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Transferrin ‘receptor 2 (TfR2), a homologue of the classical transferrin
receptor 1 (TfR1), is found in two isoforms, o and p. Like TfR1, TfR2a is a
type II membrane protein, but the @ form lacks transmembrane portions
and therefore is likely to be an intracellular protein. To'investigate the
functional properties of TfR2a, we expressed the protein with FLAG
tagging in transferrin-receptor-deficient Chinese hamster ovary cells. The
association constant for the binding of diferric transferrin (Tf) to TfR2a is
5.6x10° M1, which is about 50 times lower than that for the binding of Tf to
TER1, with correspondingly reduced rates of iron uptake. Evidence for Tf
internalization and recycling via TfR2a without degradation, as in the TfR1
pathway, was also found. The interaction of TfR2a with Tf was further
investigated using atomic force microscopy, a powerful tool used for
investigating the interaction between a ligand and its receptor at the single-
molecule level on the living cell surface. Dynamic force microscopy reveals
a difference in the interactions of Tf with TfR2a and TfR1, with Tf-TfR1
unbinding characterized by two energy barriers, while only one is present
for TETIR2. We speculate that this difference may reflect Tf binding to
TfR2a by a single lobe, whereas two lobes of Tf participate in binding to
TfR1. The difference in the binding properties of Tf to TfR1 and TfR2a may
help account for the different physiological roles of the two receptors.

© 2010 Elsevier Ltd. All rights reserved.

Keywords: iron metabolism; transferrin; transferrin receptor 2; atomic force
microscopy; functional assay
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Iron is essential for all: living organisms and is
required for numerous metabolic processes. In
vertebrates, and at least in some invertebrates
with circulatory: systems, - almost all - circulating
iron is carried by diferric transferrin (Tf) to provide
iron for cellular needs. The initial event in the
cellular uptake of iron is the binding of Tf to
transferrin ‘receptor -1 (TfR1)! on the plasma
membrane of cells, followed by endocytosis of the

TETiR1 complex. HFE 2_the "protein” that, when
mutated, is responsible for hereditary hemochro-
matosis—has been shown to combine with TfR1

0022-2836/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
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and to reduce its affinity for Tf>® but the
physiological functions of HFE are still not fully
understood. In the acidified Tf-bearing endosome,
iron is released from Tf and carried into the cytosol
by divalent metal transporter 1.”° After the release
of its iron, Tf, still bound to the receptor in the
acidified endosome, is recycled to the cell mem-
brane and released from TfR1 at the cell surface
where iron-free Tf is not bound by the receptor at
pH 7.4. Most cells other than hepatocytes have been
thought to depend chiefly or exclusively on the
TfR1 cycle for securing iron from T£.'%"?

A second transferrin receptor, transferrin receptor
2 (TfR2), was cloned and identified-as-a new
member of the transferrin receptor class.”®> TfR2
has two isoforms: TfR2a and TIR2B. TfR2a is
thought to be a type II membrane protein like
classical TfR1."* TfR2B is probably an intracellular
protein because its amino acid sequence ‘lacks
transmembrane portions. Although its affinity for
Tf is less: than: that for TfR1, TfR2«a binds Tf and
therefore may participate in cellular iron uptake,
while the physiological function of TfR2p is un-
known. Mutations of the TfR2 gene reduce hepcidin
expression, resulting in iron overload and indicating
that TfR2 may function primarily as a regulator of
hepcidin production. However, the precise mechan-
isms of TfR2« involvement in cellular iron metab-
olism have not been elucidated, largely due to lack
of information about the properties of the TfR2«
protein. We therefore aimed to characterize the
interactions of TfR2a with Tf by functional assays
and atomic force microscopy (AFM), a powerful tool
for investigating the interaction between a ligand
and its receptor at the single-molecule level on a
living cell surface.’®

Results

Total protein contents

TfR1-deficient  Chinese hamster ovary (CHO)

TRVD cells were transfected with a TfR2a expression
vector or mock vector, with no detectable change in
cell morphology observed in culture wells by light
microscopy. The total protein contents were 113+
20 pg/cell (n=10) for wild-type TRVb cells, 127+
19 pg/cell (n=10) for TRVb-TfR2« cells, and 120+
15 pg/cell (n=10) for TRVb mock cells. Thus,
transfection of TRVD cells with the TfR2a expression
vector did not cause any remarkable change in
cellular protein concentration.

Expression: of TfR2a and its binding to Tf

Transfection of TRVb cells with the TfR2«
expression vector resulted in much higher Tf
binding at 4 °C compared to wild-type TRVb cells
or the mock-transfected clone (Fig. 1). Tf binding to
TRVb cells and TRVb mock cells showed a
nonsaturable, almost linear, behavior characteristic
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Fig. 1. Tf binding to TRVDb (®), TRVb-TfR2a (4), and
TRVDb mock cells (B) at 4 °C. Cells were incubated with
[**1]Tfat 4 °C for'1 h, washed to remove unbound Tf, and
then solubilized for counting. TRVb-TfR2a cells showed a
saturable binding curve, with an association constant of
5.6x10° M~ ! and 2.8x10* binding sites/cell. The exper-
iment was performed in triplicate.

of nonspecific binding. In contrast, expressed cell
surface Tf binding sites in TRVb-TfR2a cells
saturated at 2.8x10* Tf molecules/cell, with the
association constant K, calculated to be 5.6%
10° M. Since TRVb-TfR2« cells and TRVb mock
cells were maintained at 30 pg/ml puromycin, but
TRVD cells were maintained without puromyecin,
TRVDb mock cells were used as controls for further
studies.

Cell-associated Tf at 37 °C

Total cell-associated Tf at 37 °C increased as a
function of Tf concentration in TRVb-TfR2a cells
(Supplementary Fig. 1). The cell-associated Tf of
TRVb mock cells, -however, also increased as a
function of Tf concentration, even though cell-
associated: Tf was less than that seen in TRVb-
TfR2a cells. To determine whether transfection was
responsible for this increase in cell-associated Tf in
mock cells, we measured cell-associated Tf in wild-
‘type TRVD cells at 37 °C. There was no remarkable
difference between wild-type TRVb and TRVb mock
cells, indicating that transfection itself did not cause
the Tf association in mock cells (data not shown).
Since TRVb cells lack detectable TfR1, this associa-
tion with Tf must be receptor-independent. The
difference between cell-associated Tf in TRVb-T{R2a
cells and cell-associated Tf in TRVb mock cells as a
function of Tf concentration—presumably due to Tf
bound to TfR2a and Tf internalized via TfR2« in the
former, but not in the latter—approached a constant
value:
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Table 1. Tf internalized by TRVb-TfR2a cells via TfR2a

Procedure Molecules/cell

[1] Total Tf associated with TRVb-TfR2« 47,800
cells after incubation for 1 h at 37 °C

[2] Cell-associated Tf after acid washing 26,500

[3] Tf removed by acid washing 21,300

[4] Tf initially bound to TfR2a at the cell 23,700
surface (10/9x%[3])

[5] Tf initially bound to TfR2a at the cell 2370
surface but resistant to acid washing

[6] Tf internalized by all pathways ([2]-[5]), 24,100
also non-specifically bound and resistant
to acid washing

[7] Tf in mock cells (non-specifically bound 6600
and resistant to acid wash)

[8] Tf internalized via TfR2« in TRVb-TfR2a 17,500

cells ([6] and [71)

Efficiency of the acid wash method

Our acid wash method removed approximately
90% of the cell surface membrane-bound Tf in
TRVDb-TfR2a cells compared to normal phosphate-
buffered saline (PBS) washing (data not shown). In
addition to acid washing, washing with F-12
medium  was necessary to remove bound Tf,
suggesting that, like TfR1, TfR2« binds apotransfer-
rin at acidic pH but not at neutral pH.'* Addition of
cold Tf into F-12 medium at pH 7.4 did not enhance
the effectiveness of washing, verifying that washing
at pH 7.4 is sufficient for removing cell-surface-
bound apotransferrin.

