mouse Alexa Fluor 546 antibody.
Scale bar represents 10 µm. D) Depletion of AP-2 blocks uptake of holo-Tf594. Control and
AP-2-depleted HeLa/tTA-TfR2 cells with addition of dox to turn of TfR2 expression were
incubated with DMEM without serum for 15 min prior to incubation with holo-Tf594 for 30
min, and then fixed for image analysis. Scale bar represents 10 µm. E) Depletion of AP-2
blocks uptake of holo-bovine 125I-Tf and holo-125I-Tf. Control and AP-2-depleted HeLa/
tTA-TfR2 cells in 100-mm plates, were split to 6-well plates on day 5 with 4×105 cells per
well. Holo-125I-Tf and holo-bovine 125I-Tf uptake was performed on the next day as
described in Materials and Methods. F) The intracellular to surface ratio of TfR2 and TfR1
are 1.27 and 1.30, respectively, in static state. The average intracellular to surface ratio of
TfR2 and TfR1 were calculated from the surface and total levels of TfR2 and TfR1
measured by flow cytometry analysis in B. These experiments were repeated at least twice
with similar results. Data were evaluated by Student’s t test; p-values < 0.001 are indicated
by *** and < 0.01 by **, respectively.
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Figure 2.
TfR2 and TfR1 compete for endocytosis only in the presence of holo-Tf. A) Total TfR1
levels are constant in HeLa/tTA-TfR2 cells in the presence of deferoxamine regardless of
the presence of Tf or dox in the media, and TfR2 was turned off by adding dox. HeLa/tTA-
TfR2 cells in the presence or absence of dox were treated with 150 µM deferoxamine for 24
hr prior to treatment with 25 µM holo-Tf or holo-bovine Tf (holo-bTf) for 30 min. Cell
lysates were analyzed by immunoblot with anti-TfR2, anti-TfR1, and anti-actin antibodies.
B) Lack of competition between TfR2 and TfR1 for endocytosis in absence of holo-Tf in
contrast to competition of TfR1 with TfR2 in presence of holo-Tf in HeLa/tTA-TfR2 cells.
HeLa/tTA-TfR2 cells in absence or presence of TfR2 were treated without or with 25 µM
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holo-Tf or holo-bTf for 30 min. Surface and total levels of TfR1 and TfR2 were measured
by flow cytometry analysis as described in Materials and Methods. Data were evaluated by
Student’s t test; p-values < 0.05 are indicated by *. C) TfR1 competes with Lamp1 for
endocytosis. Surface TfR1 and Lamp1 levels were analyzed in absence of dox in HeLa/TfR1
20-2 cells by flow cytometry analysis. D) Lack of competition of TfR2 with Lamp1 for
endocytosis. Surface TfR2 and Lamp1 levels were analyzed by flow cytometry analysis in
the HeLa/TfR1 20-2 cells transiently transfected with TfR2 when TfR1 was turned off by
the addition of dox. These experiments were repeated at least twice with similar results.
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Figure 3.
TfR2 recycles to the cell surface by interacting with PACS-1. A) Sequence of the
cytoplasmic domain (CD) of TfR2 and TfR1. Acidic cluster motifs (underlined) and
endocytic motifs are marked in bold. B) PACS-1-HA interacts with TfR2 but not with TfR1.
Hep3B/TfR2 cells were infected with PACS-1-HA adenovirus/Trans adenovirus (PACS-1)
or Trans adenovirus (con) for 48 hr. Cell lysates were immunoprecipitated with anti-HA
antibody. The immunoprecipitated proteins were immunodetected with rabbit anti-TfR2,
mouse anti-HA and mouse anti-TfR1 (3B82A1) antibodies. C) Holo-Tf does not abrogate
the interaction between endogenous TfR2 and endogenous PACS-1 in HepG2 cells. HepG2
cells were treated with 25 µM holo-Tf for 24 hr. Cell lysates were immunoprecipitated with
rabbit anti-TfR2 antibody followed by immunoblot with mouse anti-TfR2 and rabbit anti-
PACS-1 antibodies. Hep3B cells that do not express TfR2 were used as a negative control.
D) The acid cluster motif in the cytoplasmic domain of TfR2 is required for the interaction
between TfR2 and PACS-1. Hep3B/ΔE-TfR2 (ΔE) and Hep3B/TfR2 (wt) cells were
infected and immunoprecipitated as described in A. Hep3B/ΔE-TfR2 cells infected with
Trans adenovirus was used as a control (con). E) Depletion of PACS-1 by siRNA does not
affect the total levels of TfR2 and TfR1 and the response of TfR2 to holo-Tf. Hep3B/TfR2
cells in 60-mm plates were transfected with control or PACS-1 specific siRNA for 32 hr,
and then split into two 35-mm plates for overnight, and treated with 25 µM holo-Tf for 24 hr
followed by immuno-detection with anti-PACS-1, anti-TfR2, anti-TfR1 and anti-actin
antibodies. F, G) Depletion of PACS-1 decreases surface TfR2 levels (G) and the S/T ratio
of TfR2 (H), but did not alter S/T ratio (H) and total levels (G) of TfR1. Surface and total
levels of TfR1 and TfR2 were measured in control and siRNA-treated Hep3B/TfR2 cells by
flow cytometry. H) Knockdown of PACS-1 does not affect degradation rate of TfR2.