Evidence for Tf internalization mediated by
TfR2a

After 1 h of incubation at 37 °C, cell-associated Tf
in TRVb-TfR2« cells and TRVb mock cells repre-

(a)

30
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g
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sents both internalized Tf and nonspecific cell-
surface-bound Tf that are resistant to acid washing.
Tf in TRVb-TfR2a cells was 26,500 molecules/cell,
much higher than the 6600 molecules/cell seen in
TRVDb mock cells {Table 1). Although the effective-
ness of the acid wash method is only about 90%, the
difference in cell-associated Tf between transfected
cells and mock cells is too great to be attributed to
residual cell-surface-bound Tf and therefore repre-
sents Tf internalized via TfR2«. We calculate that
about 17,500 Tf molecules/cell are internalized by
TfR2a (Table 1).

Iron uptake

Iron uptake by TRVb-TfR2a cells after 1 h of
incubation at 37 °C was not clearly different from
that by TRVb-mock cells, even though there were
small differences: at high concentrations of Tf
(Fig. 2a). To investigate whether or not induced
TfR2a protein actually can donate iron to the cells,
we determined the time course of ’Fe uptake. Only
after 1 h did a difference between TRVb-TfR2o cells
and TRVb mock cells become clear (Fig. 2b). Thus,
TfR2a-associated Tt -could ~donate: iron: to- cells,
although its rate of donation is much less than that
provided by Tf associated with TfR1. The data also
indicate that CHO. cells' exhibit receptor-indepen-
dent iron uptake from Tf, as described earlier.16

Efflux of Tf

To investigate the fate of Tf taken up through
TfR2«; we incubated TRVb-T{R2a: cells: with 125]-
labeled Tf and acid-washed them before the time
course of efflux was determined (Fig. 3). At time 0, Tf
internalization by TRVb-TfR2a cells was higher than
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Fig. 2. Tron uptake at 37 °C as a function of Tf concentration (a). TRVb-TfR2« cells (A) and TRVb mock cells (W) were
incubated with [®Fe]Tf at 37 °C for 1 h, washed to remove unbound Tf, and then solubilized for counting. This
experiment was performed in triplicate. Iron uptake at 37 °C with time was also investigated (b). TRVb-TfR2« cells (&)
and TRVb mock cells (M) were incubated with 8.1x 1077 M [PFe]Tf at 37 °C for the indicated time, washed to remove
unbound Tf, and then solubilized for counting. This experiment was also performed in triplicate.
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Fig. 3. Time course of Tf efflux. TRVb- TfRZcx cells and
TRVb mock cells were incubated with 3.5% 1077 M [**°1JTf
at 37 °C for 1 h; washed to remove unbound Tf, and then
acid-washed to remove Tf bound to cell surface receptors.
Cells'were then incubated at 37 °C for the indicated times,
the medium was collected, and solubilized cells were
taken for counting. Tf exocytosed into the medium from
TRVDb-TfR2a cells (®) and TRVb mock cells (4), and Tf
retained in TRVb-TfR2a cells. (@) and TRVb mock cells
(V), are shown. Experiments were performed in triplicate.

Tf internalization by TRVb mock cells, in keeping
with Tf internalization by TfR2«, as discussed above.
Internalized Tf mediated by TfR2a was exocytosed
from TRVb-TfR2a cells; approximately 80% of Tf
taken up via TfR2a was released by 30 min.: The
indication is that an effective efflux route exists for Tf
taken up by TfR2«, suggesting that TfR2«; like TfR1,
is recycled by the cells.

In a further investigation of the TfR2a pathway,
the degradation of Tf internalized by TfR2a was
determined. After 60 min, approximately 90% of Tf
exocytosed from TRVDb-TfR2a cells was precipitable
by trichloroacetic acid (TCA)/phosphotungstic acid
(PTA), indicating that Tf bound to TfR2« has
recycled without substantial degradation in cells.

Puise-chase study

To determine the fraction of cell-membrane-
bound Tf that is internalized and the recycling
time, we performed a pulse-chase experiment
(Supplementary Fig. 2). Almost all Tf initially
bound to TfR2« at 4 °C was released into the culture
medium after 10 min of incubation at 37 °C, and
there was no significant internalization of cell-
surface-bound Tf in the single cycle of this pulse-
chase study.

Absence of TIR1-TfR2 heterodimers

The effectiveness of anti-FLAG M2 antibody and
anti-TfR1 antibody in immunoprecipitation had

been confirmed before these experiments were
undertaken (data not shown). HuH-7 cells, which
express detectable TfR1 by Western blot analysis,
were transiently transfected with the TfR2a ex-
pression vector, and cell lysates were taken for
immunoprecipitation and Western blot analysis
(Supplementary Fig. 3). Western blot analysis by
anti-TfR1 antibody for the samples without immu-
noprecipitation showed that HuH-7 cells and
HuH-7 cells transfected with TfR2a express almost
identical amounts of TfR1. Furthermore, Western
blot analysis by anti-TfR2 antibody for the samples
not subjected to immunoprecipitation showed that
HuH-7 cells transfected with TfR2a express more
TfR2a proteins than nontransfected HuH-7 cells.
These data indicated that the transiently trans-
fected cells overexpressed TfR2a protein and that
the antibodies were highly effective for Western
blot analysis. When immunoprecipitation was
performed with anti-TfR1 antibody, a band was
clearly detected in transfected and nontransfected
cells, but no band was found with the anti-TfR2
antibody. If a TfR1-TfR2 heterodimer were pres-
ent, anti-TfR1 antibody would precipitate that
protein, and Western blot analysis with anti-TfR2
antibody would show the band. When immuno-
precipitation was: performed with anti-FLAG . M2
antibody, a 100-kDa band was detected only in
transfected cells when the anti-TfR2 antibody was
used as the primary antibody in Western blot
analysis, indicating that transient transfection
resulted . in expression: of immunoprecipitable
TfR2a protein. No band was detected when anti-
TfR1 was used as the primary antibody. Prolonged
exposure of the blotted membrane to the develop-
ing solution did not make a difference. The
possibility that the N-terminal FLAG tag in
TfR2«a interferes with dimer formation is unlikely,
since the recombinant TfR1 lacking the first 120 N-
terminal lntracellular residues spontaneously
dimerizes.'” These results indicate that no detect-
able heterodimer of TfR1 and TfR2a was formed
by the TfR2a-transfected HuH-7 cells. Therefore,
our experiments detect TfR2, not the heterodimer
of TfR1 and TfR2.

Specificity of detection by AFM

HLF cells (human hepatoma) were transiently
cotransfected with TfR2a and green fluorescent
protein (GFP) for identification, and tested with a
Tf-coated tip. Retraction force curves were recorded
with a Tf-coated tip and showed specific unbinding
events between Tf on the tip and TfR2a at the cell
surface (in Tris-buffered saline, pH 7.4) (Fig. 4a).
The probability of binding between the Tf-coated
tip.- and the TfR2 at the cell surface reached 26%
(n=7.cells). In contrast, when nontransfected cells
were tested with a Tf-coated tip, this probability
was only 6% (n=12 cells, p<0.001, ¢ test). This
indicated that transient transfection of the TfR2a
expression vector was adequate for the investiga-
tion using AFM (Fig. 4b).
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Fig. 4. (a) Retraction force curves on living HLF cells, transfected with TfR2a. The curves show specific unbinding
events between Tf on the probe tip and TfR2a at the cell surface [in Tris-buffered saline (pH 7.4)]. (b) Specificity of
detection by AFM. HLF cells (human hepatoma) were transiently cotransfected with TfR2a and GFP, and tested with a Tf-
coated tip: The probability of binding was 26% (1n=7 cells). In contrast, on nontransfected cells, the probability was only

6% (n=12 cells, p<0.001,***¢ test).

Force histogram for specific interaction between
Tf and TfR2a

We recorded 1500 force curves with a Tf-coated
tip on TfR2-transfected cells, allowing us to collect a
total of 573 specific unbinding events in an
experiment performed with a single tip using two
cells. Events were analyzed and plotted in a force
histogram (Fig. 5). A clear peak was visible on the
histogram, showing that the mean unbinding force
between Tf on the tip and TfR2 at the cell surface
was 6348 pN (at a mean loading rate of 2.8 nN/s).
The experiment was repeated several days later
using a new tip with cells independently cultured
and gave similar results.
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Fig. 5. Force histogram for the: specific interaction
between Tf and TfR2c on HLEF cells. The histogram was
obtained from an analysis of 573 unbinding events
collected over 1500 force curves. The mean unbinding
force is 6348 pN for a mean loading rate of 2.8 nN/s. The
gray line represents a Gaussian fit.

Dynamic force spectroscopy

Dynamic force spectroscopy, which consists of
measuring the mean unbinding force at different
loading rates, was performed with a Tf-coated tip on
TfR2-transfected cells. As expected, the force was
logarithmically dependent on the loading rate (Fig.
6). However, this dependence was small, as the force
varied from 59+9 pN at a rate of 1.7 nN/s to
62+10 pN at a rate of 20 nN/s. In striking contrast,
the unbinding force between TiR1 and Tf was
reported at 39+5 pN at a rate of 1 nN/s and
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Fig. 6. Dynamic force spectroscopy of Tf~TfR2« (black
dots). The unbinding force is plotted as a function of the
loading; rate logarithm. For comparison, the force ‘spec-
trum of T~TfR1 is also shown. Only one regime is evident
for TIR2, but two can be seen for TfR1, clearly revealing
the different interactions of the two proteins with Tf.
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increased up to 94+12 pN at a rate of 27 nN/s,"
indicating that the binding of TfR2a and Tf differs
from the binding of TfR1 and Tf. Furthermore, the
force spectrum of TfR2-transfected cells displayed
only one regime (slope), while two regimes were
clearly visible for TfRl-expressing cells (Fig. 6),
implying different interactions of Tf with TfR1 and

Discussion

In their original publication, Kawabata et al.
reported that TfR2a can bind Tf and donate iron
to CHO cells,"® therefore supporting cell
growth."* Fleming et al. found that TfR2 expres-
sion is not regulated by intracellular iron status
and thus might be involved in the pathogenesis of
hemochromatosis.'® Although TfR2 is thus shown
to function in iron metabolism, its precise
physiological role is still unknown.

To avoid confusion by TfR1, our first studies used
HuH-7 cells. with anti-sense suppressed TfR1
expression.'”?? The amount of residual TfR1,
however, was still high, so that it was not possible
to differentiate between Tf binding to TfR1 and Tf
binding to TfR2ua because of the low affinity of
TfR2a for Tf.'* We therefore turned to TfR1-
deficient CHO cells for expressing TfR2a.'>?!

In the present study, the affinity of TfR2a for Tf
was. measured in living cells for the first time
using ['*I]Tf to display the binding isotherm at
4 °C. The K, for the binding of Tf by TfR2a was
calculated to be 5.6x10%° M}, about 35-fold less
than that for the binding of Tf by TfR1 (2x10% M™!
to 3x10° M in HuH-7 cells). The lower affinity
of TfR2u in transfected CHO cells is in accordance
with .a' previous report based on a- qualitative
study by flow cytometry."* Quantification by
surface plasmon resonance using a recombinant
soluble extracellular portion of the receptor gave a
binding constant of 37x10° M ™!, consistent with
the present result, considering the difference in
methodology.” The deduced amino acid sequence
of the extracellular domain of TfR2a protein is 45%
identical and 66% similar to that of TfR1. TfR2«
also possesses the RGD triad (amino acids 678-
680),13 which is thought to be critical for binding
Tf to TfR1.” The lower affinity of TfR2« for Tf is
now, therefore, not explicable.

Although the affinity of TfR2a for Tf is much
less than that of TfR1, the concentration of iron-
bearing Tf in the circulation (about 3x107° M) is
sufficient to saturate TfR2a. TfR2a expression has
been found :in cells with active roles in iron
metabolism. Liver, the principal ~organ of iron
storage, expresses a high level of TfR2a mRNA, as
do human hepatoma-derived HepG2 cells® and
HuH-7 cells (unpublished observation). K562 cells,
of human myelogenous erythroleukemic origin,
also express TfR2a mRNA." Studies of iron
uptake from Tf prior to the discovery of TfR2
did not discriminate between the roles of the two

receptors. In future studies, therefore, both recep-
tors require consideration.

Binding of Tf to TRVb-TfR2a and TRVb mock
cells at 4 °C was only 25-50% inhibited by a 100-fold
excess of unlabeled Tf, possibly because of large,
essentially nonsaturable binding. We therefore
resorted to the use of a binding isotherm with
terms for specific (saturable) and nonspecific (non-
saturable) binding to estimate the binding constants
for each type of binding.** Curve-fitted parameters
for specific binding attributable to transfected TfR2a
were as follows: K,, 5.6x10° M™1; total number of
sites, 2.8x10* cell”'. These contrast with binding
constants near 10> M™! and_site numbers in the
range of 2x10° cell”! to 5x10° cell ! for Tf binding
in K562 cells when TfR1 predominates and curve-
fitting to a single class of sites adequately accounts
for binding. An apparent binding constant of
6.5x10° M ! is obtained for the nonsaturable
binding of Tf to TRVb-TfR2a cells, substantially
weaker than that derived for specific binding. At Tf
concentrations of 107% M, for example, saturable
binding would account for about 24,000 Tf mole-
cules/cell, while nonsaturable binding would ac-
count for 6500 molecules/cell. Nevertheless; both
TfR2a-dependent binding and nonspecific binding
contribute to the association of Tf with the cells.