Control and PACS-1-depleted Hep3B/TfR2 cells were treated with 100 µg/ml chx for 0, 2,
4, 8, or 12 hr. Cell lysates were analyzed by immunoblot for PACS-1, TfR2 and actin using
fluorescent secondary antibodies. One representative of three independent experiments is
shown. I) Quantitation of TfR2 degradation in Hep3B/TfR2 cells. The levels of TfR2 were
normalized to actin, and TfR2 level treated with chx for 0 h was set as 100%. The average
data from two independent experiments were presented. J) Depletion of PACS-1 does not
alter internalization of TfR2. Surface TfR2 was biotinylated followed by internalization,
streptavidin pull down and immunoblot as described in Materials and Methods. 10% of total
input (input) was run in parallel in 9% SDS-PAGE. One representative of two independent
experiments is shown. K) Quantitation of TfR2 internalization. Internalized TfR2 was
normalized to surface TfR2 (0 min) and set as 100%. The rate of internalization was
determined by linear regression analysis. The average data from three independent
experiments were shown. L) Depletion of PACS-1 increases co-localization of TfR2 with
EEA1 and TfR1 markers, but it did not affect co-localization of TfR2 with AP-1. Co-
localization of TfR2 with EEA1, TfR1 and AP-1 was quantified from at least 60 cells in
three independent experiments and analyzed as described in Materials and Methods. The
experiments in A–F were repeated at least twice with similar results. Data were evaluated by
Student’s t test; p-values < 0.05, < 0.01 and < 0.001 are indicated by *, ** and ***,
respectively.
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Figure 4.
TfR2 is most likely degraded in the lysosome through the MVB pathway. A) Knockdown of
TSG101 increases the levels of TfR2 and EGFR. Hep3B/TfR2 cells in 60-mm plates were
transfected with control or TSG101 specific siRNA for 32 hr, and then split into four 35-mm
plates, and treated with 25 µM holo-Tf for 24 hr followed by serum starvation overnight.
Cell lysates were subjected to 10% SDS-PAGE and immunoblot with anti-EGFR, anti-TfR2,
anti-TSG101 and anti-actin antibodies. One representative blot of three independent
experiments is shown. B) Knockdown of TSG101 blocks degradation of TfR2. Control and
TSG101-depleted cells were treated and analyzed as described in Figure 3. One
representative of three independent experiments is shown. C) Quantitation of TfR2
degradation. The average data from two independent experiments were analyzed and
presented as described in Figure3. The average data from two independent experiments were
analyzed as described in Figure 3. D) Knockdown of TSG101 increases the fraction of TfR2
co-localizing with EEA1 by 20%. Co-localization of TfR2 with EEA1 and TfR1 was
quantified from at least 30 cells and analyzed as described in Materials and Methods. Data
were evaluated by Student’s t test; p-value < 0.001 is indicated by ***. E) Knockdown of
TSG101 alters the morphology of the early endosome. The morphology of control and
TSG101-depleted Hep3B/TfR2 cells was examined by immunofluorescence microscopy
with rabbit anti-TfR2 and mouse anti-EEA1 antibodies as described in Materials and
Methods. Early endosomes in TSG101-depleted cells formed tubular structures whereas they
appeared as a punctate pattern in control cells. F) Dominant negative Vps4 inhibits
degradation of TfR2. Hep3B/TfR2 cells in 35-mm plates were transiently transfected with
pEGFP-wt-VPS4 and pEGFP-R228Q-Vps4 or empty vector as described Materials and
Methods. Cell lysate were subjected to 10% SDS-PAGE and immunoblot with anti-TfR2,
anti-GFP and anti-actin antiboies. The levels of TfR2 were normalized to actin, and the
normalized to mock transfection cells. The average data from four independent experiments
was shown. Data were evaluated by Student’s t test; p-values < 0.001, < 0.01 and < 0.1 are
indicated by ***, ** and * respectively.
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Figure 5.
TfR2 degradation is not ubiquitination-dependent. A) Knockdown of TSG101 blocks
degradation of K31A-TfR2. Hep3B/K31A-TfR2 cells in 35-mm plates were transfected with
control or TSG101 specific siRNA for 32 hr and then split to two 35-mm plates for
overnight and treated with holo-Tf for 24 hr. Cell lysates were subjected to 10% SDS-PAGE
and immunodetection with anti-TfR2, anti-TSG101 and anti-actin antibodies. This
experiment was repeated once with the same results. B) GFP-TfR2 internalizes in TRVb
cells. GFP-TfR2 was transfected in TRVb cells, and holo-Tf546 uptake was performed at
37°C for 20 min followed by confocal microscopy. Scale bar represents 10 µm. C)
Knockdown of TSG101 increases the level of GFP-TfR2. Hep3B/GFP-TfR2 cells were
transfected, treated and analyzed as described in A. D) Knockdown of TSG101 increases the
level of GFP-TfR2 by flow cytometry analysis. Hep3B/GFP-TfR2 cells were transfected and
treated as described in A, and GFP-TfR2 levels were measured by flow cytometry. Hep3B
cells that do not express GFP-TfR2 were used as a control. The control was subtracted from
the Hep3B-GFP-TfR2 cells. The experiments were performed in quadruplicate. The average
data from two independents were shown in D. Data were evaluated by Student’s t test; p-
value < 0.001 is indicated by ***.
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