In the present study, CHO cells showed a
receptor-independent association with Tf that
should be considered when investigating the func-
tion of TfR2a expressed: in CHO cells. We find ‘a
clear increase in cell-associated Tf after TfR2«
expression. Since cell-associated Tf represents both
cell-surface-bound Tfand Tf internalized via TfR2«,
a proof of Tf internalization mediated by TfR2a was
required. Cell-associated Tf persisting ‘after acid
washing confirmed the existence of Tf internaliza-
tion via TfR2a.

After internalization; an efflux of Tf; without
substantial degradation, is found. Thus, Tf inter-
nalized by TiR2a, 'like Tf internalized by TfRL,
recycles. An important difference between the two
receptors was observed in a pulse-chase study. Less
than 12% of Tf bound to the cell surface of TRVb-
TfR2« cells is internalized; with: most of the Tf
dissociated and released to the medium at 37 °C. In
contrast, approximately 30-50% of membrane-
bound Tf was internalized by human-hepatoblas-
toma-derived HepG2 cells'? and human-hepatoma-
derived HLF cells.”® The lower affinity of TfR2« for
Tf may help account for the difference between
previous studies and the present work, since
HepG2: and HLF cells express TfR1; but TRVb-
TfR2a cells do not. In our pulse-chase study, no
detectable internalization of membrane-bound Tf in
a single cycle was found when the occupancy of
TfR2a by transferrin was about 75%. In normal
circulation, however, the concentration of iron-
bearing Tf is close to.3x 10 5 M, so that cell surface
receptors are always saturated with Tf and replen-
ished as Tf is internalized. TfR2a might therefore
normally: function in iron uptake from Tf, but this
has yet to be experimentally confirmed.
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Overexpressed TfR2a protein was also shown to
mediate iron uptake, although its rate of iron
donation was slow. We estimate, from the differ-
ence between iron uptake by TRVb-TfR2a cells and
iron uptake by TRVb mock cells in Fig. 2b, that the
rate of iron uptake was approximately 0.2 atom/
receptor/min when cells were incubated with
8.1x1077 M Tf. For comparison, the rate of iron
uptake via TfR1 was about 0.5-1 atom/receptor/
min in K562 cells. Thus, TfR2a may function in iron
uptake from Tf, albeit with less efficiency than
TiR1.

Because of the sequence similarities between TfR1
and TfR2q, the possibility that the protein mono-
mers combine to form heterodimers was investi-
gated. However, no detectable expression of
heterodimers was found in the present studies.
The possibility that our transfection procedure in
HuH-7 cells yielded two different cell populations
(one expressing TfR2a and the other failing to do
so) must be considered, so that expression of
heterodimers was too low for detection. We cannot
exclude the possibility of heterodimer formation
that might be detected by more sensitive methods
or in other cells.

AFM was used to characterize the interactions
between Tf and TfR2a protein at the single-
molecule level. We found that the unbinding force
needed to detach Tf from TfR2a (63+8 pN) was
different from the unbinding force needed to
detach Tf from TfR1, previously reported as 56+
7 pN."> However, dynamic force measurements
revealed striking differences between Tf~TfR1 and
Tf-TfR2a interactions, which reflected clearly
distinct energy landscapes.'” While Tf-TfR1 un-
binding is characterized by two energy barriers,
only one is present for Tf-TfR2. This obvious
difference might arise from different binding
points for Tf=TfR1 and Tf-TfR2a interactions. In
addition, this possibility provides a structural
interpretation for the energy barriers postulated
here. We speculate that the two barriers of the Tf-
TfR1 interaction stem from the binding of both
lobes of Tf (C-lobe :and N-lobe), whereas. the
single barrier of Tf-TfR2a interaction originates
from the binding of a single lobe, but we
recognize that this speculation requires further
investigation.

In conclusion, the present study shows that
TfR2« protein functions in binding Tf and taking
up iron, and that there must be a difference
between TfR1 and TfR2 in their interactions with
Tf, as revealed by AFM. TfR2a mRNA lacks an iron
responsive element, so that expression is not
regulated by intracellular iron status'® but possibly
by cell cycle."* Furthermore, TfR2 cannot compen-
sate for TfR1 in TfR1 knockout mice, which lack a
functional Tf cycle and do not survive gestation.*®
A nonsense mutation of the human TfR2 gene
causes a hemochromatosis-like disorder.””?® The
physiological functions of TfR2 are therefore still
unclear, although it likely contributes to the
regulation of cellular iron status.

Materials and Methods

Celis and cell culture

TfR1-deficient CHO TRVb cells®’ were grown in F-12
Nutrients Mixture (Invitrogen, Grand Island, NY) supple-
mented with 5% heat-inactivated fetal bovine serum
(Gemini Bio-Products, Woodland, CA), 100 U/ml penicil-
lin, and 100 pg/ml streptomycin. All cultures were
maintained at 37 °C in 5% CO,.

TfR2a expression vector

Total RNA was extracted from K562 cells using the
RNAgent Total RNA Isolation System (Promega, Madi-
son,- WI) following the manufacturer’s instructions.
Complementary DNA was reverse-transcribed. from
1 pg of RNA using an oligo-dT primer (Promega) and
MMLV reverse transcriptase (Stratagene, La Jolla, CA),
and human TfR2c ¢cDNA was amplified by hot-start
PCR. A FLAG sequence was added to the 5'-teiminus of
the ¢cDNA to enable detection of expressed protein by
anti-FLAG antibodies. The oligonucleotides used as PCR
primers: were " 5-ACCTTAAGGCCACCATGGATTA-
CAAGGATGACGACGATAAGATGGAGCGGCTTTG-3'
and 5-GGTTCGAAGCAATGAGAGGTGGAC-3!.: The
conditions for amplification were as follows: 40:cycles
of 99 °C for 1 min, 65 °C for. 2 min; and 72 °C for 5 min.
The amplified DNA. fragment was. digested  with: AflII
and BstBIL, and then' inserted into. the bicistronic
mammalian  expression: vector: pIRESpuro2 ‘(Clontech,
Palo Alto, CA). The orientation and sequence. of the
inserted TfR2a ¢DNA fragment were confirmed: by
sequencing.

Transfection

TRVDb cells were grown in 35-mm six-well plates until
they had reached 70-80% confluence; then they were
transfected with - the TfR2a expression vector: using
Lipofectamine Plus (Invitrogen, Carlsbad, CA). Selection
was performed with 10 ug/ml puromycin (Clontech) for
2 weeks, and then the concentration of the antibiotic was
raised to 30 pg/ml in order to isolate a clone with high-
level expression of TfR2a. After another 2 weeks, one
viable colony (TRVb-TfR2a) was obtained and then
subcultured 'using a cloning cylinder. ‘As- mock-trans-
fected ‘controls, TRVDb cells: were - transfected with' the
pIRESpuro2 vector without a cDNA insett, and one clone
was isolated after 4 weeks of selection (TRVb mock cells).
These transfectants were maintained at 30 pg/mil
puromycin after isolation. Expression of TfR2e mRNA
was. confirmed by reverse transcriptase. PCR,” and the
expression of TfR2u protein was confirmed by immuno-
precipitation-Western blot. analysis. using anti-FLAG
antibodies (data not shown).

Total protein content

The total protein contents of TRVb, TRVb-TfR2¢, and
TRVb mock cells were determined with the Bio-Rad
Protein Assay Kit (Bio-Rad, Hercules, CA) using bovine
serum - albumin (BSA) as standard. Cells' were counted
with a hemocytometer.
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lodination of Tf

Human Tf (Boehringer-Mannheim, Germany) was
labeled with 1?51 (Amersham Pharmacia Biotech, Piscat-
away, NJ) by the iodine mongchloride method of
McFarlane.? To remove unbound '?°I, we passed labeled
Tf through a 10-DG desalting column (Bio-Rad) two times.
Specific activities were observed in the range of 100~
200 cpm/ng Tf, and more than 95% of '*°I was protein-
bound as determined by precipitation with 20% TCA /4%
PTA.

5%Fe labeling of Tf

Iron was removed from Tf, and labeling with **Fe was
carried out by previously described methods.>® Specific
activities were in the range of 2000-3500 cpm/ng Fe. In
some experiments, apotransferrin was labeled with 1251 as
described above, and then loaded with *Fe.

Binding assay

Tf binding assays. were performed as. previously
reported.®® Cell numbers were calculated from protein
concentrations. determined with: the Bio-Rad  Protein
Assay Kit: Each experiment was performed in triplicate.
The total number of specific binding sites per cell and the
K, for the binding of Tf to these sites were estimated from
nonlinear least-squares curve fitting to a saturable binding
isotherm:>

. . .. total sites x K,[Tf]
occupied sites = T+ KT
from which it is'also possible to calculate the fraction of
sites occupied by Tf at any. concentration of free Tf.

Tf and iron uptake

Cells were plated at a density of 1x10° cells/well in 35-
mm six-well plates 24 h before the experiments. Cells were
preincubated with F-12 three times for 10 min at 37 °C,
chilled on ice for 30 min, and then incubated at 37 °C with
F-12 containing 2% BSA and labeled. Tf at indicated
concentrations and times. Cells were then washed with
ice-cold PBS five times and solubilized by 0.1% Triton X-
100 for counting.

Acid washing of cells

To remove cell-surface-receptor-bound Tf, we washed
cells with ice-cold PBS five times and then incubated them
withice-cold acid wash buffer [0.025 M citric acid, 0.025M
sodium citrate, 200 pM deferoxamine mesylate, and
0.15 M sucrose (pH 4.0)] for 3 min, followed by two 2-
min incubations with ice-cold F-12 medium to remove
cell-surface-bound apotransferrin. Finally, the cells were
washed once more with ice-cold PBS. This method
removed approximately 90% of surface-bound Tf in
TRVb-TfR2¢« cells.

Efflux of Tf from cells

Cells, plated at a density of 1x10° cells/well in 35-mm
six-well' plates 24 h before the experiments, were

preincubated with F-12 three times for 10 min at 37 °C,
chilled on ice for 30 min, and then incubated with F-12
containing 2% BSA and 3.5x1077 M *L-labeled Tf for
60 min at 37 °C. After acid washing, fresh F-12 medium
was added, and cells were again incubated at 37 °C. At
indicated times, F-12 media were collected, and cells were
washed with ice-cold PBS and solubilized by 0.1% Triton
X-100. Media and cell lysates were then taken for vy-
counting. After counting, media were incubated with 10%
TCA/2% PTA for 30 min on ice, and then centrifuged at
14,000 rpm in an Eppendorf centrifuge for 20 min. Tf
degradations were calculated from the radioactivities of
supernatants and precipitates.

Pulse-chase study

TRVDb-TfR2c cells were incubated with 5.1x1077 M
[**51ITE, as previously described, for 1 hat 4 °C. Cells were
then washed with ice-cold ‘PBS five times. Fresh F-12
medium was added, and cells were incubated at 37 °C. At
indicated times, cells were chilled on ice, and media were
immediately collected. Cells were again washed with ice-
cold PBS; and media were collected. Cells were then acid
washed to quantify surface-bound Tf and solubilized for
the measurement of intracellular Tf.

Immunoprecipitation—-Western blot analysis

Human-hepatoma-derived HuH-7 cells were transient-
Iy transfected with the TfR20 expression vector, as
described above. At 48 h after transfection, 5x10° cells
were washed with PBS five times and collected with a cell
scraper. Harvested cells were dissolved in 40 pl of the cell
extraction buffer of the Mammalian Cell Extraction Kit
(BioVision Incorporated, Mountain View, CA) following
the manufacturer’s instructions for Western blot analysis
without immunoprecipitation, or in 1.5 ml of lysis buffer
[10 mM Tris=HCl, 150 mM NaCl, 1% Nonidet P-40, 1 mM
ethylenediaminetetraacetic acid, and 1 mM PMSF con-
taining ' 1:2000 Protease Inhibitor Cocktail (Boehringer-
Mannheim; pH 7.4)] for immunoprecipitation-Western
blot analysis. Freezing and thawing were performed
three times, following which samples were centrifuged at
2700¢.. Protein” G Sepharose ' (Amersham - Biosciences,
Uppsala, Sweden) was added, and preparations were
incubated at 4 °C for 8 h, then centrifuged at-1500g for
5 min: Supernatants were then collected for incubation
with anti-FLAG M2 antibody (Sigma), which recognizes
FLAG at any location in the target protein, or with anti-
T{R1 antibody (Zymed Laboratory, South San Francisco,
CA) for 8 h at 4 °C. Protein G Sepharose was added, and
incubation continued for an additional 8 h at 4 °C.
Samples were centrifuged at 1500g for 5 min, and pellets
were washed with PBS five times. Concentrated dye
buffer was added, and final concentrations were adjusted
to 10 mM Tris-HCI, 1 'mM ethylenediaminetetraacetic
acid, 2.5% SDS; 5% B-mercaptoethanol, and 0.01%
bromophenol blue (pH 8.0). Samples were then immersed
in boiling water for 5 min and centrifiiged at 20,000g for
5 min to remove precipitated material. -Electrophoresis
using a 12% gradient polyacrylamide gel and transfer
to a nitrocellulose membrane. were carried out. The
membrane was incubated with anti-TfR2 antibody (9F8
1C11) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA)
diluted 1:200 or with anti-TfR1 antibody diluted 1:1000,
and then with horseradish-peroxidase-conjugated goat
anti-mouse "IgG antibody (R&D' Systems, Minneapolis,
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MN) diluted 1:2000. SuperSignal West Pico Chemilumi-
nescent Substrate (Thermo Scientific, Rockford, IL) was
used as development substrate.

Atomic force microscopy

The details of the methods for investigation using AFM
were previously reported.'® In brief, the probe of AFM is a
sharp tip placed at the end of a soft cantilever. A
piezoelectric scanner allows the precise positioning of
the tip relative to the sample. A laser beam reflected on the
cantilever backside and detected by photodiodes is used
to measure cantilever deflection. This signal is either used
as feedback to control the scanner (imaging mode) or
measured and converted into force (force spectroscopy
mode). Since the cantilever is mounted under the scanner,
the optical path is free, and AFM can be coupled to an
optical microscope. Tf was linked to the AFM tip by a
three-step. functionalizing protocol. First, SiN tips are
aminosilanized by exposure to APTES vapors. Second, a
heterobifunctional polyethylene glycol linker is anchored
to amino-group-bearing tips through its NHS end: Third,
Tf is attached to the polyethylene glycol linker free end via
a maleimide-cysteine bond.

Measuring the interaction force between Tf and
TfR2a by AFM

HLF cells (human hepatoma) were cotransfected with
TfR20 ‘and GFP. for identification, as previously
described.®® A Tf-coated tip was brought in contact with
the cell surface, allowing the proteins to bind. The tip was
then' retracted, resulting first in protein stretching, then
unbinding. Cantilever deflections during one cycle are
recorded in a force curve. A binding-unbinding event
between Tf and TfR2a is represented by a sawtooth
pattern on the curve. It allows calculation of the force
necessary to unbind the two proteins, using the cantilever
spring constant (Hooke’s law). The mean unbinding force
is obtained by fitting a Gaussian curve to the force
histogram. The error on the mean unbinding force is
calculated by adding the standard deviation of the sample
and the error resulting from the spring constant calibra-
tion (10%). Moreover, the unbinding force is related to the

pulling rate by:
X kBT
ln(kngT) ti Inlm)

where F* is the most probable unbinding force, kg is the
dissociation rate constant, r¢ is the loading rate applied, x
is the width of the energy barrier along the direction of the
applied force, kg is the Boltzmann constant, and T is
temperature.

kT

=B
X
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Hepcidin, a key regulator of iron homeostasis, is known to have three isoforms: hepcidin-20,
-22, and -25. Hepcidin-25 is thought to be the major isoform and the only one known to be
involved in iron metabolism; the physiological roles of other isoforms are poorly understood.
Becatise: of its involvement in the pathophysiology of hereditary hemochromatosis and the
anemia of chronic disease, the regulatory mechanisms of hepcidin expression have been
extensively investigated, but most studies have been performed only at the transcriptional
level. Difficulty in detecting hepcidin has impeded in vitro research. In the present study, we
developed a novel method for simultaneous quantification of hepcidin-20, -22, and -25 in the
media from hepatoma-derived cell lines. Using this method, we determined the expression
patterns of hepcidin isoforms and the patterns of responses to various stimuli in human
hepatoma-derived cultured cells. We found substantial differences among cell lines. In
conclusion, a novel method for simultaneous quantification of hepcidin isoforms is presen-
ted. Heterogeneous expressions of hepcidin isoforms in human hepatoma-derived cells were
revealed by this method. We believe our method will facilitate quantitative investigation of the
role hepcidin plays in iron homeostasis.
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Hepcidin is a small peptide mainly produced by the liver, and
it is thought to be the key regulator in iron homeostasis [1, 2].
Hepcidin binds to ferroportin, the mammalian iron exporter
expressed on the basolateral side of enterocytes and on the

Abbreviations: = Ct,- threshold : cycle; DFO,  desferrioxamine; cell surface of macrophages, thereby causing the inter

EMEM, Eagle’s minimum essential medium; FAC, ferric ammo-
nium citrate;, HAMP, hepcidin- antimicrobial peptide; holo-Tf,
holo-transferrin; - IL-1p," interleukin-18; IL-6, interleukin-6; LPS,
lipopolysaccharide;’ QC, quality control; qRT-PCR, quantitative
RT-PCR; SRM, selected reaction monitoring

nalization and degradation’ of ferroportin [3].: Hepcidin thus
inhibits iron uptake from the gastrointestinal tract and iron
release from reticuloendothelial cells, so that iron balance of
the body is negatively regulated by hepcidin [1, 2. Increased
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hepcidin expression therefore leads to iron deficiency while
decreased hepcidin expression causes iron overload.

Hepcidin is involved in several diseases, such as heredi-
tary hemochromatosis and the anemia of chronic disease. In
hereditary hemochromatosis, various mutations occur
in genes such as HFE, hemojuvelin, and transferrin receptor
2, leading to decreased hepcidin expression despite gener-
alized iron overload [4-6]. In contrast, in anemia of chronic
disease, inflammatory cytokines such as interleukin-6 (IL-6)
[7, 8] and interleukin-1p (IL-1B) [9, 10] upregulate hepcidin
expression and thus cause iron-deficiency anemia.

Recently, the regulation of hepcidin expression has been
intensively studied to reveal pathophysiological mechanisms
involved in diseases in which iron metabolism is altered. For
instance, the cytokine IL-6 increases hepcidin synthesis utilizing
signal transducers and. activators of transcription-3  during
inflammation such as caused by systemic infections [11]. The
bone morphogenic proteins (BMPs). are members . of the
transforming growth factor B superfamily, and BMPs have been
proposed to be involved in hemojuvelin-mediated regulation of
hepcidin synthesis [12}. .However, almost all: research on the
regulation of hepcidin expression has been restricted to study-
ing changes in transcription of the hepcidin antimicrobial peptide
(HAMP) gene utilizing RT-PCR under various conditions.

Hepcidin is produced mainly by hepatocytes  expressing
the HAMP gene located on chromosome 19.. The transcript of
this gene is believed to produce a prepropeptide of 84 amino
acids, and then the peptide is. digested by furin, the inter-
cellular convertase, and finally the mature form of hepcidin
appears in the peripheral blood [13}: However, there is little
information about the ratios of serum prohepcidin to mature
hepcidin, and the secreted: fraction of hepcidin to hepcidin
retained intracellularly. In addition; kidney cells have been
shown to produce hepcidin independently of the liver [14].
Therefore, there is no proof that HAMP transcript levels of
the liver reflect total body secretion: of hepcidin-25.. Conse-
quently;. it-is: desirable: that hepcdidin' be' determined from
peptide levels in the serum, in addition to transcriptional
levels of the liver and other organs.

Three isoforms of mature hepcidin are known. A 25-amino
acid peptide (hepcidin-25) is thought to be the major isoform
[15],. but other forms of hepcidin such as hepcidin-20 and -22
have been detected in human urine [16}. Only hepcidin-25 has
been shown to cause the internalization and- degradation: of
ferroportin. However, the possibility arises that hepcidin-20
and -22 have different physiological roles in homeostasis and
their expressions are regulated independently from hepcidin-
25. It is therefore desirable that hepcidin-20, -22, and -25 be
separately quantified.

The  first method  for . measuring prohepcidin,  using
ELISA, was reported by Kulaksiz et al. [17]. That method has
been applied for the analysis of hepcidin expression levels,
but there is' little information about how: and: whether
hepatocytes secrete prohepcidin into: the blood [17]: Several
groupshave developed antibodies to ‘detect and measure
hepcidin; but difficulties for differentiation of hepcidin-20,

©.2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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-22, and -25 [18] persist. MS-based modalities have been
used in recent years for measuring hepcidin. For instance,
SELDI-TOF-MS has been used for semi-quantification
[19, 20}, and LC-MS/MS has been employed for quantifica-
tion of hepcidin [21, 22]. These methods are applicable to
assaying clinical samples such as blood and urine. Most
recently, Ganz et al. reported development of an ELISA
system for quantification of human serum hepcidin that is
expected to be a powerful tool for clinical samples [23].

Experiments in vitro would also be valuable for investi-
gating the complex molecular mechanisms regulating
hepcidin expression. Detection and quantification of hepci-
din in cell culture media has been difficult, probably due to
its low concentration.

We therefore aimed to develop a sensitive new method
for measuring hepcidin that can simultaneously measure
hepcidin-20, -22, and. -25 secreted in culture media by
hepatoma-derived. cells. We now. report such a method,
improving: the MS-based - modality that we previously
reported [22]. We also determined the characteristics of
hepcidin expression of various hepatoma cell lines using the
new method, which can be applied to analyzing differences
among hepatoma cells of varying lineage.

2 Materials and methods
2.1 Hepcidin standards

Human hepcidin-25 was obtained from the Peptide Institute
(Osaka, Japan). Hepcidin-20, -22, and [*Cyg, *N;}-hepcidin-
25 were synthesized at the Peptide Institute;

2.2 Chemicals

BMP2 and holo-transferrin: (holo-Tf) were  purchased from
R & D Systems; IL-6 was obtained from Wako Pure Chemical
Industries, Osaka, Japan. FBS was purchased from Japan
Bioserum; Eagle’s minimum essential medium (EMEM),
DMEM;: RPMI-1640  medium, 1-glutamine;  and- sodium
bicarbonate were purchased  from - Sigma-Aldrich. Peni-
cillin-streptomycin solution: were bought from Invitrogen.
IL-1B was purchased from Wako Pure Chemical Industries;
desferrioxamine  (DFO), ferric -ammonium citrate  (FAC),
lipopolysaccharide (LPS}); and cobalt chloride were obtained
from Sigma-Aldrich. Decanoyl-RVKR-CMK (furin inhibitor I)
was purchased from Calbiochem: (Darmstadt, Germany). All
other chemicals and solvents were of analytical reagent grade.

2.3 Cell cultures
Human hepatoma-derived cell lines used in this study were

HepG2, HuH-1;, HuH-2, HuH-4, HuH-6, HuH-7, WRL6S,
HB611, Hep3B, HLE, HLF, SK:HEP-1, and human primary

www.clinical.proteomics-journal.com
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hepatocytes derived from normal liver (Applied Cell Biology
Research Institute).

HuH-4, HB611, and HuH-6 cells were incubated with
RPMI11640; HuH-7 cells were incubated with DMEM. Other
cells were incubated with EMEM. Those medium were
supplemented with 10% FBS, 100U/mL penicillin, and
100 pg/mL streptomycin. All cells were cultured at 37°C in a
humidied incubator with 5% CO,. In some experiments,
FBS-free UltraCulture medium (Lonza, MD, USA} supple-
mented with 2 mM 1-glutamine was used. HepG2 cells could
survive in this serum-free medium for more than 3 days.

Cells at the density of 1x 10%cells/mL were grown in
6-well plates for 24h to almost 80% conuency in 2mL of
culture medium. Medium in each well was replaced by 2mlL
of culture medium containing various stimulants and then
incubated for 48 h. All cell lines were maintained with 20 ng/
mL IL-6 or 30 uM holo-Tf or no additives for control cells.

After 48 h, culture media were collected and analyzed for
hepcidin-20, -22, and -25 concentrations as follows: 50 uL of
4% - trichloroacetic - acid - solution containing 200 ng/mL
[13Cys, °N;Jhepcidin-25 as internal standard was added to
an equal amount of each culture medium; mixed vigorously,
and centrifuged. A 20-uL-aliquot of the-resulting super-
natant was analyzed quantitatively by LC-MS/MS. Cells
were lysed with 0.1% Triton X-100 for protein assay, or by
Sepazol™ (Nacarai Tesque, Japan) for RT-PCR studies.

HepG2 cells were also treated with various reagents
instead of IL-6 or holo-Tf, such as 200 pg/mL I1L-1f, 100 uM
DFO, 100uM FAC, 1pug/mlL LPS, 50 pM CoCly, or 50 pM
furin inhibitor'I. After 48 h; culture media were collected for
quantification of hepcidin isoforms, and cells were lysed for
measuring protein concentrations.

Each treatment was petformed in triplicate, and data
presented as mean and SD.

2.4 LC/ESI-MS/MS analysis

LC/ESEMS/MS was performed using an API4000QTRAP
(Applied Biosystems, Foster City, CA, USA) equipped with a
UPLC ACQUITY™ systems (Waters). The turboionspray
was operated in the positive ion mode at 5500V for the ion
spray voltage. Analytical chromatography of human hepci-
din-20, -22, and -25 was accomplished on a PLRP-S column
(5um, 300A, 150mm x 2.0mm id; Polymer Laboratories,
Shropshire, UK). Instrument-control and data processing
were with Analyst™ software version 1.4 (Applied Biosys-
tems}.

2.5 Quantitative analysis of human hepcidin-20, -22,
and -25

Selected  reaction monitoring (SRM) - transitions. were as

follows: human hepcidin-20, m/z 548.85-119.80; human
hepcidin-22, m/z 610.14— 119.80; human hepcidin-25, m/z

©'2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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558.80»120.07; [*Cis, N3J-human hepcidin-25, m/z
563.11-109.60. The declustering potential for human
hepcidin-20, -22, -25, and [*C,g, *N3}-human hepcidin-25
were 50, 50, 81, and 81V, respectively. The turboionspray
source was maintained at a temperature of 600°C. Collision
energies for human hepcidin-20, -22, -25, and [**Cyg, *N3}-
human hepcidin-25 were 52, 59, 73 and 75V, respectively.
The collisional activation dissociation gas was set at 4.
Mobile phase A was 0.1% aqueous formic acid, and mobile
phase B was 0.1% formic acid in ACN. Gradient conditions
were as follows: B 20% (Omin, 0.3mL/min)-20%
(2.01 min, 0.3mL/min)—25% {5.00min, 0.3 mL/min)-
25% (10.00min, 0.3mL/min)—90% (10.01min, 0.3
mL/min) —90% (12.00 min, 0.3 mL/min) —20% (12.01 min,
0.3 mL/min) - 20% (14.00 min, 0.3 mL/min).

Analysis of hepcidin-25 in the BMP2-stimulated HepG2
culture medium was performed on the 6520 quadrupole-
TOF/MS (Agilent Technologies).

2.6 RNA isolation and quantitative RT-PCR

Total RNA was isolated and quantitative RT-PCR (qRT-PCR)
was - performed “in‘a’ reaction  mix containing TagMan
Universal: PCR Master Mix No- AmpErase UNG- {Applied
Biosystems), specific: human - HAMP: primers, atid: probe
(pre-validated ' Tagman - gene - expression -assay, - Applied
Biosystems), ‘and 100ng of ¢DNA. All reactions were
multiplexed with the housekeeping gene 188, provided as a
pre-optimized control probe (Applied Biosystems) enabling
data to be expressed as delta threshold cycle (ACt) values
(where ACt=Ct of 185 subtracted from Ct of gene of
interest). Reactions were as follows: 50°C for 2min, 95°C for
10 min; then 60: cycles of 95°C for 15s and 60°C for 1 min.
All measurements were performed in triplicate, and relative
HAMP mRNA expression was expressed as fold expression
over the average of HAMP mRNA ‘expression corresponding
to the HepG2 cells.

2.7 Cellular protein assay

Cell were lysed ‘with 0.1% Triton-X and total protein
concentrations were determined using the Bradford reagent
(BioRad, Hercules, CA, USA), following the manufacturer’s
instructions:

3 Results

3.1 Establishment of quantitative measurement of
hepcidin isoforms

To improve further the methiod for quantifying: small

peptides. by LC-MS/MS, we developed a quantitative and
simultaneous “method for hepcidin-20, -22, ‘and <25 in

www.clinical.proteomics-journal.com
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biological fluids. Upon optimization of SRM conditions, the
most intense precursor ions were selected in each mass
spectrum to detect hepcidin isoforms. Product ions were
selected to maximize sensitivity and selectivity. Using
EMEM supplemented with 10% FBS as matrix, various
concentrations of synthetic hepcidin isoforms were spiked,
and analyzed by LC-MS/MS. Isoform peaks were not
interfered with by a blank matrix, indicating the method has
good selectivity.

Our method was validated by specificity, linearity, lower
limit of quantification, intra-assay precision, and accuracy.
Calibration curves were constructed over the range
2-1000 ng/mL in the above matrix. Five replicates of 2, 5, 50,
500, and 1000 ng/mL of each isoform quality control (QC)
samples were prepared and analyzed by LC-MS/MS.

There was no interference peak at retention time of each
isoform, confirming good specificity (Fig. 1A). Linearity of
the calibration curves by weighted (1/x?) linear regression
was excellent (correlation coefficient: r= 0.9974for. hepci-
din-20, r = 0.9937 for hepcidin-22, r=0.9950 for hepcidin-
25; Fig. 1B). Accuracies of the back-corrected concentrations
were within 87.4-109% for hepcidin-20, 80.1-110% for
hepcidin-22, and 80.5-109% for hepcidin-25. The lower
limits of quantification for each hepcidin isoform was 2 ng/
mL. Coefficients of variance in intra-assay QC samples were
1.2-8.6% for hepcidin-20, 3.1-5.7% for hepcidin-22, and
1.5-7.0% for hepcidin-25. Accuracies for QC samples were
99.7-122.1% for hepcidin-20; 102.6~132.5% for hepcidin-22,
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and 99.1-141.2% for hepcidin-25. These results indicate that
the method is adequate for quantifying hepcidin isoforms in
culture media.

3.2 Detection of hepcidin isoforms in HepG2 media

In the SRM chromatogram of HepG2 medium analyzed by
LC-MS/MS, peaks corresponding to the retention time of
synthetic hepcidin-22 and -25, but not hepcidin-20, were
detected. Peaks corresponding to hepcidin-22 and -25 were
also detected and up-regulated in 100 ng/mL BMP2 stimu-
lated HepG2 medium (Fig. 2A). No peaks corresponding to
hepcidin-20 were founded in the chromatogram of HepG2
media at any tested conditions.

We tried to identify the component of the corresponding
peak for hepcidin-25 in HepG2 medium. For that purpose,
BMP2 medium was prepared because it contained a rela-
tively high concentration of putative hepcidin-25, (65.9 ng/
mlL). Synthetic hepcidin-25 and BMP2 medium were
analyzed by quadrupole-TOF/MS. The major precursor ions
of synthetic hepcidin-25 ranged from m/z = 558.4-559.0. At
the same retention time, precursor jons from BMP2
medium showed - a- similar: distribution (Fig. 2B). Mass
spectra of product ions were also similar. Several major
common product ions were observed (Fig. 2C). Overall,
synthetic hepcidin-25 and ‘HepG2-derived peak components
are ‘similar in retention 'time and mass spectra of the
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Figure ' 1. ' (A} Representative. LC-MS/MS
chromatograms: of hepcidin-20, -22, -25, and
blank: isotopic. hepcidin-25 sample. (B} The
calibration curves of hepcidin-20, -22, and -25
in the culture medium are linear in the range
of 2-1000 ng/mL. The correlation coefficients
of calibration curves are as follows: hepcidin-
20, 'r=0.9974; hepcidin-22, r=0.9937; hepci-
din-25, r=0.9950.
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Figure 2. (A) Detection of hepcidin.isoforms in BMP2-stimulated HepG2 medium. (B) MS spectra of synthetic hepcidin-25 and derived peak
from BMP2-stimulated HepG2 medium: showing similar patterns. (C) MS/MS spectra of synthetic hepcidin-25 and. derived peak from
BMP2-stimulated HepG2 medium showing similar patterns. Arrows show common fragments.

precursor ions and product ions, verifying that the peak
detected in the culture medium represents hepcidin-25:

3.3 HAMP gene expressions in hepatoma-derived
cell lines

We aimed at first to determine qualitatively whether cell
lines derived from. hepatocellular carcinomas express the
HAMP: gene as assayed by RT-PCR. Expression levels of
HAMP mRNA differed among cell lines (Fig. 3A). HepG2,
HuH-1, and HuH-7 cells showed relatively high- HAMP
mRNA expressions; but other cells exhibited only slight
expressions. . qRT-PCR 'was then performed . (Fig. . 3B).
HepG2, HuH-1, and HuH-7 cells expressed high levels of
HAMP mRNA, compatible with the results of qualitative
RT-PCR. Only slight or moderate HAMP mRNA expression
was found in other cells.

3.4 ‘Quantification of hepcidin isoforms in the
culture medium of various hepatoma-derived
cell lines

HLE; HLF, SK-Hep1, and human primary hepatocytes did
not show any detectable hepcidin isoforms in their culture
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media (data not shown). We could observe hepcidin
isoforms in culture media from other cell lines. We also
found that hepatoma-derived cell lines exhibited different
patterns - of hepcidin isoform expression and changes
induced by various stimulations. Even among cell lines that
secrete detectable hepcidin isoforms, four distinct patterns
were discerned.

HepG2 cells expressed hepcidin-22 and -25, but not
hepcidin-20. 11-6 significantly upregulated the expression of
both' isoforms, but holo-Tf suppressed hepcidin-25 expres-
sion (Fig. 4A).

WRL68 cells: showed: expression of hepcidin-20-and -22
even - in' control conditions; - and holo-Tf * stimulation
increased both expressions significantly (Fig. 4B).

HuH:-1 and HuH-7 cells expressed only hepcidin-25. 11:6
significantly increased the expression of hepcidin-25 in both
cell lines. Addition of holo-Tf to the medium did not change
the level of hepcidin-25 in HuH-1. cells, and even decreased
hepcidin-25 in HuH-7 cells (Fig. 4C).

HB611, Hep3B, HuH-2, HuH-4, and HuH-6 showed
expression of only hepcidin-20, but when holo-Tf was added,
hepcidin-22 appeared (Fig. 4D).

We observed that some cell lines respond to holo-Tf by
increasing the secretion of hepeidin-20 or -22. Although Lin
et al. have reported  HAMP mRNA expressions to be
increased in mouse primary hepatocytes stimulated with
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